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Development of 3D Printed Biodegradable, Entirely X-ray
Visible Stents for Rabbit Carotid Artery Implantation

Yihong Shen, Chaojie Tang, Binbin Sun, Yufan Wu, Xiao Yu, Jie Cui, Mianmian Zhang,
Mohamed EL-Newehy, Hany EL-Hamshary, Peter Barlis, Wu Wang,* and Xiumei Mo*

Biodegradable stents are considered a promising strategy for the endovascular
treatment of cerebrovascular diseases. The visualization of biodegradable
stents is of significance during the implantation and long-term follow-up.
Endowing biodegradable stents with X-ray radiopacity can overcome the
weakness of intrinsic radioparency of polymers. Hence, this work focuses on
the development of an entirely X-ray visible biodegradable stent (PCL-KIO3)
composed of polycaprolactone (PCL) and potassium iodate via physical
blending and 3D printing. The in vitro results show that the introduction of
potassium iodate makes the 3D-printed PCL stents visualizable under X-ray.
So far, there is inadequate study about polymeric stent visualization in vivo.
Therefore, PCL-KIO3 stents are implanted into the rabbit carotid artery to
evaluate the biosafety and visibility performance. During stent deployment,
the visualization of the PCL-KIO3 stent effectively helps to understand the
position and dilation status of stents. At 6-month follow-up, the PCL-KIO3

stent could still be observed under X-ray and maintains excellent vessel
patency. To sum up, this study demonstrates that PCL-KIO3 stent may provide
a robust strategy for biodegradable stent visualization.

1. Introduction

Cerebrovascular disease, as a circulation system disease, has be-
come one of the leading threats to public health.[1] The carotid
artery is one of the major supply routes of blood strain to the
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brain. When intracranial vascular stenosis
or occlusion occurs, the brain cannot be
supplied with sufficient blood, thus result-
ing in the occurrence of cerebral ischemic
stroke. In the clinic, the implantation of a
vascular stent in the diseased carotid artery
is an effective way of supporting stenotic
or occluded vessels and restoring blood
flow to the brain.[2] At present, endovas-
cular treatment (EVT) with drug-eluting
stents is in common use in clinics be-
cause it can greatly reduce the incidence
of restenosis of targeted blood vessels.
However, these stents are usually made
of non-degradable metals. The permanent
presence in the body is likely to lead to
the occurrences of late thrombosis, very
late thrombosis, and other adverse events.
Therefore, the emergence of biodegradable
stents provides a new therapeutic means
for treating cerebrovascular diseases.[3–5]

At the early stage of implantation, the
biodegradable stents play the role of

supporting diseased cerebral vessels. After the vessel has been
restored to a healthy state, the stent gradually degraded into
small molecules. The last decade has witnessed rapid progress
in cardiovascular and cerebrovascular medical devices.[6,7] While
biodegradable stents have been extensively investigated,[8,9]

the X-ray radiopaque and biodegradable materials are so
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far very limited, which hinders their clinical applications.
The present study is aimed at developing a new biodegrad-
able and X-ray visible polymer to fabricate cerebrovascular
stents.

Conferring the radiopacity property onto polymer materials
similar to metal stents is of great significance for stent visualiza-
tion. During the deployment of stents, excessive dilation of stents
may cause damage to blood vessels and even vascular rupture.[10]

On the contrary, insufficient stent dilation may lead to incomplete
apposition and asymmetric dilation, resulting in an increased
risk of thrombosis.[11] In an attempt to overcome these issues,
the evaluation of the real-time status of biodegradable stents
via non-invasive imaging technology is considered an effective
method to improve the success rate of implantation.[12] However,
most of the biodegradable polymeric stents are composed of C,
O, H, and N. They are elements with low specific gravity and low
electron density. On account of the similarity to elements of the
human body, most biodegradable polymeric stents exhibit a lack
of radiopacity and poor contrast, so that they cannot be observed
under X-ray. X-ray visualization of biodegradable stents enables
clinicians to understand the position and status of stents during
implantation, which can avoid clinical adverse events in relation
to the inability to access, deploy, or withdraw. Moreover, due
to the non-invasiveness of X-rays, the morphological changes
and structural integrity of biodegradable stents can be evaluated
under X-ray during follow-up, avoiding other traumatic exam-
inations and reducing the risk of postoperative complications.
Currently, the immobilization of radiopaque markers at the
distal and proximal end is one of the major methods for the
visualization of polymeric stents.[13,14] The metallic markers,
such as platinum, tantalum, and gold, can be immobilized at
the end of the stent for deployment. Nevertheless, these markers
can merely display the position of the stent and fail to fully show
the stent dilation and structural morphology. The status of the
stent is incapable of being evaluated by clinicians during the
intraoperation and post-operation, which brings about surgical
difficulties.[15] Moreover, these markers will remain in the body
for a lifetime, resulting in great concern about the potential
risk. Based on the above limitations, the development of en-
tirely X-ray visible biodegradable stents has aroused widespread
attention.

In order to solve the problem of invisibility of bulk polymer
materials, it may be effective to introduce some contrast agents
into the polymer to realize the visualization of the stent. So far,
various strategies have been executed for entirely stent visual-
ization such as physical blend and chemical modification.[16–19]

In terms of chemical modification, in spite of the increased
radiopacity of the polymer via chemical methods, the com-
plex preparation process and potential toxicity in chemical syn-
thesis hinder its clinical application in interventional medical
devices.[20] In comparison, the combination of contrast agent and
polymer matrix has been considered as a robust method for poly-
meric stent visualization. X-ray contrast agents, such as barium
sulfate,[21] zirconia,[22] and iron oxide,[23] can be blended with
polymer materials to prepare a radiopaque polymer composite.
However, barium sulfate and other barium agents are widely
used in gastrointestinal imaging,[24] and the biosafety of its appli-
cation in the cerebrovascular system is of great concern.[25] The
potential toxicity of these heavy metallic contrast agents should

not be ignored. In addition, most of the current studies of X-ray
visible stents are still limited to in vitro experiments. Due to the
increased background radiopacity resulting from bones and mus-
cles, the visibility of X-ray visible stent in vivo is lower than that
of in the air, which limits its clinical application. Therefore, it is
still a severe challenge to improve the radiopacity and biosafety
of stents in vivo.

The goal of this work is to develop an entirely X-ray visible
biodegradable stent for cerebrovascular application. As a com-
mon X-ray contrast agent, iodinated contrast agents have exten-
sive use in angiography. Because of the high electron density of
iodine atoms, the iodine-containing compound potassium iodate
(KIO3) possesses excellent X-ray absorption properties.[26] There-
fore, we developed a kind of radiopaque 3D printed ink by blend-
ing potassium iodate with polycaprolactone (PCL). Then we used
the radiopaque ink according to a specific computer model to pre-
pare an entirely X-ray visible stent (PCL-KIO3 stent). The X-ray
imaging performance in vitro of the stents was evaluated. After-
ward, the stent was implanted into the rabbit’s carotid artery. Af-
ter 6 months of implantation, the X-ray imaging capacity in vivo
and biocompatibility of the entirely X-ray visible stent were eval-
uated (Figure 1).

2. Results

2.1. Characterization of Stents

In order to prepare X-ray visible stents, PCL and KIO3 were dis-
solved in a dichloromethane (DCM) solution. Then the PCL-
KIO3 composites were dried in a vacuum to obtain PCL-KIO3
3D printed ink. With the increase in temperature, the PCL-KIO3
printed ink became a molten state. The uniform fusant was
received on stainless steel rods by a four-axis printing system
(Figure 2A). In terms of digital photos, both PCL and PCL-KIO3
stents can maintain their original shape after being stripped from
the steel rod (Figure 2B). The basic parameter of the samples
was shown (Table S1, Supporting Information). Scanning elec-
tron microscope (SEM) images demonstrated that the fibers of
PCL and PCL-KIO3 stents were well organized. The upper and
lower layers of fibers were firmly combined to form a stable struc-
ture. The surface of PCL fiber was smooth, while the surface of
PCL-KIO3 fiber was relatively rough. The singular KIO3 particle
was either completely embedded in the stent fiber or attached to
the surface of the stent strut (Figure 2C). The energy dispersive
spectrometer (EDS) element mapping image (Figure 2D) showed
the distribution of carbon, oxygen, potassium, and iodine in the
PCL-KIO3 stent. In theory, the elements of carbon and oxygen
existed in PCL. The distribution of iodine and potassium on the
PCL-KIO3 stent confirmed the successful introduction of potas-
sium iodate.

The X-ray diffraction (XRD) patterns of the PCL-KIO3 stents
and KIO3 powder are displayed in Figure S2A, Supporting Infor-
mation. The characteristic diffraction peaks with high intensity
at 2𝜃 = 19.9°, 2𝜃 = 28.2°, 2𝜃 = 40.3°, 2𝜃 = 45.9°, and 2𝜃 = 50.2°

were observed on the diffraction pattern of the potassium iodate
powder. The result of XRD patterns showed that a characteristic
diffraction peak corresponding to pure KIO3 was detected on the
PCL-KIO3 stents, demonstrating that potassium iodate existed
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Figure 1. A) The process of preparation of PCL-KIO3 stent. B) Schematic illustration of 3D printed biodegradable, entirely X-ray visible stents for rabbit
carotid artery implantation.

amorphously in the X-ray visible stents. The thermogravimetric
analysis was also used to distinguish the stent changes after
embedding KIO3. According to Figure S2B, Supporting Infor-
mation, PCL, KIO3, and their composites exhibited excellent
thermal stability, with the degradation temperature far higher
than 160–165 °C (the temperature used for preparing X-ray vis-
ible biodegradable stents via 3D printing), which proved that the
PCL-KIO3 printed ink was stable in the process of fabrication. Ac-
cording to Figure S2C, Supporting Information, the KIO3 release
kinetics obtained for the time points evaluated were depicted. In
the first 4 days, the cumulative release of KIO3 from PCL-KIO3-
100 was 21.78%, from PCL-KIO3-150 was 25.14%, and from PCL-
KIO3-200 was 29.77%. The surface-absorbed KIO3 contributed to
the relatively rapid release. Afterward, the release was followed
by a constant stable release period for the subsequent 24 days in
which the cumulative release of PCL-KIO3-100 was 26.89%, from
PCL-KIO3-150 was 29.81%, and from PCL-KIO3-200 was 36.12%.
In addition, the hydrophilicity of the stent was determined by
contact angle test (Figure S2D, Supporting Information). The
mean contact angle was in the range of 90.4°–94.7° and showed
hydrophobicity. The loading of KIO3 would not change the
hydrophilicity of the PCL stents. The roughness of the strut
surface of all stents is displayed in Figure S2E, Supporting In-
formation, demonstrating that the surface of the PCL stents was
smoother than PCL-KIO3 stents. These observations indicated

that the introduction of KIO3 may result in the stent on rougher
surfaces.

2.2. Mechanical Properties

As far as the application of vascular stents is concerned, the me-
chanical properties are one of the important considerations. The
radial compression stress of the stent is shown in Figure 3A.
The compression stress of the PCL stent was 0.835 ± 0.02 MPa.
The compression stresses of PCL-KIO3-100, PCL-KIO3-150, and
PCL-KIO3-200 stents were 1.26 ± 0.11, 1.22 ± 0.06, and 1.31 ±
0.11 MPa, respectively. The addition of the rigid fillers had an
effect on the mechanical reinforcement. Figure 3B presents the
results of compressive modulus. The compression modulus of
the PCL stent was 1.85 ± 0.11 MPa. The compression modulus
of PCL-KIO3-100, PCL-KIO3-150, and PCL-KIO3-200 stent was
2.19 ± 0.61, 2.64 ± 0.37, and 3.07 ± 0.26 MPa, respectively. As
shown in Figure 3C, the representative stress–strain curves of
the stents were presented. After ten times cyclic compression
tests, the structure of PCL, PCL-KIO3-100, PCL-KIO3-150, and
PCL-KIO3-200 stents remained stable. Moreover, the three-point
bending test was analyzed taking into account the bending re-
sistance properties (Figure 3D). After the test, all groups could
return to their original shape.
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Figure 2. A) Fabrication and construction of entirely X-ray visible stents via 3D printing. B) Digital photos of PCL and PCL-KIO3 stents. C) SEM micro-
graphs of stents. D) The EDS element mapping of PCL-KIO3-150 stent.

2.3. In Vitro X-ray Radiopacity of the Stent

The in vitro radiopacity of the stent under X-ray is shown in
Figure 4A. On account of PCL is mainly composed of C, H,
and O, the skeleton and morphology of the PCL stent cannot be
observed under X-ray and is barely visible. The addition of potas-
sium iodate endowed the polymeric stents with radiopacity. In
the perspective mode, the visualization of PCL-KIO3 stents was
also confirmed, which can greatly help to track and guide the de-
livery and employment of stents during surgery (Figure 4A). For
quantitative analysis, the Hounsfield unit (HU) value was used
to calculate the radiation intensity of the samples (Figure 4B).
With the increase in potassium iodate content, the HU value
of the stents also increased. The radiopacity value could be
controlled by varying the KIO3 concentration in the 3D-printed
ink.

In order to evaluate the imaging performance of the biodegrad-
able X-ray visible stent in deep tissue, some pieces of lean pork
were placed on the stent to simulate the application in vivo.
Figure 4C demonstrates that the polymeric biodegradable stents
can be clearly tracked at the pork thickness of 1 cm. Even though
the pork thickness reached 3 cm, the outline of the stent could
still be observed under X-ray, which provided the possibility for
the in vivo experiment of X-ray visible stents.

2.4. In Vitro Degradation of the Stent

The mass change of PCL and PCL-KIO3 stents after the 3- and 6-
month degradation periods in phosphate-buffered saline (PBS)
solution are shown in Figure 5A. It is worth noting that the mass
loss of PCL stents was about 0.37% at the time point of 6 months.

Adv. Healthcare Mater. 2024, 13, 2304293 © 2024 Wiley-VCH GmbH2304293 (4 of 13)
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Figure 3. In vitro mechanical properties. A) Compression stress and B) compression modulus of PCL, PCL-KIO3-100, PCL-KIO3-150, and PCL-KIO3-200
stents, when radially compressed to half the initial diameters. C) Typical compression load-displacement curves of stents when they were cyclically
compressed for ten times. D) Images of three-point bending tests. The statistical analysis is performed by the one-way analysis of variance of Tukey’s
post-hoc test, n = 3, and ∗ indicates a significant difference of p < 0.05. # indicates no significant difference of p > 0.05.

While the mass of PCL-KIO3-100, PCL-KIO3-150, and PCL-KIO3-
200 stents decreased by about 5.02%, 6.26%, and 8.73%, respec-
tively. Figure 5B demonstrates the X-ray radiopacity of the stents
after degradation. After 3 months, all the X-ray visible stents
can still be observed. PCL-KIO3-150 and PCL-KIO3-200 stents re-
mained visible after 6 months. Figure 5C shows that the mean
values of Hounsfield units of PCL-KIO3-100, PCL-KIO3-150, and
PCL-KIO3-200 stents decreased by 38.3%, 47.17%, and 53.09%,
respectively, for 6 months. Figure S1, Supporting Information,
demonstrates that the overall structures of the stent were still in-
tact and remained unchanged after the degradation test.

2.5. Blood Compatibility of the Stent

Blood contact is inevitable for the application of vascular stents.
Red blood cell hemolysis is one of the important indexes of blood
compatibility of materials. As shown in Figure S3A, Support-

ing Information, all stents show satisfactory blood compatibil-
ity. The hemolytic ratio of PCL and PCL-KIO3 stents was about
0.5%, indicating that the introduction of potassium iodate would
not affect the hemolytic properties of the stents and meets the
ISO10993-4 standard for biomaterials in contact with blood (5%).

Platelet adhesion is crucial to arterial thrombosis. As shown
in Figure S3B, Supporting Information, a similar number of
platelets were observed on each of the samples. Compared with
PCL stent, the introduction of potassium iodate would not stim-
ulate more platelet adhesion.

2.6. Cytocompatibility of the Stent

The design of vascular stents must minimize the adverse effects
on endothelial cell proliferation and attachment. Human umbili-
cal vein endothelial cells (HUVECs) were selected to evaluate the
cytocompatibility of X-ray visible stents. The cells were seeded

Adv. Healthcare Mater. 2024, 13, 2304293 © 2024 Wiley-VCH GmbH2304293 (5 of 13)
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Figure 4. A) Representative radiographic images of PCL and PCL-KIO3 stent which were placed in the air. B) X-ray attenuation of intensity in Hounsfield
units (HU) of the PCL-KIO3 stents at different concentrations in vitro. C) Representative radiographic images of PCL-KIO3 stent which were placed inside
the different diameters of lean pork (i, ii, and iii respectively represent PCL-KIO3-100, PCL-KIO3-150, and PCL-KIO3-200 stent). The statistical analysis is
performed by the one-way analysis of variance of Tukey’s post-hoc test, n = 6, and ∗ indicates a significant difference of p < 0.05.

on a 3D-printed stent to evaluate cell proliferation (Figure 6A)
and adhesion (Figure 6B). During the 7-day cell culture, all stents
supported the adhesion and proliferation of HUVECs. The ab-
sorbance values of CCK-8 in PCL, PCL-KIO3-100, and PCL-KIO3-
150 groups increased steadily, indicating that the introduction
of a certain concentration of potassium iodate had no obvious
side effect on the growth of HUVECs. After 1 day of culture,
there was no significant difference in the number of HUVECs
among the samples. After 4 and 7 days of culture, no signifi-
cant difference was found in cell proliferation among PCL, PCL-
KIO3-100, and PCL-KIO3-150 groups. Nevertheless, the number
of HUVECs proliferating in the PCL-KIO3-200 scaffold was lower
than that in the other groups. Besides, HUVECs were observed
on Calcein-AM stained stents after 4 and 7 days of culture. The
results showed that the PCL, PCL-KIO3-100, and PCL-KIO3-150
group of cells grew and attached well. In comparison, the prolif-
eration rate of HUVECs in the PCL-KIO3-200 group decreased
on Day 4. After 7 days of culture, the HUVECs adhered on the
surface of the PCL-KIO3-200 stent were less than that of other
groups, which was consistent with the absorbance values of the
CCK-8 assays. Moreover, the morphology of the cells on the sur-

face of each group was observed by SEM (Figure 6C). At time
points of 7 days, a large number of cell clusters adhered to PCL,
PCL-KIO3-100, and PCL-KIO3-150 stents and the cells spread
well, yet the cell adhesion on PCL-KIO3-200 stent was inhibited.
The analysis of cytocompatibility demonstrated that the addition
of KIO3 at certain concentrations supported the proliferation of
HUVECs and the probability of endothelialization.

2.7. In Vivo Examination

For the evaluation in vivo, PCL-KIO3 and PCL stents were im-
planted into the rabbit carotid artery (Figure 7A). Considering
the cytocompatibility and visualization performance, PCL-KIO3-
150 stents were chosen as the PCL-KIO3 groups. The angiogra-
phy images of the stent status taken immediately after stent im-
plantation and after 1, 3, and 6 months of post-implantation are
shown in Figure 7B. The digital subtraction angiography (DSA)
images showed the parent artery immediately after the PCL-KIO3
stent was implanted. Under the interference of surrounding tis-
sues, PCL stents were hard to investigate, while PCL-KIO3 stents

Adv. Healthcare Mater. 2024, 13, 2304293 © 2024 Wiley-VCH GmbH2304293 (6 of 13)
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Figure 5. Degradation evaluation of stent in vitro environment. A) Weight retention fraction of PCL and PCL-KIO3 stent during degradation. B) Repre-
sentative radiographic images of PCL and PCL-KIO3 stent after 180 days of degradation which were placed in the air. C) The change of HU value of the
PCL-KIO3 stents after degradation.

Figure 6. A) Proliferation of HUVECs on the surface of stents. B) Fluorescence microscopic morphology of HUVECs grown on the surface of stents after
4 and 7 days. C) SEM images of HUVECs cultured on stents after 4 and 7 days. The statistical analysis is performed by the one-way analysis of variance
of Tukey’s post-hoc test, n = 3, and ∗ indicates a significant difference of p < 0.05. # indicates no significant difference of p > 0.05.
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Figure 7. A) Schematic illustration for the stent deployment in rabbit carotid artery. B) Representative angiography images of PCL and PCL-KIO3 stent
implanted vessels after 1, 3, and 6 months of implantations. C) Representative CT reconstructed images of the PCL-KIO3 stents after the implantation
for 1, 3, and 6 months. The yellow arrow pointed to the PCL-KIO3 stents. D) X-ray attenuation of intensity in Hounsfield units (HU) of the PCL-KIO3
stents in vivo.

could be accurately positioned and tracked. During follow-up,
PCL-KIO3 stents could be observed in an X-ray bone window
(Figure S4, Supporting Information). To further visualize the
morphology of the radiopaque stent in vivo, the CT images were
reconstructed. The PCL-KIO3 stent could readily be visualized in
the image, with sufficient density in contrast with the surround-
ing soft tissues via CT reconstruction (Figure 7C). Subsequently,
corresponding time-dependent changes in the HU value of PCL-
KIO3 stents at 1, 3, and 6 months were respectively calculated
(Figure 7D). The mean values of Hounsfield units of PCL-KIO3
stents were 681.3, 462.3, 341.8, and 277.6 HU, respectively, for
the post-operation, 1, 3, and 6 months.

For a comprehensive biological evaluation of the stents, all
groups of stents were retrieved after 1, 3, and 6 months of implan-
tation. Hematoxylin and eosin (H&E) staining demonstrated that
both PCL stented vessels and PCL-KIO3 stented vessels showed
great patency within 6 months of implantation (Figure 8A).
By calculation, the average neointimal area and the neointimal
stenosis rate are shown in Figure 8B,C. The mean neointimal
area was 0.66 ± 0.13 (1 month), 0.91 ± 0.22 (3 months), and
0.8 ± 0.14mm2 (6 months) in the PCL stent group respectively,
while 0.68 ± 0.13 (1 month), 0.86 ± 0.23 (3 months), and 0.69 ±
0.08mm2 (6 months) in the PCL-KIO3 stent group, respectively.
Meanwhile, the neointimal stenosis rate was 20.87% (1 month),
27.21% (3 months), and 20.53% (6 months) in the PCL stent

group, respectively, while 20.68% (1 month), 26.53% (3 months),
and 23.78% (6 months) in the PCL-KIO3 stent group, respec-
tively. The introduction of KIO3 may not increase the incidence
of in-stent restenosis. Moreover, the platelet adhesion and the en-
dothelial coverage were also evaluated through SEM. As shown
in Figure 8D, endothelial cells gradually assemble on the surface
of PCL and PCL-KIO3 stents. No obvious thrombi were found in
either group.

For optimal clinical use, it was essential to investigate the
biosafety of radiopaque stents and in vivo pharmacokinetic pro-
files. The effects of KIO3 released from PCL-KIO3 stents on
the histopathology of the kidney were examined by H&E stain-
ing (Figure S5, Supporting Information). No significant side
effect was found in kidney tissue slices, indicating that the
histopathological toxicity of KIO3 release was puny. In addition,
the serum levels of Total Triiodothyronine (TT3), Total Thyrox-
ine (TT4), Free Triiodothyronine (FT3), and Free Thyroxine (FT4)
were also evaluated (Figure S6, Supporting Information). The in-
dices of TT3 and FT3 exhibited no significant change between
the PCL group and the PCL-KIO3 group. Due to the large re-
lease of KIO3 at the initial implanting stage, the level of TT4
and FT4 in the PCL-KIO3 group was higher than that of the
PCL group at 1 month. At 3- and 6-months, the levels were
restored to the same level as PCL groups. Moreover, the thy-
roid stimulating hormone (TSH) levels of PCL and PCL-KIO3

Adv. Healthcare Mater. 2024, 13, 2304293 © 2024 Wiley-VCH GmbH2304293 (8 of 13)

 21922659, 2024, 15, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202304293 by D
onghua U

niversity, W
iley O

nline Library on [31/07/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

http://www.advancedsciencenews.com
http://www.advhealthmat.de


www.advancedsciencenews.com www.advhealthmat.de

Figure 8. A) H&E staining images of PCL and PCL-KIO3 stents implanted vessels during 6 months follow-up. B) Neointimal areas of stented vessels
during 6 months follow-up, measured from H&E staining images. C) Neointimal stenosis of stented vessels during 6 months follow-up, measured from
H&E staining images. D) SEM micrographs of the inner surface of the stents after PCL and PCL-KIO3 stents were implanted for 1, 3, and 6 months. The
statistical analysis is performed by unpaired Student’s t-test, n ≥ 3, and # indicates no significant difference of p > 0.05.

groups are below 0.05 mIU L−1 (Table S2, Supporting Informa-
tion).

3. Discussion

EVT with a stent is considered an effective means for the treat-
ment of cerebrovascular disease. Of note, biodegradable stents
have attracted wide attention due to their degradability. The
biodegradable stent can support stenotic arteries and recover nor-
mal blood supply to brain tissue and eventually absorbed by the
body. In the process of stent implantation, the visualization of
the stent is of great significance for stent deployment and follow-
up. Stents need to be accurately delivered to the lesion site, so

as to achieve the dilatation of stenotic vessels. In addition, the
status of the stent dilatation is crucial to the success rate of EVT.
Insufficient stent expansion may lead to thrombosis, while exces-
sive stent expansion may burst the blood vessel. During the post-
operative follow-up, whether the stent is displaced, fractured, or
cracked needs to be tracked and observed.

The non-invasive imaging is a powerful tool for stent track
during implantation and follow-up. X-ray imaging,[27] magnetic
resonance imaging (MRI),[28,29] and fluorescence imaging[30]

are widely used in the field of biomedical applications.[31]

Among them, X-ray is one of the most available techniques
for stent visualization in deep tissue. However, unlike metal
stents, it is difficult to monitor biodegradable polymeric stents in

Adv. Healthcare Mater. 2024, 13, 2304293 © 2024 Wiley-VCH GmbH2304293 (9 of 13)
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interventional therapy. Most polymers do not contain any ele-
ments with high electron density and high specific gravity. In
order to enhance the X-ray contrast of polymeric stents, chem-
ical modification and physical blending have been developed to
achieve a robust method for the preparation of entirely X-ray visi-
ble stents. In comparison with chemical modification, the physi-
cal mixing process is stable and can be produced on an indus-
trial scale because of its simple preparation process. Recently,
various heavy metal particles, such as barium sulfate (BaSO4),
barium chloride, and iron oxide, have been tried to blend with
polymers to improve the radiopacity of polymers. Ang et al.[32]

have introduced BaSO4 particles into poly (l-lactic acid) (PLLA)
to prepare radiopaque biodegradable stents and realized the stent
visualization in vitro. Similarly, Chang et al.[18] tried to combine
BiOCl with poly (glycerol sebacate) acrylate (PGS), demonstrat-
ing the potential application of PGS-BiOCl in the monitoring of
biodegradable medical implants in situ. Despite the fact that the
intention of adding a heavy metal contrast agent in biodegradable
polymer is to track the intactness of the stents, the application
in vascular application is still unsatisfactory. The contrast agents,
such as BaSO4, are often used for gastrointestinal imaging, which
can metabolize through the gastrointestinal tract and are not fit
for intravascular imaging.[33,34] In addition, the potential toxic-
ity of heavy metal particles is also a matter of concern. Instead of
these metal particles, the non-metal compound potassium iodate
can be a candidate with high radiopacity and excellent biocompat-
ibility. In this study, we embedded the potassium iodate with PCL
to prepare 3D-printed ink. Subsequently, the entirely X-ray visi-
ble stents were prepared via 3D printing. This strategy effectively
combined iodinated contrast agents with biodegradable polymers
to realize stent visualization.

As an iodine-containing compound, potassium iodate (KIO3)
is widely used for iodine supplementation in areas endemic to
goiter.[35] KIO3 contains the iodine atoms with high electron den-
sity, which endows the property of radiopacity. As expected, pure
PCL was almost radiolucent and barely visible under X-ray. The
introduction of KIO3 had an influence on the improvement of
the radiopacity of 3D-printed stents. The HU value of the PCL-
KIO3-150 stents could reach 389.67 HU. The radiographic im-
ages embedded in the pork could successfully verify the visibility
of PCL-KIO3 stents in deep tissue (Figure 4). These results laid
the foundation for subsequent in vivo imaging. Moreover, the
degradation of PCL-KIO3 may exert an influence on long-term
visualization. After 6 months of degradation, the outline of PCL-
KIO3-150 stents was still visible (Figure 5), which indicated the
possibility of long-term follow-up application.

Although some radiopaque stents have been developed and the
observation in vitro has been achieved, the visualization of the
polymeric stents in vivo remains a severe challenge. Due to the in-
creased background radiopacity resulting from bone and muscle
tissue, the development effect of the X-ray visible stent implanted
in the body may have a great negative impact, so that the status of
the stent cannot be observed during the implantation or follow-
up. In our study, the observation of PCL-KIO3 stents in vivo was
achieved by implanting into rabbit carotid artery (Figure 7). We
observed that the PCL-KIO3 stent was clearly visible at the mo-
ment of post-operation under DSA, which played an important
role in helping the stent to be implanted into the rabbit carotid
artery. After 6 months of implantation, the X-ray visible stent

can still be tracked by DSA follow-up. The structural integrity of
the stent was also evaluated by CT reconstruction. The structure
of the stent was intact and a stent fracture did not appear. The
radiopacity of the PCL-KIO3 stent was reduced after 6 months.
This may be attributed to the biodegradation of main PCL ma-
terials and the release of KIO3. In terms of biodegradation, the
in vitro degradation results demonstrated that the samples re-
mained cylindrical shape and no significant changes occurred in
their dimensions (Figure S1, Supporting Information). With the
release of KIO3 and the biodegradation, the mechanical proper-
ties of the stent may decrease. Due to the complexity of the vascu-
lar environment in vivo, biodegradable stents suffer from various
mechanical loads after implantation, which exerts a great influ-
ence on the degradation profile.[36] According to the results of in
vivo implantation, PCL-KIO3 stents remained structural integrity
for 6 months. The stability of the stent structure may be attributed
to the slow degradation rate of PCL. Overall, the development of
novel biodegradable and X-ray visible polymers may be helpful
for long-term dynamic follow-up of the biodegradable stents.

In addition, the blood compatibility and biosafety of X-ray vis-
ible stents are key factors affecting surgical rate and vascular re-
pair. The hemolysis rate test demonstrated that PCL-KIO3 stents
met the requirements of safe blood contact materials recom-
mended by ISO10993-4. Compared with the PCL stent, there
was no more platelet on the PCL-KIO3 stent, indicating that the
introduction of potassium iodate will not lead to more platelet
adhesion (Figure S3A, Supporting Information). Angiography
images also revealed that the blood vessels showed excellent pa-
tency after PCL and PCL-KIO3 stent implantation (Figure 7A).
In terms of biosafety, the proliferation of endothelial cells was
evaluated. We observed that endothelial cells could stably survive
on PCL-KIO3-150 stents, indicating that the stents had low cyto-
toxicity (Figure 6). Moreover, the metabolism of contrast agents
may have detrimental effects on tissues, which would limit the
in vivo application of visible stents. Pathological results demon-
strated that no evident differences were detected between the PCL
and PCL-KIO3 stents in kidney tissue slices (Figure S5, Support-
ing Information), thus indicating the KIO3 can be normally me-
tabolized through the kidney. Although the serum level of TT4
and FT4 transiently increased at 1 month, the levels were re-
stored to the same level as PCL groups at 3 and 6 months. The
PCL-KIO3 stents would not cause permanent thyroid dysfunction
(Figure S6, Supporting Information). Moreover, the TSH levels
of PCL and PCL-KIO3 groups are below 0.05 mIU L−1 (Table S2,
Supporting Information). Overall, the issue with the biosafety of
PCL-KIO3 stents is acceptable.

Although these in vivo results are promising, the current study
also has some limitations. Compared to the laser cutting tech-
nique, stents based on the 3D printing technique can be cus-
tomized in accordance with the patient’s vascular size and spe-
cific lesion environment. The cross-section of the printed stent
strut is circular, while the laser-cutting stent strut is rectangu-
lar. Despite the unique advantage presented by 3D printing, their
clinical applications have still suffered setbacks. Currently, the
3D-printed stent productions are largely confined to the prelimi-
nary laboratory-scale preparation stage. The precision and stabil-
ity of fabricating stents are relatively insufficient. In addition, the
strut thickness of the stents is still larger than metallic stents,
which requires advanced 3D printing techniques and novel
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design to optimize.[3] Moreover, the implantation period is not
long enough for the observation of stent degradation in vivo. A
longer-term follow-up is needed.

4. Conclusion

Based on physical blending and 3D printing, this study provided
a robust method to develop an entirely X-ray visible stent. The
imaging performance in vitro and in vivo and the biosafety after
implanting in rabbit carotid artery were also evaluated. The re-
sults demonstrated that the introduction of potassium iodate en-
dowed the biodegradable stents with X-ray radiopacity, which ad-
dressed the weakness of biodegradable polymeric stents in stent
visualization. After 6 months of degradation in PBS solution, the
PCL-KIO3 stents containing a certain amount of potassium io-
date could still be visualized under X-ray. Moreover, the addition
of KIO3 at a certain concentration would not lead to the adhe-
sion of platelets or the inhibition of endothelial cells. The visu-
alization in vivo, monitoring, and biocompatibility of PCL-KIO3
stents were evaluated by implanting in the rabbit carotid artery.
During the invasive stent deployment, the PCL-KIO3 stent with
radiopacity properties effectively helps us understand the posi-
tion and dilation status of stents. At 6 months follow-up, the
PCL-KIO3 stents were still visible under X-ray. In addition, the
stent showed good biocompatibility within 6 months and main-
tained great patency. These results confirmed the potential of 3D-
printed biodegradable, entirely X-ray visible stents for application
in cerebral vessels.

5. Experimental Section
Materials: PCL with molecular weight (MW) 80 kDa was purchased

from Sigma-Aldrich Ltd (St. Louis, USA). Potassium iodate powder was
purchased from Shanghai Macklin Biochemical Co., Ltd. The solvent DCM
was from Sinopharm Chemical Reagents Co., Ltd. All reagents and poly-
mer materials were used as received without purification.

Preparation of 3D-Printed Ink: The 3D-printed radiopaque ink was first
prepared. 6 g PCL was added to 30 mL DCM solvent. The mixture was
stirred overnight to obtain a homogeneous solution. Then, 0.6, 0.9, and
1.2 g potassium iodate powders were dissolved in the PCL solution. The
PCL/KIO3 solution evaporated slowly to obtain the PCL-KIO3 composite.
Finally, the PCL-KIO3 composites were dried in a vacuum for 3 days to
obtain the printed ink.

Fabrication of an Entirely X-ray Visible Cerebrovascular Stent: PCL-KIO3
printed ink was utilized as the raw material for 3D printing. A homemade
4-axis printing system, consisting of a self-made rotary receiver and rapid
prototyping manufacturing system (Bio-Architect SR; Regenovo Biotech-
nology Co., Ltd, China), was used to manufacture the X-ray visible stent.
First, PCL-KIO3 ink was added to the extrusion chamber and preheated to
140–150 °C for 20 min. The molten PCL-KIO3 was extruded through the
nozzle at the temperature of 160–165 °C. The nozzle point size was 1 mm.
The extrusion nozzle moved at the speed of 2.5 mm s−1 along the center
axis of the rotary receiver. The extrusion rate was 0.03 mm min−1. Besides,
the planar stents were prepared for relevant tests. The stents created with
100, 150, and 200 mg KIO3/g PCL were identified as PCL-KIO3-100, PCL-
KIO3-150, and PCL-KIO3-200, respectively.

Characterization: The microstructure and morphology of PCL, PCL-
KIO3-100, PCL-KIO3-150, and PCL-KIO3-200 stents were observed by SEM
(PhenomXL, Netherlands). Before scanning, a thin layer of gold-palladium
was sputter coated on the samples via a sputter coater (SC7620, Quorum
Technologies, USA). Then these samples were characterized by SEM at
an accelerating voltage of 10 kV. The PCL-KIO3 stent was characterized

with an EDS (TM-1000, Hitachi, Japan) to observe the distribution of ele-
ments (C, O, I, and K). The XRD curves were evaluated on an X-ray diffrac-
tometer (AXS D8 Discover, Brukers, USA) within the scanning range of 2𝜃
(10°–60°). The thermogravimetric analysis of PCL and PCL-KIO3 stents
was assessed in an inert atmosphere by using a thermogravimetric ana-
lyzer (Libra 209F1, Selb, Germany). The analysis was carried out at room
temperature for up to 600 °C at a scan rate of 10 °C min−1. To evaluate
the release behavior of KIO3, different PCL-KIO3 groups were immersed
in PBS (pH 7.4) at 37 °C. At the pre-determined time point, the solution
was retrieved and an equal volume of the fresh media was added. The
KI solution, starch indicator, and H2SO4 were respectively added to the
retrieved media. The concentration of KIO3 in each sample was deter-
mined by UV–vis at 580 nm. The apparent water contact angle analysis of
PCL, PCL-KIO3-100, PCL-KIO3-150, and PCL-KIO3-200 stents was carried
out by using the contact angle analyzer (OCA40, Data-Physical, Germany)
three times. 50 μL distilled water was dropped on the surface of the stents.
The test system’s software was then used to capture a photograph of the
water droplets on the sample. The surface roughness of PCL and PCL-
KIO3 stents was measured using atomic force microscopy (AFM, MFP-3D,
Germany).

Evaluation of the Visibility of Stents In Vitro: In order to evaluate the
X-ray visibility of stents, X-ray equipment (SOMATOM FORCE, Siemens,
Germany) for computed tomography (CT) was used. The scanning pa-
rameters were as follows: spatial resolution of 20 μm pixel size and scan
thickness of 0.75 mm. For X-ray imaging in deep tissue, the lean pork at
the thickness of 1 cm was put onto the PCL-KIO3 stents layer by layer to
evaluate X-ray visibility under deep tissue.

Mechanical Properties: The stent compression performance was per-
formed in accordance with the standard ISO25539-2012 using a universal
material testing machine (Instron-5542, Canton, USA) with a 200 N sen-
sor (Transcell Technology, Inc., BAB-20MT, USA). PCL and PCL-KIO3 stents
were compressed to half of their original outer diameter. The compression
load-displacement curve was recorded. The corresponding compression
stress and compression modulus were calculated. Each stent was com-
pressed for up to 50% of its deformation for ten cycles at a compression
rate of 5 mm min−1 in loading–unloading fatigue tests. The compression
cycle curve of the stent was obtained from the test. In accordance with the
standard ASTM F2606-08, the three-point bending test was carried out.
The following mechanical parameters were set: the length of the stent =
10 mm, the displacement rate = 0.1 mm min−1, and the maximum dis-
placement of the pressure device = 1.25 mm.

Evaluation of the Degradation of Stent In Vitro: The degradation of PCL
and PCL-KIO3 stents was performed in PBS solution (pH 7.4) at 37 °C in
vitro. The stents were weighed (W0) and immersed in PBS. The testing
samples were shaken steadily on a horizontal shaker at 37 °C with a speed
of 100 rpm. On monthly intervals for up to 6 months, testing samples were
retrieved. Then, the samples were rinsed with deionized water. Afterward,
the samples were freeze-dried and weighed again (Wt). The percentage of
remaining mass was calculated as follows

Percentage of remained mass (%) = Wt∕W0 × 100% (1)

where W0 and Wt, respectively, represent the weight of the samples at
initial status and after degradation.

The morphology of stents after degradation was analyzed by SEM and
the X-ray visibility of the stents at the pre-determined degradation time
point was also evaluated.

Evaluation of the Hemocompatibility of Stents: In order to do the
hemolysis test in vitro, a 2% (v/v) erythrocyte suspension was prepared
by using New Zealand rabbit fresh whole blood. The erythrocyte solution
was further diluted to a suspension (at a concentration of 2% (v/v)) after
washing it with normal saline (NS) three times. Each sample was warmed
in 10 mL of 37 °C saline for 30 min. 0.2 mL of erythrocyte suspension was
respectively added to each sample. Afterward, in order to precipitate intact
erythrocytes, all solutions were centrifuged at 3000 rpm after an hour of
incubation at 37 °C. The optical density (OD) of samples was measured
at 540 nm. Deionized water was chosen as the positive control and 0.9%
NS as the negative control. After centrifugation at 1200 rpm, platelet-rich
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plasma (PRP) supernatant was obtained from whole blood. The testing
samples were incubated with 500 μL PRP for 2 h at 37 °C. Platelets adhered
to the samples after incubation. Then, the unadhered platelet on the sam-
ples was removed by washing with warm PBS solution three times. After
that, the testing sample was subsequently fixed with paraformaldehyde for
2 h, following rinsing with distilled water twice. The testing samples were
then dehydrated by using a series of graded ethanol solutions (30, 50, 70,
80, 90, and 100%). The platelet morphology and platelet density were ob-
served by SEM.

Cytocompatibility Assay: The planar stents of appropriate size (14
mm× 14 mm) were placed in a 24-well cell culture plate to evaluate the cell
viability. After being secured by stainless steel rings, the planar PCL, PCL-
KIO3-100, PCL-KIO3-150, and PCL-KIO3-200 stent samples were washed
with deionized water and sterilized with 75 vol% alcohol steam for 24 h.
After irradiating with UV light for 12 h, PBS was used to wash the samples
three times. The HUVECs suspension (3× 104 cells/well) was seeded onto
the surface of the stents and incubated at 37 °C, 5% CO2 for up to 1, 4,
and 7 days. At each time point, the medium was replaced with 200 μL of
medium containing 10% CCK-8 reagent (Beyotime, China) and incubated
for up to 2 h at 37 °C. Thereafter, the absorbance at 450 nm of supernatant
was measured using a microplate reader (Multiskan MK3, Thermo, USA).
For the assessment of the cell density, a live assay was performed by us-
ing a live cell staining kit (Yeasen Biotech, China). Briefly, HUVECs were
seeded on the samples at the density of 3 × 104 cells/well. After 4 and 7
days of culture, PBS (200 μL) solution containing Calcein-AM was used in-
stead of the cell culture medium. The fluorescence of cells was observed
by a fluorescent microscope (DMi8, Leica, Germany). In terms of cell mor-
phology, the testing sample was subsequently fixed with paraformaldehyde
for 2 h. The testing samples were then dehydrated by using a series of
graded ethanol solutions. The morphology of cells was observed by SEM.

In Vivo Assessments: All animal experiments were performed in ac-
cordance with the medical guidelines of Shanghai Jiao Tong University
School for the housing and care of laboratory animals (Animal Welfare
and Ethics Acceptance No. 2020-0524). The New Zealand white rabbits
(3–5 months old, weight 2.5–3.3 kg,) were selected for PCL and PCL-KIO3
stent implantation. Considering the potential side effects of PCL-KIO3-
200 stents, PCL-KIO3-150 stents were chosen. A 2.5 × 15 mm stent was
pressed into a 5.5-F catheter guide sheath beforehand after the ultraviolet
sterilization process (30 min). After intramuscular injecting 1% sodium
pentobarbital at 1 mg kg−1 and xylazine at 0.1 mg kg−1, the rabbits were
anesthetized. Animals were breathing spontaneously during surgery. The
right groin skin of each rabbit was shaved and sterilized and a 6–8 cm
incision was made. Thereafter, the femoral artery was then exposed and
ruptured in order to insert a 6-F catheter sheath into the artery. A 6-F guid-
ing catheter was inserted into the carotid artery’s proximal segment in ad-
vance. The angiography revealed the patency of the carotid artery. The stent
was fixed on the high compliance balloon (Emerge Monorail, Boston Sci-
entific, US) by tying a temporary knot made of the biodegradable suture
(5-0 Coated VICRYL, Cordis, US). Additionally, a surgical knot was used
to secure the suture to the catheter close to the balloon. Under the guid-
ance of the roadmap, the 3D printed stent-balloon system was advanced
with the micro-guide wire guiding into the 5.5-F guiding catheter through
the catheter guide sheath and eventually into the middle segment of the
carotid artery. After delivering to the expected position (between the sec-
ond cervical vertebra and the third cervical vertebra), a pressure pump was
used to dilate the balloon to release the stent, and the temporary knot was
released under the pressure of 8–12 kPa. The position and status of stents,
as well as the patency of the carotid artery, can be observed through an-
giography. Eventually, the system was withdrawn. The incision was closed
and the skin was sutured with 3–0 Vicryl. After the operation, enough food
and water were fed to the animals, and heparin (400 U) was given intra-
venously for 3 days. 1 day before the operation and up to termination,
all rabbits were fed with clopidogrel (7.5 mg) and aspirin (10 mg). Dur-
ing follow-up, DSA was performed to detect carotid artery patency and
the structural integrity of implanted stents after 1, 3, and 6 months of im-
plantation. The in vivo X-ray imaging properties of PCL-KIO3 stents were
evaluated by CT using multiplanar reformation. At the predetermined time
intervals, an overdose intraperitoneal injection of isoprene barbiturate was

used to sacrifice the rabbit. Afterward, the arteries containing the stents
of the rabbits were retrieved. For histological analysis, cross-sections of
stented vessels were stained with H&E. The mean neointimal area and
neointimal stenosis rate were measured according to H&E staining. For
biosafety studies, blood samples were collected for blood chemistry de-
tection at predetermined time intervals. Then, the rabbits were sacrificed
and the kidney tissues were harvested for histological examination.

Statistical Analysis: All the experiments were carried out at least in trip-
licate. The analysis of data was determined by unpaired Student’s t-test or
one-way analysis of variance of Tukey’s post-hoc test. # indicates no sig-
nificant difference of p > 0.05. ∗ indicates a significant difference of p <

0.05. All the statistical data were expressed as the mean ± standard devi-
ation (SD). Data representations and statistical analyses were performed
with Origin 9.1 software.
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the author.
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