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Abstract

Vascular stent implantation is one of the most important and effective methods
for treating vascular stenosis or occlusion. To overcome the long-term side effects
associated with permanent traditional bare-metal stents and drug-eluting stents in vivo,
biodegradable vascular stents (BVSs) have been developed. BVSs can be classified into
biodegradable polymer stents and biodegradable metal stents based on their material
properties. In recent years, numerous preclinical studies and clinical trials have verified
the feasibility and safety of different BVSs, including polymer-, magnesium-, iron-,
and zinc-based stents, demonstrating their unique advantages while also revealing
their limitations in clinical translation. This review summarizes the current status,
challenges, and optimization strategies of BVSs according to existing research and
discusses the translational applications of these stents in different vascular systems.
Coronary artery stents are currently the most mature BVSs in clinical application,
while cerebrovascular stents, peripheral vascular stents, and extravascular stents still
require further research and development as well as clinical validation. As research and
technological advancements continue, BVSs are expected to gradually be applied in most
treatment scenarios for vascular diseases, ultimately realizing the goal of physiological
vascular repair and regeneration. Next-generation BVSs will integrate diverse intelligent
functions and precision customization strategies while satisfying fundamental clinical
requirements, thereby helping overcome the bottlenecks of current BVSs.

Keywords: Biodegradable vascular stents, Biodegradable materials, Vascular diseases,
Vascular stenosis, Translational application

Highlights

e Comparison and assessment of the material properties of biodegradable polymer stents, magnesium-based stents, iron-based stents

and zinc-based stents.

e Application of biodegradable vascular stents (BVSs) in coronary arteries, cerebral vessels, peripheral vessels, and grafted veins.
e Strategies for achieving high flexibility and multifunctionality in future BVSs through material innovation, electronic integration,

and personalized 3D/4D printing.

1 INTRODUCTION

group of disorders of the heart, cerebral vessels, and systemic
vasculature, are among the leading causes of death worldwide

With global population aging and the continuous increase in [1-3]. According to relevant statistics, the number of deaths
life expectancy, the risk of cardiovascular diseases (CVDs) has attributable to CVDs reached 19.2 million in 2023. This num-
been growing significantly worldwide. CVDs, which include a ber is estimated to rise to more than 23.6 million deaths annu-
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ally by 2030 [3, 4]. Among various types of CVDs, structural
and functional abnormalities of the vascular lumen constitute a
major pathological basis of these diseases, with the most typi-
cal manifestations being vascular stenosis and vascular occlu-
sion [5]. Vascular stenosis is primarily caused by atherosclero-
sis, intimal hyperplasia, chronic inflammation, fibrosis, and
other related pathogenic factors. It is marked by progressive
luminal narrowing and diminished blood perfusion, which may
lead to severe complications that directly threaten organ func-
tion and patient survival. In some clinical scenarios in which
balloon dilatation or pharmacotherapy alone fails to restore
vascular anatomy and patency, the deployment of vascular
stents is a critical intervention [6].

Vascular stents are expandable tubular mesh devices im-
planted into diseased vessels to maintain luminal patency and
restore physiological blood flow [7]. They typically comprise a
rigid supporting scaffold and, in some cases, an optional cover-
ing membrane, with the design tailored to meet specific clini-
cal requirements. The earliest clinical application of vascular
stents occurred in 1986 [8]. Bare-metal stents (BMSs) were
successfully implanted into a human coronary artery at that
time. BMSs provide adequate structural support to keep blood
vessels open, but they also induce a series of complications,
including an inflammatory response, stent thrombosis, and in-
stent restenosis (ISR). BMSs are produced from inert and cor-
rosion-resistant materials. They remain as permanent foreign
bodies in the vascular system after implantation. These non-
biodegradable implants can trigger inflammatory and immune
reactions in the vascular wall. Such reactions stimulate vascu-
lar smooth muscle cell (VSMC) proliferation and neointimal
hyperplasia, gradually narrowing the vascular lumen [8, 9].
Researchers developed drug-eluting stents (DESs) after recog-
nizing that these adverse events are associated with long-term
direct contact between the stent and the vascular wall. DESs
are similar to BMSs in structural composition. They use a
metallic scaffold, usually made of stainless steel or cobalt-chro-
mium alloys, and their struts are covered with a unique bio-
compatible polymer coating [5]. This coating is used to load
anti-proliferative drugs such as sirolimus, paclitaxel, and
everolimus. These drugs can effectively inhibit the excessive
proliferation of VSMCs, and they reduce the incidence of ISR
more effectively than BMSs. However, the permanent metallic
scaffolds of DESs remain in the vascular lumen as long-term
foreign bodies. These scaffolds may induce chronic local
inflammatory reactions, prevent complete endothelialization,
and raise the risk of late stent thrombosis (LST) [10, 11].

Therefore, to overcome some limitations of permanent stents,
biodegradable vascular stents (BVSs) have been developed as a
promising alternative in the field of vascular interventions.
BVSs are designed to provide essential mechanical support
during the vascular repair process, degrade safely and gradu-
ally after vascular remodeling is completed, and are ultima-
tely absorbed by the body without leaving residual foreign bod-
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ies. The transient presence of BVSs not only restores the physi-
ological vasomotor function and structural integrity of native
blood vessels but also effectively mitigates the risks of chronic
local inflammation, LST, and other long-term adverse compli-
cations associated with permanent stents (as shown in Figure
1) [11, 12]. In recent years, with the widespread exploration and
application of various biodegradable materials in the develop-
ment of BVSs, the clinical applications of these stents have
been steadily expanding. BVSs are progressively being used
to treat an extensive variety of vascular pathologies, including
coronary artery disease, cerebrovascular stenosis, peripheral
vascular disease, and grafted vein stenosis [11, 13-17].

This review focuses on summarizing the recent progress and
translational applications of BVSs in the treatment of vascular
diseases. This review first systematically summarizes the de-
sign criteria, material categories, major challenges, and optimi-
zation strategies of BVSs. The practical applications of BVSs in
different vascular systems are then described in detail, includ-
ing coronary arteries, cerebral vessels, peripheral arteries, and
veins. Finally, future directions for BVSs are discussed, with
emphasis on potential breakthroughs in material innovation,
functional integration, and personalized stent customization.

2 PROPERTIES OF BVSS

The design of BVSs must meet strict and comprehensive per-
formance requirements to ensure safety, effectiveness, and
clinical applicability. Ideal BVSs should first offer sufficient
radial strength, adequate flexibility, and long-term fatigue
resistance to maintain luminal patency and adapt to dynamic
vascular conditions. Meanwhile, a controllable degradation
rate matched to vascular healing, nontoxic degradation prod-
ucts, and gradual loss of mechanical strength without abrupt
failure are indispensable characteristics of such scaffolds.
Moreover, qualified stents should exhibit superior biocompati-
bility, promote rapid endothelialization, and effectively miti-
gate local inflammatory responses [18, 19]. To satisfy these
performance demands, the rational selection of suitable biode-
gradable materials is a core prerequisite for BVS development.
At present, diverse biodegradable materials have been used in
BVS research and fabrication, including biodegradable poly-
mer vascular stents (BPVSs) made from polymers such as
poly(lactic acid) (PLA) or poly(e-caprolactone) (PCL), as well
as biodegradable metal vascular stents (BMVSs) based on
magnesium (Mg), iron (Fe), and zinc (Zn) alloys.

2.1 BPVSs

Researchers have long considered biodegradable polymers
promising raw materials for BVS preparation, thanks to their
great processability, favorable biocompatibility and adjustable
degradation behavior [20]. Common polymers used in BPVSs
include PLA, poly(L-lactic acid) (PLLA), PCL, poly(L-lacti-
de-co-caprolactone), poly(lactic-co-glycolic acid), and poly
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Figure 1. Schematic comparison of vascular responses after implantation of different stents. BMS, bare-metal stent; DES, drug-eluting
stent; BVS, biodegradable vascular stent; ST, stent thrombosis; LST, late stent thrombosis; ISR, in-stent restenosis.

(glycolic acid) [21, 22]. Within living organisms, hydrolysis
serves as the key degradation pathway for BPVSs. At the initial
phase, water molecules diffuse into the inner polymer matrix,
which induces water uptake and the swelling of polymer
chains. Hydrolytic cleavage then takes place, leading to the
gradual splitting of long polymer chains into shorter fragments.
As this reaction progresses, these fragments are further de-
composed into low-molecular-weight segments that can be
phagocytosed by foreign-body giant cells and leukocytes.
Carbon dioxide and water are the final metabolic products of
these segments, which will be processed and eliminated from
the body naturally. The degradation rate of polymer materials
shows obvious differences. For pure PLLA, the whole degrada-
tion process often lasts 6 to 24 months. It is worth noting that
the degradation rate can be tailored by altering key parame-
ters of polymers, including molecular weight, composition,
glass transition temperature and material morphology [11, 21].

Despite these advantages, BPVSs normally show lower radial
stiffness than metal stents, and this shortcoming has limited
their further clinical application to a certain extent. Many tar-
geted optimization methods have proven useful in strengthen-
ing BPVSs, among which are structural optimization, mate-
rial modification and improvements to manufacturing tech-
niques [22]. One of the simplest and most effective ways to
raise radial strength is to increase the thickness of stent struts.
Yet thicker struts not only reduce stent flexibility but also
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increase the risk of thrombosis. Studies have revealed a clear
relationship between stent strut thickness and thrombosis.
Overly thick struts in the vascular lumen will disrupt hemody-
namic stability and induce flow turbulence, which speeds up
platelet adhesion and aggregation, causes acute thrombosis
and slows down vascular re-endothelialization [21]. Rational
design of stent geometry is therefore needed to achieve a de-
sirable balance among radial stiffness, flexibility and vascular
adaptability. When it comes to material modification, the addi-
tion of biodegradable nanofillers can greatly strengthen the
polymer matrix without compromising its biocompatibility or
degradability. Improving the crystallinity of semicrystalline
polymers used in BPVSs is another effective way to enhance
radial rigidity, thermal stability and chemical stability. Besides,
precise control over the orientation of polymer chains through
molecular structure engineering can also greatly improve the
overall mechanical strength of BPVSs. Different manufactur-
ing and processing methods also have an impact on the mechan-
ical performance of BPVSs. For example, precision manufac-
turing with carbon dioxide laser processing or the use of a new
slide-and-lock mechanism has been shown to effectively opti-
mize the mechanical properties of BPVSs.

2.2 BMVSs

Not every biodegradable metallic element can be directly
applied as a stent material. Liu et al. adopted comprehensive
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Figure 2. Schematic diagram of selection of biodegradable metallic elements.

evaluation criteria covering biocompatibility, biodegradation
performance, and physiological abundance in the human body,
and pointed out that Mg, Fe, and Zn are the most suitable matrix
metals (as shown in Figure 2) [23]. Consequently, Mg-based,
Fe-based, and Zn-based materials have become the three pri-
mary candidates for BMVSs.

Mg is an essential macroelement in the human body and par-
ticipates in many key physiological processes. The total content
of Mg in an average adult is about 25 g. Mg has relatively low
toxicity and can be rapidly excreted. Meanwhile, the recom-
mended daily intake of Mg ranges from 375 to 500 mg [23, 24].
Mg-based stents present distinctive biodegradable properties in
the human physiological environment. The degradation pro-
cess starts with the anodic oxidation of Mg, during which ele-
mental Mg is transformed into Mg?" ions and releases electrons.
Mg?" ions produced during corrosion can be gradually absorbed
or metabolized by surrounding tissues or excreted from the
body. At the same time, water undergoes cathodic reduction to
generate hydroxide ions and hydrogen gas. As corrosion pro-
gresses, Mg reacts with water to form magnesium hydroxide
(Mg(OH),) as the main corrosion product, while magnesium
oxide and magnesium carbonate act as secondary byproducts
[24, 25]. These corrosion products can form a protective layer
on the alloy surface, which acts as a barrier to inhibit further
penetration of corrosive substances and provide moderate pro-
tection [26]. The reaction mechanisms are listed as follows:

Overall reaction: Mg+2H,0=Mg(OH),+H,
Anodic reaction: Mg=Mg*+2¢
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Cathodic reaction: 2H,0+2e=20H+H,
Product formation reaction: Mg?*+20H=Mg(OH),

A multicenter clinical trial conducted in 2007 further demon-
strated the efficacy and safety of Mg-based stents. In this trial,
63 patients who received these stents achieved outcomes simi-
lar to those of patients receiving BMSs [27]. In addition, recent
studies show that the release of Mg?* and other degradation
products has positive effects on the local microenvironment by
alkalizing adjacent tissues, which helps reduce inflammation
and thrombus formation [28, 29].

However, both preclinical and clinical studies have identified
limitations of Mg-based stents in clinical application. First, Mg
has a hexagonal close-packed structure, resulting in poor form-
ability and low ductility at room temperature, which may lead
to premature fracture of Mg-based stents. Second, Mg shows
high reactivity due to its standard reduction potential of -2.372
V in the electromotive force series [25]. The Mg matrix tends
to form galvanic cells with alloying or impurity components in
corrosive environments, thus causing galvanic corrosion [30,
31]. In addition, chloride ions in body fluids continuously dis-
solve the hydroxide protective layer on the surface, which
significantly accelerates the degradation rate of stents [26].
Meanwhile, Mg?" in Mg(OH), can react with phosphate ions in
body fluids to form magnesium phosphate, which will be
replaced by calcium ions afterward. This leaves calcium-phos-
phorus complexes at the degradation site, while their absorp-
tion and metabolism in vivo still need to be further studied.
Furthermore, the rapid and uneven degradation of Mg-based
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stents not only raises the risk of ISR but also causes the burst
release of corrosion products and forms gas pockets. These
pockets hinder cell adhesion and growth on the stent surface
and suppress endothelialization after implantation [32, 33]. In
summary, the key challenge in the development of Mg-based
stents is to balance mechanical performance, corrosion resis-
tance, and endothelialization rate.

Fe is an essential trace element in the human body. App-
roximately 4 g of Fe is present in multiple forms in the human
body, and the recommended daily intake of this element ranges
from 10 to 20 mg [23]. Fe-based stents have a unique advantage
over Mg-based stents, as they present much higher material
strength and better formability. Fe-based metals show ideal
mechanical properties, such as high strength, large elastic mod-
ulus, favorable ductility, and a high strain-hardening rate [6].
The corrosion process of Fe-based stents is dominated by redox
reactions, and the corresponding reaction mechanisms can be
summarized as follows:

Anodic reaction: Fe=Fe*+2¢
Cathodic reaction: 2H,0+0,+4e=40H-

Product formation reaction: 2Fe**+40OH=2Fe(OH), or 2FeO°
2H,0

Product formation reaction: 4Fe(OH),+0,+2H,0=4F¢(OH); or
2F6203°6H20

In contrast to Mg-based stents, Fe-based stents generate
hydroxides through oxygen reduction without releasing H,.
Moreover, research results have confirmed that degradation
products from Fe-based stents can restrain the proliferation of
VSMCs and reduce neointimal hyperplasia without impairing
the biological activity of endothelial cells (ECs) [34, 35]. For
this reason, Fe-based stents were the earliest BMVSs used in
experimental research. In 2001, Peuster et al. first implanted
pure Fe stents into the aortas of New Zealand rabbits and per-
formed evaluations at 6, 12, and 18 months after implantation
[36]. No obvious intimal hyperplasia or thromboembolic events
were found during the 6- to 18-month follow-up period, and
complete endothelialization was achieved.

However, studies have also shown that Fe-based stents largely
maintained their integrity for up to 53 months after implanta-
tion, indicating their slow degradation rate. In a porcine coro-
nary artery model, a 70-pm Fe-nitride scaffold required 4-5
years to fully corrode and 5—-6 years to be completely absor-
bed [37]. Corrosion products, mainly Fe oxides, accumulate
substantially at the implant site and are difficult to remove or
metabolize. During hydroxide formation, the deposition of cal-
cium and phosphate further hinders the subsequent degrada-
tion process [26]. The ferromagnetic property of Fe may also
disturb magnetic resonance imaging results, which limits its
clinical application. In preclinical trials, macrophage infiltra-
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tion and mild inflammation have been observed, which may
result from the poor clearance of degradation products [30].
Even with excellent mechanical performance, Fe-based stents
have received much less research attention than Mg-based
stents due to slow degradation, difficult-to-clear corrosion
products, and ferromagnetic features [6].

Zn has a standard corrosion potential of -0.763 V, lying be-
tween Mg (-2.372 V) and Fe (-0.440 V), so it is presumed to
have a suitable degradation rate [38]. Zn is the second most
abundant transition metal element in the human body, with an
average content of about 3 g, and the recommended daily intake
of Zn ranges from 2 to 13 mg/day depending on age [38]. Zn
degradation primarily releases Zn** and OH-, with corrosion
products including zinc hydroxide and zinc oxide (ZnO). The
reaction mechanisms are given as follows:

Anodic reaction: Zn=Zn*"+2¢

Cathodic reaction: 2H,0+0,+4e=40H-

Product formation reaction: Zn**+20H=Zn(OH),
Product formation reaction: Zn(OH),=ZnO+H,0

Zn has become a promising candidate for BMVSs in the past
several years, which has prompted numerous feasibility and
safety evaluations. In 2013, Bowen et al. analyzed the corrosion
behavior of pure Zn wires used to simulate single stent struts
implanted into rat abdominal aortas for 6 months [39]. At the
initial stage, Zn showed uniform corrosion within the first 3
months, owing to the oxide layer formed on its surface. After
retaining mechanical stability for 4 months, this oxide layer
was gradually corroded by in vivo chloride ions, triggering
severe localized corrosion between 4.5 and 6 months. Later, in
2015, Bowen et al. further assessed the biocompatibility of
pure Zn wires implanted in rat abdominal aortas [40]. No
inflammatory response, local necrosis, or progressive intimal
hyperplasia was detected at 2.5, 4, and 6.5 months after im-
plantation. In 2017, Yang et al. further investigated the degrada-
tion mechanism and biocompatibility of pure Zn stents in rabbit
abdominal aortas [41]. They found that the stents underwent
uniform degradation first, followed by endothelialization and
subsequent localized corrosion. The stents retained mechanical
integrity for 6 months within the 12-month observation period,
with no severe inflammation, platelet aggregation, thrombus
formation, or obvious intimal hyperplasia, demonstrating the
favorable biocompatibility of Zn-based stents.

Nevertheless, Zn-based stents still face a number of key
unsolved obstacles. The most prominent problem is their insuf-
ficient mechanical performance, especially the extremely low
tensile strength (as low as 20 MPa) and poor elongation (4%),
which cannot provide effective vascular support. Zn-based
metals also show obvious strain softening, and tend to undergo
creep deformation and self-aging at room temperature, further

273


https://doi.org/10.61189/167468gjipte

Progress in Medical Devices 2026; 4 (3): 269-283.

weakening their long-term mechanical stability [38-40]. It has
been reported that Zn?>* has a concentration-dependent biphasic
effect on cell viability, proliferation, spreading, and migration,
so its long-term biosafety and in vivo metabolism still need sys-
tematic verification. Moreover, Zn alloys are limited by poor
thermal stability and processability, which restricts the pre-
cise fabrication of stent struts. For the future development of
Zn-based stents, improving mechanical properties and alleviat-
ing strain softening are the most urgent priorities [42].

Optimization strategies for BMVSs can be explored from three
core aspects: structural design, material properties, and poly-
mer coatings, which are key factors in BMVS development
[43]. Reasonable structural design is an important prerequi-
site for BMVSs to achieve outstanding overall performance.
Without changing the inherent properties of base materials,
customized stent structures can be designed to improve radial
support, expandability, and compliance. Meanwhile, the stent
structure needs to match the inherent features of the selected
material. For example, Mg-based stents show weaker com-
pressive resistance than traditional permanent metal stents of
the same dimensions. Although increasing strut thickness can
strengthen radial strength, it will also simultaneously increase
the risk of LST [31, 44]. Li et al. optimized the arc-shaped
connectors between rings in a sinusoidal Mg-based stent and
refined the strut thickness to 130 pm using finite element an-
alysis [45]. Both simulation and experimental results demon-
strated that this stent achieved higher radial strength than a 150
pm-thick counterpart (129+5 vs. 97+2 kPa). To further reduce
the thickness to 100 pum, the researchers adopted response
surface methodology-based surrogate model optimization to
determine optimal geometric parameters [46]. Experimental
validation revealed that the radial strength of the optimized 100
um-thick stent was comparable to that of the commercial 150
pm stent (89+4 vs. 866 kPa). Apart from structural design,
material optimization is the most common strategy to enhance
BMVS performance. In addition, surface modification can also
be adopted to tailor the surface properties of biodegradable
metals, so as to improve biocompatibility, corrosion resistance,
and mechanical stability [47]. To address the rapid degradation
and insufficient endothelialization of Mg-based stents, Hou et
al. prepared a novel bioactive coating (MgF,/polydopamine
(PDA)-exosome) on Mg-Zn-Y-Nd alloy [32]. The rare earth
element Nd enhanced the mechanical properties (UTS=230
MPa, YS=146 MPa, EL=35%) and corrosion resistance of the
Mg alloy [48]. Mg-Zn-Y-Nd tubes were laser-cut for stent fabri-
cation and then immersed in 40% hydrofluoric acid, diluted
dopamine solution, and exosome suspension to form the MgF,-
PDA-exosome coating. The MgF, layer reduced the degrada-
tion rate of Mg alloy stents and promoted vascular EC growth,
while the PDA-exosome component enhanced stent biocom-
patibility. Animal experiments confirmed that these treatments
significantly improved the anti-inflammatory and endothelial
regeneration capabilities of Mg alloy stents, as well as their
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corrosion resistance (the corrosion current density was 0.688
pA/cm?, which is only 42.2% of that of Mg alloy) [32].

3 APPLICATIONS OF BVSS

In general, the clinical indications of BVSs encompass the
majority of vascular disorders characterized by luminal steno-
sis, occlusion, dissection, or abnormal vascular remodeling.
The research and translational applications of BVSs have been
extensively explored across different anatomical areas in re-
cent years (as shown in Table 1), covering coronary arteries,
cerebral vessels, peripheral blood vessels and grafted vein
(as shown in Figure 3) [56]. Different vascular systems have
different blood flow, wall stress, and degradation environ-
ments. Thus, the performance of a BVS derived from one
vascular model cannot be directly generalized to another.
Therefore, more research using disease- and vessel-specific
models is needed before drawing firm conclusions.

3.1 Biodegradable coronary stents

Coronary artery disease is a severe CVD that endangers
human health with high morbidity and mortality, imposing a
heavy burden on the global public health system. Currently,
the most effective clinical treatment for coronary stenosis is
still the implantation of coronary stents, which provide tempo-
rary mechanical support for diseased vessels and rapidly re-
store coronary blood perfusion.

Biodegradable coronary stents have experienced decades of
research and clinical exploration. Early relevant studies can be
traced back to the late 1980s, and this kind of stent was the first
category of BVSs to realize clinical translation. The Igaki-Tamai
stent represents the first clinically applicable BVS. The
REMEDY stent, subsequently developed based on the Igaki-
Tamai stent for peripheral arterial applications, obtained
Conformitp Europpmitp (CE) marking in 2007 [49, 57].
Unfortunately, the 1-year follow-up outcomes of this stent
failed to meet the current clinical standards of nickeltitanium
stents, and satisfactory therapeutic effects were not achieved
[49]. Abbott Vascular launched the Absorb BVS in 2010. This
product obtained CE marking and the U.S. Food and Drug
Administration approval in succession, which officially opened
the clinical application era of biodegradable coronary stents
[21]. Nevertheless, the first-generation Absorb BVS showed a
significantly higher LST rate than traditional DESs in subse-
quent large-scale clinical trials. This defect led to its global
withdrawal in 2017, but it did not stop the continuous innova-
tion in this field. Several BVSs, including DeSolve, ART’s pure
BRS, Fantom, MeRes, NeoVas, XINSORB and Firesorb have
been successively launched and all obtained CE marking or
China National Medical Products Administration approval [5,
21,22, 52].
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Table 1. Common commercially available BVSs that have obtained CE marking, FDA approval, or NMPA approval
Stent name Manufacturer Materials Drug Application site Degradation time Status
REMEDY BRS [49] Kyoto Medical Plan-  Strut: PLLA None Peripheral arteries 24 months CE marking (2007)
ning Co.
Absorb BVS [21] Abbott Vascular Strut: PLLA Everolimus Coronary artery 24-36 months CE marking (2011),
Coating: PDLLA FDA approval (2016),
discontinued (2017)
DeSolve [21] Elixir Medical Co. Strut: PLLA Novolimus Coronary artery 12-24 months CE marking (2013 for
Coating: PLLA DeSolve 150; 2014 for
DeSolve 100)
Pure BRS [21] Arterial Remodelling  Strut: PLA None Coronary artery 24 months CE marking (2015)
Technologies Inc.
Magmaris [50] Biotronik Strut: Mg alloy  Sirolimus  Coronary artery 12-24 months CE marking (2016)
Coating: PLLA
Fantom [5] REVA Medical Inc. ~ Strut: PTD-PC Sirolimus ~ Coronary artery 48 months CE marking (2017)
MOTIV [51] REVA Medical Inc. Strut: PTD-PC Sirolimus  Peripheral arteries 48 months CE marking (2018)
MeRes [21] Meril Life Sciences  Strut: PLLA Sirolimus ~ Coronary artery 24 months CE marking (2019)
Coating: PDLLA
NeoVas [52] Lepu Medical Tech-  Strut: PLLA Sirolimus  Coronary artery 24-36 months NMPA approval (2019)
nology (Beijing) Co. Coating: PDLLA
XINSORB [52] Shandong Huaan Strut: PLLA Sirolimus  Coronary artery 24-36 months NMPA approval (2020)
Biotechnology Co. Coating: PDLLA
IBS Angel [53] Lifetech Scientific Strut: Fe alloy Sirolimus  Pediatric pulmonary 24 months CE marking (2023)
Co. Coating: PDLLA artery
Esprit BTK [54] Abbott Vascular Strut: PLLA Everolimus Peripheral artery 36 months FDA approval (2024)
Coating: PDLLA
Freesolve RMS [55] Biotronik Strut: Mg alloy  Sirolimus  Coronary artery 12 months CE marking (2024)
Coating: PLLA
Firesorb [22] Shanghai MicroPort  Strut: PLLA Sirolimus  Coronary artery 24-36 months NMPA approval (2024)
Medical (Group) Co. Coating: PGLA

Note: BVS, biodegradable vascular stent; CE, Conformité Européenne; FDA, Food and Drug Administration; NMPA, National Medical Products
Administration; PLLA, poly(L-lactic acid); PDLLA, poly(D,L-lactic acid); PGLA, poly(glycolide-co-lactide); PTD-PC, poly(tyrosine-derived

polycarbonate); BRS, bioresorbable scaffold; RMS, resorbable magnesium scaffold; PLA, poly(lactic acid).

It has been reported that early BPVSs adopt an excessively
thick strut design to ensure adequate radial strength [58]. This
design results in poor deliverability, prolonged degradation
and delayed endothelialization, which are the main causes of
LST. Restricted by the inherent technical limitations of BPVSs,
the research focus has gradually shifted to biodegradable
metallic materials with better mechanical properties in recent
years. Biotronik developed the Mg alloy biodegradable stent
DREAMS-2 with the trade name Magmaris [50]. This stent
obtained CE marking in 2016 and became the world’s first
commercially available biodegradable metallic coronary stent.
The 5-year clinical follow-up data of DREAMS-2 show that its
target lesion failure rate is only 8.0%, and the risk of LST is
extremely low. The safety and efficacy of this stent are signifi-
cantly improved compared with other BVSs. The third-genera-
tion Mg-based stent DREAMS 3G with the brand name
Freesolve RMS was CE-certified again and launched in Hong
Kong in 2024 [55]. This stent adopts an integrated design
composed of Mg alloy substrate, PLLA carrier and sirolimus
elution. It combines high radial strength and excellent biocom-
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patibility, and the stent matrix can achieve nearly complete
degradation about 12 months after implantation.

3.2 Biodegradable cerebrovascular stents

Cerebrovascular disease is a major disease that seriously threat-
ens human life and has become the second leading cause of
death worldwide. Its main pathological types include cerebro-
vascular occlusion (ischemic stroke) and vascular rupture
(hemorrhagic stroke). In addition to pharmacological therapy,
neurointerventional therapy has become an important clinical
strategy for cerebrovascular disease due to its advantages of
minimal invasiveness, high efficacy and favorable outcomes. In
recent years, the development of biodegradable cerebrovascu-
lar stents has attracted extensive attention. These stents can
gradually degrade and be absorbed after completing vascular
support and luminal remodeling, which can theoretically effec-
tively avoid the complications caused by permanent metallic
stents. Therefore, they are considered as an ideal strategy to
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reduce the risks of long-term thrombosis, inflammation and
restenosis.

At present, most biodegradable cerebrovascular stents are still
in the preclinical research stage. Yu et al. fabricated biodegrad-
able stents based on WE43 Mg alloy using laser cutting tech-
nology to compare the corrosion and degradation behaviors in
cerebral circulation and coronary circulation environments
[59]. In vitro results showed that, compared with the coronary
environment, WE43 Mg alloy stents exhibited a significantly
accelerated corrosion rate and enhanced pitting sensitivity in
the cerebral blood flow environment. The researchers specu-
lated that this phenomenon was mainly attributed to the higher
blood flow velocity and stronger shear stress in cerebral circu-
lation, which could continuously destroy the integrity of the
corrosion product layer on the stent surface, thereby accelerat-
ing the corrosion process of the matrix material.

3.3 Biodegradable peripheral vascular stents

Peripheral vascular disease refers to stenosis, occlusion, or
dilation of the aorta, venae cavae, and their branch arteries and
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veins, excluding the coronary and cerebrovascular circulations.
Mild cases present with ischemic limb pain and intermittent
claudication, while severe cases can lead to limb gangrene and
distal organ failure, seriously threatening patients’ lives and
quality of life and even their survival. Biodegradable periph-
eral vascular stents can effectively maintain vascular patency
during the treatment period and achieve sustained local deliv-
ery of anti-proliferative drugs, and finally degrade and be com-
pletely absorbed without residual foreign bodies.

At present, significant progress has been made in the research
and clinical translation of biodegradable peripheral vascular
stents. The first BVS approved for the treatment of below-the-
knee (BTK) arterial lesions is MOTIV. It was made of a new
polymer with inherent fluoroscopic visibility and was granted
CE marking in 2018. A clinical trial showed a technical success
rate of 99% and a primary patency rate of 88.3%, 81.7%, and
80% at 12, 24 and 36 months [51, 53]. Besides, the IBS Angel
Fe-based stent for treating pediatric pulmonary artery stenosis
obtained CE Medical Device Regulation certification in 2023
[60]. Additionally, Esprit BTK developed by Abbott Vascular is
a BPVS with everolimus loading and bioabsorbable polymer
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coating, and gained approval from the Food and Drug Ad-
ministration in 2024. The LIFE-BTK randomized controlled
trial carried out systematic evaluation on the safety and efficacy
of this stent. The trial defined freedom from major adverse limb
events and perioperative death at 6 months as the primary safe-
ty endpoint. Results proved that the efficacy of the Esprit BTK
stent group was significantly better than that of the percutane-
ous transluminal angioplasty group, and there was no signifi-
cant difference in safety between the two groups. This stent
provides a new interventional option for the treatment of infr-
apopliteal arterial stenosis lesions [54, 61].

3.4 Biodegradable extravascular stents

Vein grafts are widely applied in coronary artery bypass graft-
ing and the establishment of hemodialysis vascular access. The
high incidence of postoperative graft stenosis and poor long-
term patency remain key challenges. Hemodynamic disorders
are the main factors leading to venous graft stenosis. After
direct arteriovenous anastomosis, the venous system is sud-
denly exposed to high blood flow and pressure that are similar
to those in the arterial circulation. Excessive blood flow and
pressure cause severe dilatation and irregular deformation of
the venous wall, resulting in turbulent blood flow in the lumen.
Turbulent flow and abnormal wall shear stress further trigger
local inflammatory responses and continuous injury of ECs.
These changes promote abnormal proliferation and intralumi-
nal migration of VSMCs, and are associated with excessive
secretion of extracellular matrix. This process eventually
aggravates neointimal hyperplasia and causes graft stenosis or
even occlusion.

Biodegradable extravascular stents are tubular or mesh-like
support structures wrapped on the outer surface of blood ves-
sels. These stents do not invade the lumen, and optimize the
hemodynamic state of vein grafts through external mechanical
support and geometric remodeling. They can inhibit vascular
overexpansion and excessive intimal hyperplasia at the source.
The application of such stents can effectively extend the paten-
cy time of vein grafts and reduce the risk of postoperative rein-
terventions, which is an effective method to solve vein graft
stenosis. Chu et al. prepared a biodegradable extravascular
stent based on nanocellulose-gelatin hydrogel loaded with as-
tragaloside IV [17]. This composite stent has good mechanical
properties and biocompatibility. It can activate autophagy to
inhibit endothelial-to-mesenchymal transition, and effectively
suppress neointimal hyperplasia and restenosis of vein grafts.
Rong et al. developed a biodegradable R-NFM to prevent neo-
intimal hyperplasia and stenosis of AVF for hemodialysis [62].
Figure 4 illustrates the experimental procedure of implanting
this R-NFM as a biodegradable extravascular stent into rat
models. Experimental results confirmed its good biodegrad-
ability, biocompatibility and controlled drug release perfor-
mance. The R-NFM can significantly reduce neointimal hyper-
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plasia in rat models with chronic kidney disease, and effectively
improve the long-term patency of hemodialysis vascular access.

4 FUTURE PERSPECTIVES OF BVSS

After resolving the limitations of current BVSs, ongoing prog-
ress in biomaterial research, intelligent device development and
personalized manufacturing technology will promote the fur-
ther upgrading and multifunctional innovation of BVSs.

4.1 Material innovation

Generally, BVSs rely on balloon expansion for implantation,
which often causes vascular endothelial injury, non-uniform
expansion, and poor mechanical matching with the dynamic
vascular environment. In contrast, shape memory materials
(SMMs) enable stent self-expansion driven by physiological
stimuli without balloon dilation, effectively overcoming the
above drawbacks. SMMs are intelligent materials that can
complete reversible shape transformation under external stim-
uli such as heat, light and magnetic fields. They provide unique
advantages for the structural design and implantation of vascu-
lar stents. BVSs made of SMMs can maintain excellent flexibil-
ity and low profile during low-temperature endovascular deliv-
ery owing to the shape memory effect. They will automatically
revert to the preset tubular structure with sufficient radial
strength when activated by body temperature or specific physi-
ological stimuli after reaching the target lesion. This feature
strikes an ideal balance between deliverability and mechanical
support. It also enables uniform expansion and optimal vessel
wall apposition, and reduces endothelial injury caused by bal-
loon dilation. Shape memory polymers (SMPs) and shape
memory alloys (SMAs) are the two main types of SMMs [63].

SMPs feature low manufacturing cost, easy preprocessing,
high recoverable deformation and low recovery temperature.
Their biodegradability and biocompatibility can be adjusted by
varying the material composition. This enables biodegradable
SMP stents to degrade completely in vivo within a specified
time. Biodegradable SMP stents still suffer from insufficient
mechanical properties, a limitation shared with most BPVSs.
This limitation may lead to stent migration and restrict their
translational application. The research focus of biodegradable
SMP stents is to strike a balance among mechanical properties,
shape memory effect and biocompatibility [64, 65]. Joo et al.
prepared biodegradable and biocompatible thermally respon-
sive SMPs by blending polyurethane and PCL with different
weight ratios [64]. Experimental data show that the 30% poly-
urethane/PCL blend has favorable shape memory performance
and adjustable mechanical properties. These biodegradable
SMPs have broad application prospects in medical devices
including surgical sutures and vascular stents.

SMAs offer greater advantages over SMPs, including high
mechanical strength, long cycle life, pseudoelasticity and
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superelasticity. At present, SMAs are mainly divided into nick-
el titanium-based, copper-based, Mg-based and Fe-based sys-
tems. Mg-based and Fe-based SM As such as Mg-Sc, Fe-Mn-Si,
Fe-Pd and Fe-Pt have been reported to have biodegradability
and biocompatibility [66]. Their unique properties show great
potential for promoting the future development of vascular
stents. Further research on the microstructure of these materi-
als is needed to clarify the mechanism of their unique proper-
ties for the translational application of SMA stents. Preclinical
studies are also required to verify the safety, efficacy and long-
term performance of these smart stents.

4.2 Intelligent integration

At present, most BVSs only offer mechanical support to dis-
eased vessels and keep luminal patency after implantation, but
they cannot perform in vivo evaluation of the perivascular
microenvironment and vascular health. Clinical methods for
monitoring and diagnosing post-implantation complications,
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such as angiography, intravascular ultrasound and optical
coherence tomography, are unable to achieve real-time, con-
tinuous, and efficient monitoring [67]. Researchers have devel-
oped a new generation of biodegradable electronic stents
(BESs) to enable early identification of complications. These
stents integrate degradable biosensors, which can capture key
physiological signals in blood vessels in real time and wire-
lessly transmit data to external monitoring equipment.

Appropriate antenna design plays a key role in enabling elec-
tronic stents to provide mechanical support and wireless signal
transmission at the same time. Chow et al. first put forward a
feasible concept that a self-expandable medical stent integrated
with a miniaturized pressure sensor could serve as both a struc-
tural support and a signal transmission antenna [68]. This novel
structural design not only endows the stent with real-time in
vivo monitoring capacity, but also builds a dual-function plat-
form that combines diagnostic monitoring and therapeutic
intervention.
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Son et al. subsequently proposed advanced nanomaterial de-
sign and integration schemes for BESs [69]. The BES they
developed takes an Mg alloy scaffold as the core, and inte-
grates anti-inflammatory nanoparticles, drug-loaded core-shell
nanospheres, flexible nanomembrane flow and temperature
sensors, and memory storage devices. The stent itself acts as a
wireless telemetry antenna by virtue of the excellent electrical
conductivity and biodegradability of the Mg alloy. The memo-
ry storage device on the stent is coated with a PLA solution
loaded with therapeutic nanoparticles, and the sensor mem-
brane is transfer-printed onto the surface of an adhesive poly-
mer. This integrated design can simultaneously enable phy-
siological signal collection, data storage, anti-inflammatory
effects, local drug delivery and photothermal therapy. Mg alloy
stents have inherent corrosion susceptibility. The research team
extended the degradation period through multi-layer encapsu-
lation, but the in vivo experimental results still failed to meet
expectations.

The electronic system design of biodegradable polymer elec-
tronic stents needs to comprehensively consider multiple key
indicators, including electrical conductivity, mechanical prop-
erties, biocompatibility, processability and synthesis feasibili-
ty. Park et al. developed a poly(D-lactic acid)-based wireless
pressure sensor and integrated it into a 3D-printed PCL poly-
mer stent [70]. This stent shows ideal performance in in vitro
simulation tests, and its feasibility and transformation potential
still need to be verified by further in vivo research.

BVSs with sensing function represent a disruptive innovation
in the field of vascular stents, as they break through the limita-
tion that traditional BVSs can only be used as passive mechani-
cal supports. BESs still face many technical challenges at pres-
ent, but their unique advantages in real-time in vivo monitoring
and even active therapeutic intervention have attracted wide-
spread research attention [71]. This innovation will fundamen-
tally change the treatment and long-term management model
of vascular diseases, and point to new directions for the next-
generation development of BVSs.

4.3 Personalized customization

Traditional standardized BVSs are poorly adapted to complex
vascular anatomy and lesion morphology, and personalized
customization can effectively solve this clinical challenge.
Based on the patient’s preoperative imaging data, stent geom-
etry, strut structure, diameter and length can be personally
designed through 3D vascular reconstruction to perfectly
match the patient’s vascular anatomical characteristics and
lesion morphology. With the rapid iteration of 3D and 4D print-
ing additive manufacturing technology, the efficient and pre-
cise preparation of customized BVSs has gained reliable te-
chnical support [5, 72].
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3D-printed BPVSs have drawn broad research attention in the
field of vascular stents. Lee et al. prepared 3D-printed PLA
stents, and modified stent surfaces with PDA, polyethylenei-
mine and heparin to prevent restenosis and thrombosis [73]. A
12-week in vivo test in rat models demonstrated the stents’
favorable antithrombotic activity and hemocompatibility. Shen
et al. developed 3D-printed PCL stents based on animal vascu-
lar magnetic resonance imaging data, and performed covalent
grafting of heparin to improve anticoagulant performance [74].
These stents were implanted into rabbit abdominal aortas to
assess post-implantation efficacy. Results showed the stents
maintained excellent biocompatibility and mechanical stability
over 12 weeks, and preserved vascular patency without trigger-
ing acute thrombosis. These studies confirm the significant
application potential of customized stents in vascular repair.

Although personalized BVSs have significant clinical advan-
tages, this cutting-edge technology still faces many bottlenecks
that hinder clinical translation. On the one hand, the whole pro-
cess from personalized design and imaging modeling to 3D
printing relies heavily on high-precision medical equipment
and professional technical teams, and the high cost restricts
large-scale promotion of the technology. On the other hand,
there are currently no unified quality control standards and
standardized evaluation protocols for 3D-printed personalized
BVSs, so the mechanical properties, degradation kinetics and
surface modification efficacy of different stents cannot be kept
consistent. In addition, the long-term biosafety of customized
stents, the consistency between in vivo degradation and vascu-
lar healing, and hemodynamic compatibility still need to be
verified through large-scale animal experiments and multi-
center clinical trials [75].

5 CONCLUSION

BVSs are highly attractive because they may overcome the
inherent limitations and complications associated with perma-
nent stents, bringing new opportunities and challenges to the
treatment of vascular diseases. BVSs provide temporary sup-
port to the narrowed blood vessel wall and completely degrade
after fulfilling their function, thus avoiding adverse events
caused by the long-term presence of permanent stents.

Depending on the manufacturing material, BVSs can be divid-
ed into BPVSs and BMVSs. Although BPVSs exhibit outstand-
ing biocompatibility, they generally face challenges of insuffi-
cient mechanical strength, particularly poor radial strength.
BMVSs, represented by Mg-, Fe-, and Zn-based metals, gener-
ally possess superior comprehensive mechanical properties
over polymers, but each type has its own drawbacks. Mg-based
stents exhibit favorable mechanical performance and biocom-
patibility, but their major drawback is rapid degradation. In
contrast, better mechanical strength is a unique advantage of
Fe-based stents, but their degradation is excessively slow, limit-
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ing their further clinical applications. Pure Zn has the lowest
mechanical strength among biodegradable metal materials and
faces challenges such as room temperature aging and strain
softening. To overcome the aforementioned challenges, numer-
ous experimental studies have demonstrated that specific prop-
erties can be achieved by altering the shape and structure of
stents, modifying the material properties at the microscale, and
improving manufacturing technologies.

To date, the applications of BVSs have expanded from coronary
artery stenosis to complex cerebrovascular lesions, peripheral
arterial diseases and venous graft stenosis, filling the gaps
where permanent stents are difficult to apply. Although chal-
lenges still exist in the precise regulation of degradation kinet-
ics, systematic verification of long-term biosafety, and large-
scale clinical translation, the continuous integration of materi-
als science, precision manufacturing and biomedical engineer-
ing will steadily promote the iterative optimization of BVSs.

In addition, material innovation will enable stents to achieve
higher mechanical strength and greater flexibility, effectively
reducing strut thickness and reducing complications. Persona-
lized customization enables BVSs to precisely match individu-
al vascular anatomical structures and complex lesion charac-
teristics, thereby significantly improving vascular adaptability
and long-term patency rates. Intelligent BVSs integrating bio-
sensing, responsive drug release and complete biodegradability
can enable real-time in vivo monitoring of stent degradation,
vascular repair and hemodynamic changes, as well as on-
demand drug delivery to prevent restenosis and thrombosis.
Ultimately, BVSs will revolutionize the treatment paradigm
of vascular diseases and bring substantial benefits to patients
worldwide.
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