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A B S T R A C T

Implantation of cardiovascular stents is an important therapeutic method to treat coronary artery diseases. Bare-
metal and drug-eluting stents show promising clinical outcomes, however, their permanent presence may create
complications. In recent years, numerous preclinical and clinical trials have evaluated the properties of bio-
resorbable stents, including polymer and magnesium-based stents. Three-dimensional (3D) printed-shape-
memory polymeric materials enable the self-deployment of stents and provide a novel approach for individual-
ized treatment. Novel bioresorbable metallic stents such as iron- and zinc-based stents have also been investigated
and refined. However, the development of novel bioresorbable stents accompanied by clinical translation remains
time-consuming and challenging. This review comprehensively summarizes the development of bioresorbable
stents based on their preclinical/clinical trials and highlights translational research as well as novel technologies
for stents (e.g., bioresorbable electronic stents integrated with biosensors). These findings are expected to inspire
the design of novel stents and optimization approaches to improve the efficacy of treatments for cardiovascular
diseases.
1. Introduction

Coronary artery diseases (CADs) are the primary cause of mortality
and morbidity with increasing incidences worldwide, thus imposing a
substantial socioeconomic burden [1]. Minimally invasive cardiovascu-
lar stents can be implanted into impaired vessels to provide mechanical
support to the blood vessel wall—substantially improving re-
vascularization's quality [2]. The application of a bare-metal stent (BMS)
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in clinical practice has improved the efficacy of percutaneous coronary
intervention (PCI) [3,4]. However, BMS implantation results in different
adverse events, including in-stent restenosis (ISR) and stent thrombosis
(ST) [5]. The implantation of a drug-eluting stent (DES) dramatically
reduces the ISR rate. However, the delayed vascular re-endothelialization
caused by the non-selective nature of drugs in the stents results in
increased incidences of late stent thrombosis (LST) and very late stent
thrombosis (VLST) [6–9]. Moreover, prolonged dual anti-platelet therapy
BDMS, biodegradable metallic stent; BDPS, biodegradable polymeric stent; BMS,
e; Cl�, chloride ions; CS, chitosan; Cu, copper; CADs, coronary artery diseases;
absorbable metal scaffold; EC, endothelial cell; ECAP, equal-channel angular
longation to fracture; Fe, iron; Fe2þ, ferrous ions; Fe–O, iron oxide; GO, graphene
thelial cells; ISR, in-stent restenosis; IVUS, intravascular ultrasonography; JDBM,
sion index; LST, late stent thrombosis; MACE, major adverse cardiac event; MAO,
ride; MgO, magnesium oxide; micro-CT, micro-computerized tomography; Mn,
; N, nitrogen; NA, neo-intimal area; OCT, optical coherence tomography; OH�,
ycaprolactone; Pd, palladium; PDA, polydopamine; PDLLA, poly-D,L-lactic acid;
and deposition; PLA, polylactic acid; PLGA, poly-lactic-co-glycolide; PLLA, poly-
l angioplasty; SEM, scanning electron microscopy; SES, sirolimus-eluting stent;
sis; STEMI, ST-segment-elevation myocardial infarction; Ta, tantalum; Tg, glass
lesion revascularization; UTS, ultimate tensile strength; VGs, vein grafts; VSMCs,
c; Zn2þ, zinc ions.

B. Hu).

2022

ticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

mailto:wujiehong@mail.hust.edu.cn
mailto:hubo@mail.hust.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtbio.2022.100368&domain=pdf
www.sciencedirect.com/science/journal/25900064
www.journals.elsevier.com/materials-today-bio
https://doi.org/10.1016/j.mtbio.2022.100368
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.mtbio.2022.100368


J. Zong et al. Materials Today Bio 16 (2022) 100368
(DAPT) after the implantation of a DES increases the risk of bleeding [7].
These shortcomings of non-degradable scaffolds have encouraged the
development of a bioresorbable stent (BRS) [10]. The main features of
BMS, DES, and BRS are listed in Table 1. BRS provides temporary
Table 1
The main features of 3 main types of stents–BMS, DES and BRS.

BMS DES BRS

Mechanical stress permanent permanent temporary
Tensile strength high high high (metallic stents)

low (polymeric stents)
Coatings none possessed possessed
Risk of thrombosis low late transient
In-stent restenosis high low moderate
Inflammation low moderate/high high
Vessel size mismatch none none possible

Fig. 1. Schematic diagram of vascular responses of BMS, DES and BRS in vivo. A) T
strength and can be fabricated to have reduced thickness. However, the robust mech
stent: drug-eluting stent (DES). The eluting drug was an anti-mitotic agent, inhibiti
vasomotion occur, increasing the risk of late stent thrombosis (ST). C) Bioresorbable
term chronic inflammation and enabling endothelial regeneration. Reproduced with

2

mechanical support to prevent acute elastic recoil until vascular
remodeling and functional recovery [10]. After implantation into the
vessels, its gradual degradation contributes to the restoration of vascular
systolic function and reduces the risk of LST [11,12]. A schematic dia-
gram of vascular responses to BMS, DES, and BRS in vivo is presented in
Fig. 1. BRS comprises biodegradable polymeric stent (BDPS) and biode-
gradable metallic stent (BDMS) [13].

Preclinical studies, especially in vivo assays are critical for evaluating
the properties of BRS, including its mechanical strength, biodegradation
behavior, and biocompatibility. In recent times, some novel methods
have been developed to evaluate stent properties in vivo. For example,
semi-quantitative optical coherence tomography (OCT) imaging can be
used to measure in vivo biodegradation behavior of BRS [14,15]. Addi-
tionally, animal models have aided better evaluation of stent perfor-
mance; e.g., the New Zealand rabbit iliac artery model has been utilized
to assess endothelial cell (EC) function restoration [16]. These preclinical
he initial stent: bare-metal stent (BMS). These stents possess great mechanical
anical support also causes neo-intimal hyperplasia. B) The second generation of
ng the proliferation of SMCs. However, impaired endothelial regeneration and
stent (BRS). These stents are resorbed over 6 months to 2 years, alleviating long-
permission [214]. Copyright 2020, John Wiley and Sons.



Table 2
Summary of clinical trials of BDPS.

Device Stent design Trial Results Refs

Igaki–Tamai Material: PLLA; Coating:
None; Drug: None

Follow up 50 patients with 84 Igaki–Tamai
for >10 years

ST: 4%; 1 subacute and 1 very late thrombosis; Survival rates for all-cause
death 87%, for cardiac death 98%, for MACEa) 50%; TLRb):16% (1 year),
22% (5 years), and 38% (10 years)

[39]

Absorb BVS
1.0

Material: PLLA; Coating:
PDLLAc); Drug:
Everolimus

ABSORB Cohort A: Follow up 30 patients
with single de novo lesions treated with 30
BVS for 5 years

ST: 0; LLLd): 0.44 � 0.35 mm; MACE: 3.3% [33]

Absorb BVS
1.1

Material: PLLA; Coating:
PDLLA; Drug: Everolimus

Absorb B1/B2: Follow up 101 patients for 2/
3 years

ST:0; LLL: 0.27 � 0.32 mm; MACE: 6.9% [40,
41]

Absorb BVS
1.1

Material: PLLA; Coating:
PDLLA; Drug: Everolimus

Absorb Extend: Follow up 512 patients for 1
year

ST: 0.8%; TLFe): 4.9%; MACE: 4.3% [42]

Absorb BVS
1.1

Material: PLLA; Coating:
PDLLA; Drug: Everolimus

Absorb III: Follow up 1322 patients for 5
years

ST: 1.5%; TLF: 7.8% [43]

Absorb BVS
1.1

Material: PLLA; Coating:
PDLLA; Drug: Everolimus

AIDA: Follow up 895 patients for 2 years ST: 3.5%; TLF: 11.7% [44]

DeSolve Material: PLLA; Coating:
PLLA; Drug: Novolimus

DESolve Nx: Follow up 126 patients in a
multi-center trial for 2 years

ST: 0.8%; TLF: 5.7%; MACE: 5.7% [45]

Fortitude Material: PLLA; Coating:
None; Drug: Sirolimus

FORTITUDE Study: Follow up 63 patients
with single de novo coronary artery lesions
for 9 months

ST: 0; TLF: 3.3%; MACE: 4.9%; Narrowing in the mean area: 9.1% [46]

Xinsorb Material: PLLA; Coating:
PDLLA; Drug: Sirolimus

Follow up 30 patients with single de novo
coronary artery lesions for 6 months

ST: 0; LLL: 0.18 � 0.21 mm; MACE: 0 [47]

Ideal
BioStent

Material: Polylactide
anhydride;
Coating: Salicylate; Drug:
Sirolimus

WHISPER-trial: Follow up to 11 patients High neointimal growth [48]

ART18Z Material: PDLLA; Coating:
None; Drug: None

ARTDIVA-trial: Follow up 30 patients with
single de novo lesions for 6 months

TLR: 10%; MACE: 0; Angiographic recoil: 4.3%; In-stent diameter stenosis:
12 � 7%

[42]

REVA Material: PTD-PCf);
Coating: None; Drug:
None

RESORB: Follow up 27 patients for 6 months TLR: 66.7%; LLL: 1.81 mm; Leading to the scaffold redesign [42]

ReZolve Material: PTD-PC;
Coating: None; Drug:
Sirolimus

RESTORE-study: Follow up 50 patients for 1
year

Acute recoil: 3.8 � 6.7%; LLL: 0.29 � 0.33 mm at 12 months; MACE: 16.7%
at 6 months

[42]

ReZolve2 Material: PTD-PC;
Coating: None; Drug:
Sirolimus

RESTORE-II: Follow up 125 patients Ongoing [49]

a) MACE, major adverse cardiac event.
b) TLR, target lesion revascularization.
c) PDLLA, poly-D,L-lactic acid.
d) LLL, late lumen loss.
e) TLF, target lesion failure.
f) PTD-PC, poly-tyrosine-derived polycarbonate.

J. Zong et al. Materials Today Bio 16 (2022) 100368
trials are crucial for clinical translation; the design of clinical trials should
be based on the results of in vivo and in vitro experiments. Moreover, basic
experiments shed new insights into stent optimization. Clinical trials for
various BRS types have shown differential clinical efficacies, limitations,
and optimization direction. Lessons learned from clinical trials also
prompt the development of next-generation stents. Current optimization
strategies mainly include developing novel stent platforms, functional-
izing stent coatings, and adopting more precise engineering technologies
[17].

Novel technologies for BRS also provide new insights into the
development of cardiovascular scaffolds. For example, the bioresorbable
electronic stents containing biosensors can convey information about the
internal status of stents in real time [18–22]. 3D printing technologies
enable designing BRS, which is specifically tailored to each patient for
better clinical outcomes [21,23–25].

In this review, we summarize the properties, modification strategies,
and future challenges to different stent types. Novel technologies applied
in BRS are also discussed in detail. Additionally, this review focuses on
the results of the preclinical and clinical trials for vascular stents and
their potential clinical impact. These findings are expected to inspire new
avenues for evaluating novel stent materials, assessment methods, and
optimization approaches to improve the efficacy of treatment for CADs.
3

2. Biodegradable polymeric stent

2.1. Properties of BDPS

The mechanical properties of the vascular stent need to reach
benchmark values: elongation to fracture (EL) > 15–18%, ultimate ten-
sile strength (UTS) > 300 MPa and yield strength (YS) > 200 MPa
[26–28]. Generally, bioresorbable polymers could not provide sufficient
radial strength for vascular remodeling [29]. In addition, some polymers
with acceptable mechanical strength recoiled immediately after im-
plantation, with harmful or even fatal consequences [30]. Therefore, the
BDPS should be designed with self-expandability to avoid acute recoil;
however, this also increases the stent size limiting their use in small
vessel diseases [31]. Polymers will eventually degrade into water and
carbon dioxide by hydrolysis of ester bonds [32,33]. Studies found that
the degradation rate of BDPS can be regulated by molecular weight,
composition, glass transition temperature (Tg), and morphology of the
polymer materials [34].

The BDPS possesses good biocompatibility as giant cells and leuko-
cytes could remove their degradation debris, thus avoiding severe
chronic inflammatory response [35]. For instance, histological analyses
of BDPS in animal experiments showed reduced inflammatory responses
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[36]. However, some studies also showed that polymers may have a
cytotoxic effect on macrophages [37]. Furthermore, BDPS lacks radio-
pacity [38]. Nevertheless, BDPS could be visualized by CT or MRI with a
radio-opaquemarker located on stents [18]. The clinical trials to evaluate
the properties of BDPS are summarized in Table 2 [33,39–49].

2.2. Optimization and future challenges of BDPS

The main challenge remains to improve the radial strength of BDPS.
Several approaches have been proven effective to strengthen BDPS,
including manufacturing techniques, optimizing geometric parameters,
and improving scaffold thickness [50]. High molecular weight polymers
could increase the entanglement and length of covalently-bonded mo-
lecular chains, which can improve the strain-to-break and wear resis-
tance of the BDPS [51]. Improving the crystallinity of semi-crystalline
polymers could increase the stiffness and heat or chemical resistance of
BDPS [52]. Transforming the molecular structure by controlling the
interior structure of the polymer chain orientation can also improve the
mechanical strength of BDPS [53]. Meanwhile, modifying geometric
parameters is another method to improve the radial strength of BDPS. For
example, the Igaki–Tamai stent has a thick strut in the shape of a zig-zag
helical coil, thus having a high vessel coverage [54]. The biodegradable,
non-toxic lignocellulosic fiber from renewable resources (e.g., wood) has
been investigated as a potential reinforcing component for biodegradable
polymers as this kind of fiber confers great strength and is more
economical than traditional synthetic fibers [18,55–57]. In addition,
fabricating BDPS with a carbon dioxide laser or adopting a new slide-
–and–lock mechanism has been proven to improve the mechanical
properties of BDPS [58]. The shape-memory PCLAU incorporating Fe3O4
nanoparticles can provide sufficient strength for stent implantation [59].
The biocompatibility of BDPS can be improved by plasma surface treat-
ment and adopting high molecular weight poly-L-lactide acid (PLLA)
[54]. Furthermore, altering the crystallinity, molecular weight, and hy-
drophilicity of the polymers could improve the degradation behavior of
the BDPS [60–62].

Future studies are required to investigate optimization methods to
make next-generation BDPS qualified as a novel treatment strategy for
CADs. For example, BDPS should have a thin strut thickness but with
sufficient radial strength [18]. In addition, the degradation rate should
match the vascular remodeling time to avoid late lumen loss (LLL) or
target lesion revascularization (TLR) [18].

2.3. Self-expandable stents based on shape-memory polymers

2.3.1. Biodegradable shape-memory polymeric stents
Owing to their behavioral versatility, shape-memory materials

(SMMs), which are smart materials, maybe the key to advancements in
the next-generation stents [21]. The shape transformation can be trig-
gered by diverse stimuli, such as heating above the transition tempera-
ture (Tg), electric/magnetic fields, light, etc. [63]. This shape-memory
behavior contributes to the reduction in conduit size for delivery, and
allows self-expansion without assisting devices [24,64]. Biodegradable
shape-memory polymers (SMPs), in particular, are highly suited for
self-expandable stents owing to their high recoverable strain (up to
400%), controllability of recovery behavior, flexibility, minimal toxicity,
lightweight, ease of processing, and low-price [65,66]. SMP-BRS can be
inserted into the impaired vessels through minimally invasive surgery in
folded or contraction state. Triggered by in vivo or external stimuli, SMPs
can recover to their desired original shapes at the target site, thus
achieving full self-expansion rapidly to impede the stent migration [65].
Common SMPs employed in BRS include polycaprolactone (PCL), poly-
lactic acid (PLA) and lactide-based copolymers (e.g., PLLA) [67,68].

Despite the potential of SMPs for designing biodegradable self-
expandable stents, its clinical translation remains challenging. Venka-
traman et al. developed a biodegradable bi-layered stent based on PLLA
and poly-lactic-co-glycolide (PLGA), which can fully self-expand at about
4

37 �C in approximately 8 min in an aqueous environment [69]. Although
the time for full expansion significantly decreases to a few minutes, the
ideal self-expansion time should be less than 1 min to avoid stent
migration and favor in vivo deployment. Additionally, the gradual loss of
mechanical forces and stent blockade caused by bacterial colonization
may lead to serious complications after the implantation of SMP stents
[69,70]. Duarah et al. have developed a rapid self-expandable stent using
a bio-based hyperbranched polyurethane/carbon dot-silver (HPU/C-
D-Ag) nanocomposite [70]. An added biocompatible nanomaterial
interacted with SMPs, thus facilitating faster self-expansion. The
HPU/CD-Ag nanocomposite achieved self-expansion (>99%) at (37 � 1)
�C within only 20 s, suggesting a significant decrease. Carbon dots are
added at the smallest scale to improve the mechanical properties of
stents. Silver nanoparticles (AgNP), an effective infection-resistant ma-
terial, can be used to inhibit biofilm formation to avoid stent blockage
caused by bacterial colonization, thus reducing the incidence of com-
plications. The biological assessment shows that HPU/CD-Ag nano-
composite inhibits the growth of Staphylococcus aureus MTCC 3160 and
Escherichia coli MTCC 40 bacterial strains, and prevents the adherence of
Pseudomonas aeruginosa MTCC 1688 bacterial strain to the fabricated
nanocomposites [70]. Biswas et al. have synthesized a polyurethane
nanohybrid for BRS applications [51]. The reduced crystallinity in the
nanohybrid caused by strong dipolar interactions between polymer
chains and nano-clay significantly improves flexibility and toughness.
Additionally, the reduced stacking pattern of the hard segment of
nanohybrid results in a significant improvement in shape memory
behavior (91% recovery) at 37 �C [51]. Taken together, employing
fabricated nanohybrids to develop rapid self-expandable BDPS may
provide novel insights into augmenting the expandability and improving
the mechanical properties of current BRS. SMP stents exhibit great po-
tential as a novel solution to overcome the limitations of the current BRS
types.

2.3.2. Advances in 3D printing of SMP stents
Using traditional fabrication methods (e.g., electrospinning, spin-

coating, and molding) to construct SMP stents limit their adaptivity.
The emergence of 3D printing (i.e., additive manufacturing) brings in a
new era in the development of SMP stents [71]. Using the 3D printing
technology, SMPs can be fabricated into individualized self-expanding
stents with more complex geometries, high accuracy, and reproduc-
ibility [72]. 3D printing provides an effective and rapid prototyping
method to produce customized stents, which can be tailored specifically
for the patient, thus limiting the stent migration [23,24]. This person-
alized production of BRS provides a solution to problems previously
encountered for BRS (e.g., inappropriate stent size) [23]. This individu-
alized treatment modality may significantly improve clinical outcomes as
3D-printed BRSs are tailored to individual patient needs, especially in
those with complicated lesions requiring specific stent geometries [73].
Moreover, 3D-printed stents possess other properties, including loading
of specific drug substances, controlled release over time, and dose flex-
ibility, thereby fulfilling the patients’ individual clinical needs [74,75].
Additionally, 3D printing also simplifies the manufacturing for BRS. Stent
structures can be directly fabricated instead of laser cutting of mini-tubes
[23]. This can lead to substantial savings of rawmaterials and production
time and resources, along with provision for improved geometrical
flexibility [23].

3D printing technologies can also help investigate some unsolved
problems. Yin et al. implanted a 3D-printed poly-l-actide vascular stent
(PLS) into the abdominal aortas of SD rats to further study the turning
point of degradation, vascular responses, and pathophysiological pro-
cesses of blood vessels [76], whereby six-month was a key time point
owing to the following reasons: (1) during the first 6 months, the
degradation rate was slow and neointima with good barrier function was
achieved; (2) after 6 months, rapid degradation occurred accompanied
by reduced inflammation and intimal hyperplasia. Inspired by this
promising result, the “two-stage degradation” model of 3D-printed PLS
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may improve neointima function and vascular remodeling [76].
Combining 3D-printed PLS with sequential drug release and effective
targeting may yield better clinical outcomes, and this warrants further
clinical research.

Tg of the 3D-printed SMP stents (e.g., <20 �C or>37 �C) are not ideal
for their implantation [25]. Thus, fixing the temporary shape and
returning to the original shape between 20 �C and 37 �C remains chal-
lenging. Zhang et al. have developed 3D printing for a novel SMP,
poly(glycerol-dodecanoate) acrylate (PGDA) to address this challenge
[77]. PGDA exhibits excellent shape-memory behavior, including large
fixity (100% at 20 �C) and recovery ratio (98% at 37 �C), high cycling
stability (>100 times), and rapid recovery time (0.4 s at 37 �C) [25].
Thus, with the suitable Tg in the range of 20–37 �C, 3D-printed stents
based on PGDA can be programmed at normal temperature, thus auto-
matically accomplishing shape recovery within the human body. This
greatly simplifies implantation and reduces the incidence of scald or
frostbite to vessels. Additionally, in vitro stenting shows substantial me-
chanical and geometrical adaptivity for 3D-printed stents. The Young's
moduli of PGDA (3.2MPa at 37 �C) are comparable to that of vessels, thus
decreasing the mechanical mismatch between targeted vessels and
3D-printed stents after implantation. The suitable rheological properties
of PGDA allow for the printing of multifunctional 3D structures, espe-
cially overhanging and tilted structures [25]. Taken together, this novel
3D-printed SMP stent based on PGDA has immense potential to tackle
current challenges to 3D-printing technologies, paving a new route to
design personalized shape-memory stents. Further in vivo tests to detect
long-term efficiency, safety, and degradation behavior of PGDA stents are
warranted.

Significant medical advancements have been made in the application
of 3D-printing technology to SMP stents. The 3D-printed personalized
stents are in line with the evidence-based personalized medicine concept,
which may be the future of interventional cardiology. However, it is a
long way from 3D printing to the marketed clinical stent. For instance,
insufficient printer resolution limits the fabrication of thinner stents. The
thickness of stents affects artery coverage, blood flow, and the stent
crimping. Additionally, it is difficult to achieve homogeneity and
smoothness in layer-wise stent printing [24]. Therefore, more studies are
needed to tackle these challenges. Additionally, examining novel print-
able polymers is also important. Novel materials like photo-crosslinked
biobased resins possess high mechanical integrity, biocompatibility,
and low viscosity grades, thereby allowing high print resolution (<10
μm) [23]. While extensive studies are required to verify their degradation
and biocompatibility in vivo, with improvements in printer resolution and
printing performance, 3D printing can produce sophisticated and smaller
structures with intricate features for next-generation SMP stents.

3. Biodegradable metallic stents

3.1. Magnesium-based stents

3.1.1. Properties of Mg-based stents
Mg is a trace but essential element in the human body and therefore

safe for stent implantation [78]. Studies have shown that the release of
negligible magnesium ions (Mg2þ) during stent degradation may inhibit
abnormal nerve excitation and reduce the risk of atherosclerosis [79].
Researchers implanted Mg-based stents into pig coronaries to evaluate
their safety. These in vivo studies indicated that Mg-based stents possess
great biocompatibility [80]. Mg-based stents have thin strut thickness,
high mechanical strength, and high elastic modulus [81]. However, they
are prone to fracture due to their low plastic deformation and high
brittleness [82].

In vitro experiments demonstrated that Mg degraded readily in
aqueous solutions and unstable magnesium oxide (MgO) would form
upon exposure to air [83]. In addition, chloride ions (Cl�) in body fluids
accelerate the degradation process of Mg [83]. An in vivo corrosion assay
showed that Mg completely degraded within 1–3 months, thus the
5

degradation rate of Mg-based stents was too rapid for stent application
[84]. The rapid degradation rate will result in premature loss of radial
support, increasing the risk of arterial recoil [85]. Moreover, the uneven
degradation behavior of Mg-based stents will also result in cracking and
collapsing of Mg-based stents, which are associated with a high incidence
of ISR [86]. The uncontrollable degradation of Mg could also lead to the
excessive release of hydrogen ions (Hþ), inhibiting endothelium resto-
ration [87].

3.1.2. Clinical trials of Mg-based stents
Bosiers et al. and Peeters et al. reported promising results in a pre-

clinical trial of absorbable metal stent (AMS) [88,89]. This attracted
great attention due to the perfect procedural success rate and limb
salvage rate of AMS. However, the ISR of AMS was still high [88]. AMS
INSIGHT trial by Bosiers et al. compared the therapeutic effects of AMS
and percutaneous transluminal angioplasty (PTA) on the treatment for
critical limb ischemia (CLI) [90]. The results showed that LLL caused by
intimal hyperplasia was higher in AMS group [90]. Moreover, the study
also indicated that the stent recoil caused by the rapid degradation rate
and insufficient radial strength may lead to AMS restenosis [90].

Erbel et al. published the results of PROGRESS AMS [91]. Partial
degradation of AMS at 4 months contributed to the functional restoration
of vessels. However, at 4 months, obvious restenosis could be observed
because of neo-intimal hyperplasia and a reduction in the volume of the
external elastic membrane (EEM). The volume reduction of EEM could be
due to stent recoil and lack of mechanical integrity, indicating that
next-generation Mg-based stents should be developed to have improved
radial strength and moderate degradation rates. In addition, target lesion
failure (TLF) and MACE at 12-months follow-up were not optimal, sug-
gesting that a drug-eluting coating may be beneficial for AMS to achieve
better clinical outcomes. Waksman et al. continued to follow up with
eight patients from PROGRESS AMS for 28 months [39]. The results
showed that new cases of stent recoil or neo-intimal hyperplasia were not
observed [39]. Interestingly, LLL and ISR improved from 4 months to 28
months, which may be attributed to positive vessel remodeling in the late
stage of AMS implantation due to complete stent degradation [39].

A drug-eluting absorbablemetal scaffold (DREAMS)was developed to
have improved strut geometry and better degradation behavior [92]. The
BIOSOLVE-1 clinical trial evaluated the performance of the DREAMS
[93]. At 6 months, significant restenosis occurred, which could be due to
the reduced cross-sectional area in DREAMS. Neo-intimal hyperplasia
was alleviated due to the paclitaxel-eluting coating, thus contributing less
to ISR compared to the AMS. Intravascular ultrasonography (IVUS)
showed that lumen loss could be attributed to neo-intimal hyperplasia
and an increased extra-stent plaque area until 6 months. While from 6 to
12 months, the vessel area remained unchanged, which indicated that no
negative remodeling, chronic recoil, or neo-intimal hyperplasia occurred.
Besides, as the stent degraded, ISR also improved, and the TLF rate for the
DREAMS significantly decreased at late time points [93]. The same team
further followed up to 3 years and the results showed that LLL improved
at the late time points and no additional TLFs occurred [94]. Taken
together, for DREAMS, the TLF rate was promising while LLL at 6 months
was not optimal [93], suggesting the need for further development of
DREAMS to prevent the neo-intimal formation and acute stent recoil at
the early stage after stent implantation.

DREAMS 2G, a second-generation DREAMS was developed to possess
a higher radial force, higher bending flexibility, and a stronger and more
flexible scaffold backbone [95]. Moreover, sirolimus-eluting PLLA poly-
mer coating could inhibit neo-intimal hyperplasia more effectively. The
BIOSOLVE-2 clinical trial evaluated the properties of DREAMS 2G [95].
Restenosis occurred at 6 months, which could be due to late scaffold
recoil and neo-intimal hyperplasia [95]. However, the LLL for DREAMS
2G improved, mainly because of less neo-intimal formation compared to
DREAMS 1G. At 12-months follow-up, the angiographic and clinical
outcomes of DREAMS 2G were sustained [96]. In addition, Garcia et al.
revealed the restoration of vasomotion and vascular geometry by



Table 3
Clinical trials of Mg-based stents.

Device Stent design Trial Clinical outcomes Refs

AMS Coating: None;
Drug: None

Preliminary study for AMS INSIGHT: 3-months follow
up of 20 patients with CLI received AMS in
infrapopliteal arteries

Stenosis rate: 10.5% at 1 month and 31.6% at 3 months; Limb Salvage
Rate: 100%

[88]

AMS Coating: None;
Drug: None

Preliminary study for AMS INSIGHT: up to 12 months Significant restenosis in 3 patients after 85, 107, and 181 days
respectively; Limb Salvage Rate: 95%

[89]

AMS Coating: None;
Drug: None

AMS INSIGHT: Follow up 74 patients with CLI received
AMS in infrapopliteal arteries and 75 patients with CLI
after PTA for 6 months

Binary restenosis rate: 68.2% in AMS group and 42% in PTA group; LLL:
0.4 � 0.8a) mm in AMS group and 0.7 � 0.7 mm in PTA group; Limb
Salvage Rate: 97% in AMS group and 96% in PTA group

[90]

AMS Coating: None;
Drug: None

PROGRESS AMS: Follow up 63 patients with lesions of
50–99% stenosis for 12 months

ST: 0; LLL: 1.08� 0.49mm at 4months; TLF: 23.8% at 4months and 27%
at 12 months; ISR: 47.5% at 4 months

[91]

AMS Coating: None;
Drug: None

Follow up 8 patients from PROGRESS AMS up to 28
months

ST: 0; LLL: 0.1 (�0.4 to 0.9)b) mm; In-stent diameter stenosis: 24.5%
(11%–44%)

[39]

DREAMS
(Biotronik)

Coating: PLGA;
Drug: Paclitaxel

BIOSOLVE-I: Follow up 46 patients with lesions of
50–99% stenosis for 12 months

ST: 0; LLL: 0.65 � 0.50 mm at 6 months and 0.52 � 0.39 mm at 12
months; TLF: 4% at 6 months and 7% at 12 months; Lumen area stenosis:
43.38% at 6 months and 46.10% at 12 months; Neointimal hyperplasia
area: 0.30 � 0.41 mm2 at 6 months and 0.40 � 0.32 mm2 at 12 months

[93]

DREAMS Coating: PLGA;
Drug: Paclitaxel

BIOSOLVE-1: 3-years follow up ST: 0; LLL: 0.51 � 0.46 mm at 12 months to 0.32 � 0.32 mm at 28 � 4
months(n ¼ 7); TLF: no additional TLFs at 3-years follow up

[94]

DREAMS 2G
(Biotronik)

Coating: PLLA;
Drug: Sirolimus

BIOSOLVE-2: Follow up 123 patients with 50–99%
stenosis for 6 months

ST: 0; LLL: 0.44 � 0.36 mm; TLF: 3.3%; Neointimal hyperplasia area:
0.08 � 0.09 mm2; Diameter stenosis in stent: 22.6 � 12.9 mm

[95]

DREAMS 2G Coating: PLLA;
Drug: Sirolimus

BIOSOLVE-2: 12-months follow up ST: 0; LLL: 0.37 � 0.25 mm at 6 months to 0.39 � 0.27 mm at 12 months
(n ¼ 42); TLF: no additional TLFs at 12-months follow up; Diameter
stenosis in stent: 19.6 � 8.4 mm at 6 months to 20.4 � 8.6 mm at 12
months(n ¼ 42)

[96]

DREAMS 2G Coating: PLLA;
Drug: Sirolimus

BIOSOLVE-2: In vivo serial invasive imaging of
DREAMS 2G up to 12-months

OCT results: Mean lumen area: 6.34 � 1.86 mm2 at 6 months (n ¼ 65)
and 6.46 � 1.72 mm2 at 12 months (n ¼ 25); Minimum lumen area: 4.53
� 1.69 mm2 at 6 months (n ¼ 65) and 4.81 � 1.48 mm2 at 12 months (n
¼ 25);
IVUS results: 6.57 � 1.40 mm2 at 6 months and 6.45 � 1.28 mm2 at 12
months

[97]

DREAMS 2G Coating: PLLA;
Drug: Sirolimus

BIOSOLVE-2: 3-years follow up ST: 0; LLL: 0.39 � 0.27 mm at 12 months to 0.54 � 0.38 mm at 36
months; TLF: 6.8% at 36 months; Diameter stenosis: 3.8 � 10.1% at 12
months and 4.1 � 10.2% at 36 months (n ¼ 25, angiographic)

[98]

Magmaris
(Biotronik)

Coating: PLLA;
Drug: Sirolimus

BIOSOLVE-3: Follow up 61 patients with lesions of
50–99% stenosis for 12 months

ST: 0; LLL: 0.39 � 0.39 mm; TLF: 3.3% at 6 and 12 months [99]

Magmaris Coating: PLLA;
Drug: Sirolimus

BIOSOLVE-3: 24-months follow up ST: 0; TLF: 5.9% at 24 months [100]

Magmaris Coating: PLLA;
Drug: Sirolimus

Preliminary study for MAGSTEMI: Follow up 20
patients with STEMI for 59–326 days

TLF: 5% at 102 days [103]

Magmaris Coating: PLLA;
Drug: Sirolimus

MAGSTEMI: Follow up 74 patients treated with
Magmaris and 76 patients treated with Orsiro for 12
months

In stent acute gain: 2.30 � 0.48 mm (Magmaris) and 2.49 � 0.48 mm
(Orsiro);
LLL: 0.61 � 0.55 mm (Magmaris) and 0.06 � 0.21 mm (Orsiro); In stent
diameter stenosis rate: 30.3 � 19.7% (Magmaris) and 7.7 � 7.2%
(Orsiro)

[104]

Magmaris Coating: PLLA;
Drug: Sirolimus

BIOSOLVE-4: First cohort of 1075 patients with 1121
lesions

ST: 0.5% at 6 months and 12 months; TLF: 2.7% at 6 months and 4.3% at
12 months

[105]

Magmaris Coating: PLLA;
Drug: Sirolimus

BIOSOLVE-4: Second cohort of 2054 with simple lesions Still in progress [106]

a) Values are mean � SD.
b) Values are median (range).
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assessing several serial invasive imaging methods such as IVUS [97].
Haude et al. followed up with 25 patients for 36 months and found that
the TLF and LLL slightly increased from 1 to 3 years [98].

The DREAMS 2G was remarketed as “Magmaris”, whereas the
following BIOSOLVE-3 clinical trial evaluated the clinical performance
and safety of Magmaris [99]. At 12 months, the LLL was close to that in
the BIOSOLVE-2 trial and the TLF rate was acceptable [99]. No ST
occurred and TLF slightly improved from 12 to 24 months [100]. Pooled
results of the BIOSOLVE-2 and -3 trials indicated that the implantation of
DREAMS 2G (i.e., Magmaris) could be a promising treatment strategy for
CADs [100–102].

The MAGSTEMI clinical trial was initiated to further evaluate the
performance of Magmaris for the treatment of ST (i.e., S-wave/T-wave)-
segment-elevation myocardial infarction (STEMI) relative to the perma-
nent metallic sirolimus-eluting stent (SES) [103,104]. In this trial, Mag-
maris exhibited a higher vasomotor response to drugs but resulted in a
higher LLL, ISR, and TLF rate at 12-months follow-up compared to the
SES [104]. Therefore, Magmaris should be further developed with an
increased radial strength.
6

The ongoing BIOSOLVE-4 clinical trial aims to evaluate the post-
market performance of Magmaris. The first cohort of 1075 patients has
achieved a promising TLF rate, suggesting great clinical performance
[105]. The second cohort is ongoing [106]. Clinical trials of Mg-based
stents are presented in Table 3.

3.1.3. Optimization of Mg-based stents
Scientists have been trying to improve the properties of Mg-based

stents by exploring novel alloys, surface modifications and coatings,
and improving manufacturing strategies. Alloying can increase the me-
chanical strength, plasticity, and corrosion resistance of Mg-based stents
[107,108]. Some alloying elements have been proven to improve the
degradation behavior of Mg-based alloys, such as zinc (Zn), aluminum,
manganese (Mn), calcium (Ca), lithium, strontium, and tin [109–111].
Many Mg alloys with better degradation behavior have been designed
including the Mg alloy AE21, AZ31, AZ91, WE43, LAE442, ZE21B, and
JiaoDa BioMg (JDBM) [112,113]. It should be noted that the JDBM,
comprising of Mg–neodymium[Nd]–Zn–zirconium[Zr] alloys, exhibited
significant in vivo biocompatibility, long-term mechanical durability,



Fig. 2. Performance of JDBM stent. A) Micro-CT results of JDBM stents at 30, 90, and 180 days after implantation. JDBM stent maintained good integrity at 30 days.
At 90 days, the JDBM stent still maintained the main structure. Some of the stents transferred to degradation products shown as the light gray part in the image. At 180
days, the JDBM stent degraded more intensely but maintained mechanical integrity. B) Histological images of JDBM stent and FIREHAWK stent at 30, 90, and 180
days after implantation into porcine arteries. No obvious intimal hyperplasia, thrombosis, restenosis, or intimal hyperplasia occurred in either of the stents up to 180
days. Reproduced under terms of the CC-BY license [115]. Copyright 2021, Zhu et al., published by [Nature Research].
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homogeneous nano-phasic degradation patterns, and low biodegradation
rate [114]. The micro-computerized tomography (micro-CT) results of
residual JDBM BRS are shown in Fig. 2A. A recent study by Zhu et al.
showed that the JDBM stents could provide support for vessels during the
period before degradation and after implantation [115]. The JDBM
began to lose its radial strength gradually with vascular physiologic
7

reconstruction at ~6months. In addition, in vivo safety and efficacy of the
JDBM stent were evaluated in porcine arteries. The results showed that
the vessels implanted with the JDBM stent and FIREHAWK
rapamycin-eluting stent both receive complete re-endothelialization
after 30 days (Fig. 2B) [115]. Moreover, there was no significant differ-
ence in the luminal area, neo-intimal area (NA) and thickness, the



Fig. 3. Schematic diagram of the degradation process of a polymer coated Mg-based stent. The left part of the stent stands for the surface layer and right part the
internal strut. After 1 month, Mg-based stent degraded under the cover of polymer coating. The major structures of the stent were still maintained while polymer
coating lost integrity at 3-months follow up. After 5 months, constraint on vasomotion was removed and vasoreactivity was restored with stent eroding itself.
Reproduced with permission [120]. Copyright 2019, Elsevier.
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internal elastic membrane area, as well as percent stenotic lumen be-
tween the two groups [115].

Novel manufacturing strategies to achieve grain refinement can also
improve the mechanical properties and degradation behavior of Mg-
based stents. For example, AZ31 possesses a lower degradation rate
through grain refinement produced by mechanical processing [116].
Small-sized ZM21 has higher mechanical strength [117]. In addition, 3D
printing technologies, especially selective laser melting could process Mg
alloys for optimized machine architectures and better corrosion control
[118,119].

Surface modification, such as micro-arc oxidation (MAO), phosphat-
ing treatment, electrodeposition, and alkaline heat treatment can modify
the surface chemistry and the metallurgical microstructure of Mg-based
stents, improving the degradation behavior of Mg stents [120]. The
schematic diagram of the degradation process of a polymer coated
Mg-based stent is presented in Fig. 3. In addition, coatings can also
improve the degradation behavior of Mg-based stents. Several coatings
have proven effective to slow down the degradation rate of Mg-based
stents (Fig. 4B).

Through technologies like the solvothermal method, atomic layer
deposition, and plasma electrolytic oxidation, metal oxide coatings such
as MgO and titanium dioxide (TiO2) can be fabricated on Mg-based stents
to improve the degradation behavior. TiO2 coating has been widely used
to modify Mg-based stents due to its rapid re-endothelialization, anti-
thrombosis effect, good corrosion resistance, and great biocompatibility
[121]. MgO-coating can also improve the degradation behavior of
Mg-based stents [122]. However, MAO coating may affect the activity of
vascular cells and its porous microstructures may weaken the protective
effect onMg stents [123]. Layered double-hydroxide (LDH) coating could
promote EC adhesion, proliferation, andmigration. An in vivo experiment
showed that LDH efficiently decreased the degradation rate, indicating
the anti-corrosion performance of LDH coating [124]. However, due to
the poor abrasion resistance of LDH, its microstructure was easy to
exfoliate and enter into circulation [125]. Inorganic non-metallic coat-
ings such as phosphate, magnesium fluoride (MgF2), and graphene oxide
(GO) coatings possess good biocompatibility and can decrease the
corrosion rate of Mg-based stents [126]. Polymer coatings, such as PLA,
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PLGA, PCL, hyaluronic acid (HA), polydopamine (PDA), and chitosan
(CS) are promising alternatives due to their good corrosion resistance and
biocompatibility [127]. Furthermore, natural polymer coatings possess
better biocompatibility as well as other biological functions such as
anti-bacterial and anti-thrombotic properties (Fig. 4A) [128].

As opposed to a single layer, multilayer coatings can combine the
advantages of every single-layer coating to simultaneously meet the
clinical stent application requirement such as good functional properties
and strong bonding strength. Composite coatings may resolve the defi-
cient bioactivity and poor adhesion of Mg-based stents. These coatings
include inorganic layer/inorganic layers like MAO-LDH coating, inor-
ganic layer/organic layers such as MgF2/PLLA and MAO/CS, organic
layers/organic layers like PDA/PCL and Mg–OH-PDA-HA, and organic
layers/functional biomolecular layers like the LDH/PDA/Hep hybrid
[129–131]. Furthermore, the conjugation of biomolecules with hybrid
coatings may boost the rapid re-endothelialization and tailor the degra-
dation behaviors of Mg-based stents [132]. However, a systematic
long-term evaluation needs to be done due to the complex degradation
behaviors of the composite coatings. In addition, Mg-based metallic
glasses have the potential for application as implantable materials due to
their high strength, good biodegradability, large elasticity, and low
elastic modulus [133,134].

3.2. Fe-based stents

3.2.1. Properties of Fe-based stents
Iron (Fe) possesses appropriate elastic modulus, radial support

strength, and ductility [135]. In addition, the great formability of Fe also
makes Fe-based stents easier to forge into thinner structures and special
shapes like foils or foams [136]. As an indispensable element of the
human body, Fe has great biocompatibility [137]. Fe will not lead to
excessive release of Hþ and thus a dramatic increase of pH—therefore, Fe
results in fewer alterations to the local micro-environment [138]. Studies
have shown that the release of Fe from stents is negligible compared to
the Fe overload concentration of blood (447 mg L �1)—thus, Fe will not
lead to systemic toxicity. Furthermore, studies suggested that ferrous ions
(Fe2þ) may prevent the proliferation and migration of human vascular



Fig. 4. Surface modification of Mg-based stents through functional coatings. A) Coatings improve the corrosion behavior and possess rapid re-endothelialization, anti-
thrombosis, anti-bacteria, and self-healing effects. B) Different coatings applied to improve the properties of Mg stents, including metal oxide coatings, metal hy-
droxide coatings, inorganic nonmetallic coatings, and polymer coatings.
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Fig. 5. Iron-based bioresorbable metallic stents. A) The properties of iron-based stents: superior mechanical properties, great biocompatibility, but low degradation
rate. B) The main optimization methods to improve the properties of iron-based stents: alloying, adding polymer coatings, and surface modification. ECAP, equal
channel angular pressure; PM, powder metallurgy; PIIID, plasma immersion ion implantation, and deposition.
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smooth muscle cells (VSMCs) [139,140]. A hemolysis assay of Fe-based
stents showed that few platelets adhered to the stent, whereas the he-
molysis rate was below 5%, indicating that Fe-based stents possess great
hemocompatibility [141].

The degradation rate of Fe-based stents was too slow [142]. The
prolonged degradation period of Fe-based stents will lead to the accu-
mulation of corrosion products [137]. The firm corrosion products
(mainly iron oxide [Fe–O]) are retained in the encapsulating neo-intima,
inhibiting vascular tissue regeneration [143]. Besides, the ferromagnetic
behavior of Fe is not examinable with magnetic resonance imaging (MRI)
[144]. In addition, the local biocompatibility of Fe is still controversial
[145]. The direct interaction between vascular cells and Fe can produce
injurious radicals during corrosion [146], such as hydroxyl radicals
(OH�), alkoxyl (RO�), thiyl (RS�), thiyl peroxyl (RSOO�), and peroxyl
(ROO�) radicals [147]. These highly reactive free radicals can lead to a
state of oxidative stress and a series of injurious systemic events like
ischemia, inflammation, and neurodegeneration by promoting oxidation
10
and modification of nucleic acids and proteins [148].
Moreover, studies have proven that Fe-laden macrophages occurred

from rarefied individual cells to clusters at the interfaces of implants
[149]. Macrophages are mainly responsible for removing Fe2þ and Fe3þ

from the corroding implants [150]. In addition, Fe-laden macrophages
were also present in the para-aortic lymph nodes, indicating that chronic
inflammation occurred after Fe-based stent implantation [151].

3.2.2. Optimization and future challenges of Fe-based stents
In recent years, several approaches have been shown to improve the

degradation behavior of Fe-based stents without sacrificing their superior
mechanical properties. These methods include alloying, coating, as well
as manufacturing modifications of the interface morphology and the
structure of Fe-based stents (Fig. 5) [145].

Alloying is a common process to optimize the properties of Fe-based
stents [152]. To increase the degradation rate of Fe alloys, the additives
should have lower electrochemical potential or be nobler than iron



Fig. 6. Fluoroscopic X-ray and histologic images of Zn–3Ag BRS in porcine iliofemoral arteries. a) Fluoroscopic X-ray images of Zn–3Ag BRS in porcine iliofemoral
arteries. A–D) Images taken immediately after implantation (A), after 1 month (B), 3 months (C), and 6 months (D) showing the loss of radiopacity of the stents over
time. E–H) The next row of angiograms taken immediately after implantation (E), after 1 month (F), 3 months (G), and 6 months (H) revealing vessel patency without
significant lumen narrowing or stent thrombosis. b) Histologic images of porcine iliofemoral arteries implanted with Zn–3Ag BRS. A–F) Images taken after 1 month (A
and D), 3 months (B and E), and 6 months (C and F). Images D–F showed stent struts within the corresponding arterial cross-sections A–C, respectively. Arteries with
Zn–3Ag BRS were completely endothelialized at 1-, 3-, and 6-months follow-up. Reproduced under terms of the CC-BY license [190]. Copyright 2019, Hehrlein et al.,
published by [Public Library Science].
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[135]. Mn possesses a suitable degradation rate and low magnetic sus-
ceptibility [153]. The potential dynamic tests showed that Mn has a
lower electrochemical potential than Fe, and thus shifts Fe corrosion
potential to a less noble state, resulting in a higher degradation rate of
Fe–Mn alloys [154]. Besides, Fe–Mn alloys possess superior mechanical
properties [153]. Studies suggested that Fe will become
anti-ferromagnetic when occurring in the austenitic structure, which can
be stabilized by alloying Mn at 25 �C [155]. Biocompatibility assays
indicated that Fe–Mn alloys reduced the viability of murine fibroblast
cells (L929) and ECV304 cell lines [141]. Therefore, the cytocompati-
bility of Fe–Mn alloys may be a problem for their clinical use. In addition,
the excessive surface roughness of Fe–Mn alloys is unsuitable for stent
implantation [154]. Adding a third element to produce a Fe–Mn-X alloy
may improve Fe–Mn alloys properties, such as palladium (Pd), copper
(Cu), and Ca [155]. However, the addition of these components may also
lead to the reduced biocompatibility of Fe–Mn-X alloys [155]. Therefore,
further studies are required to focus on measures to improve the surface
roughness without sacrificing the biocompatibility of Fe–Mn alloys. Pd
and platinum (Pt) have a higher nobility and are soluble in Fe [152].
Studies suggested that the addition of Pd or Pt can improve the me-
chanical properties, increase the corrosion rate of Fe, and stabilize Fe in
austenite form [156]. Gold (Au) is one of the noblest metals with negli-
gible cytotoxicity but is partially soluble in Fe [141]. Silver (Ag) is a
promising candidate alloying element due to its anti-bacterial properties
and good biocompatibility [157]. Ag has higher electrochemical poten-
tial but is not soluble in Fe. It has been shown that Fe–Au and Fe–Ag
alloys have faster degradation rates without increasing cytotoxicity,
platelet adhesion, or thrombosis effect [157]. Nitrogen (N) is also a
promising component added to Fe-based stents. Iron nitride possesses a
faster degradation rate and better mechanical properties [158]. It has
been suggested that iron nitride stents are fully biocompatible without
eliciting systemic toxicity [143]. Moreover, the re-endothelialization was
completed within 1 month.

Coating Fe-based stents is another potential approach to optimize
their properties. Evidence from recent studies has demonstrated the
higher corrosion rate of the iron stents with the bioresorbable polymer
coatings [14,16,32]. As polymers such as PLA degrade, alterations occur
in the local micro-environment around the implantation sites [159].
Studies have shown promising results in Fe-based stents with PLA
coating, also known as metal-polymer composite stent (MPS) [32]. PLA
has controllable degradation profiles while the mechanical strength is
weak [160]. Thus, MPS combine the superior mechanical properties of Fe
and the appropriate degradation behavior of PLA [145]. In vivo experi-
ments have shown that the complete degradation of Fe-based MPS with a
PLA coating has been achieved in 3–6 months [32]. The MPS was
designed on the premise that Fe degrades faster in an acidic environment
[32]. Thus, the accelerated degradation rate of MPS might be attributed
to the generation of Hþ [14]. In addition, PLA can be hydrolyzed to
terminal carboxyl groups, lactate, and Hþ, reducing local pH and acidi-
fying the local environment of the stent surface [161]. Apart from the
acidification of the surrounding environment, PLA coatings do not pre-
vent sufficient penetration of water, dissolved oxygen, and Cl� onto the
stent surface [162]. Furthermore, a passivation layer mainly composed of
Ca and phosphorus (P) is formed after Fe-based stent implantation,
hindering the permeation of oxygen onto the stent surface, and slowing
down the oxygen reduction [145]. In vivo studies have shown that PLA
coatings can alleviate the formation of the passivation layer [145].
Moreover, the corrosion rate can be regulated by increasing the amount
of PLA or using PLA with lower molecular weight [163]. However, the
deposition of the degradation products may result in inflammatory re-
sponses and neo-intimal proliferation [164]. Moreover, the alteration of
local pH also results in a higher risk of IRS [164]. A recent study intro-
duced a novel stent with great properties. Shen et al. presented a novel
poly-DL-lactic acid (PDLLA)-Zn-FeN bioresorbable scaffold with a nano-
scale Zn layer between the sirolimus coating and the nitride Fe platform
[165]. The in vivo degradation behavior of this novel stent occurred in
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multiple stages. At the early stage after implantation, the PDLLA-Zn-FeN
BRS could maintain their mechanical integrity. In human coronary ar-
teries and rabbit abdominal aortas, PDLLA-Zn-FeN BRS showed an
increased degradation rate at the subsequent stage. Total degradation
(100%) of PDLLA-Zn-FeN BRS occurred in ~2 years. The thickness of the
sacrificial Zn layer is adjustable, contributing to the controllable degra-
dation behavior of PDLLA-Zn-FeN BRS and the strong radial strength
similar to current permanent stents [165].

Improving the manufacturing process could also optimize the prop-
erties of Fe-based stents. The equal-channel angular pressure (ECAP) can
produce nanocrystalline Fe with better inhibition of VSCM proliferation
but promotes the growth of ECs [166]. The electroforming process was
applied to improve the degradation rate of Fe-based stents due to the fine
grains and microstructural defects, leading to the increased release of
Fe2þ [167]. Meanwhile, Fe-based stents produced by powder metallurgy
(PM) possess a faster corrosion rate because of the production of more
porosity processed by PM [168]. Some novel manufacturing approaches,
including inkjet 3D printing and cold gas-dynamic spraying [169], have
also shown potential to improve the degradation rate of Fe-based stents.
Surface modification is another promising process to optimize stents.
Through plasma immersion ion implantation and deposition (PIIID), thin
Fe–O films can be constructed to cover the Fe-based stents, which im-
proves the biocompatibility and the mechanical activation of platelets
properties [170]. The Fe–O films can reduce the adhesion of activated
platelets and promote the proliferation and migration of human umbil-
ical vein endothelial cells (HUVECs), contributing to inhibition of
thrombosis and acceleration of re-endothelialization [171]. Apart from
PIIID, other surface modifications may also play a role to improve the
corrosion rate of Fe-based stents, such as photolithography and electron
beam evaporation of platinum discs, sandblasting, phosphating, alkaline
heat, MAO and electrodeposition [172]. However, these techniques still
require further exploration in the future.

In conclusion, Fe is one of the best potential materials to create
biodegradable metallic stents due to its excellent mechanical properties
and biocompatibility. Future challenges mainly focus on the improve-
ment of its degradation rate without simultaneously sacrificing its me-
chanical properties.

3.3. Zn-based stents

3.3.1. Properties of zn-based stents
Zn is an essential trace element in the human body and plays an

important role in cell proliferation [173]. Its applications in BRS have
shown promising results in a recent study with healthy artery remodeling
occurring during stent degradation, and no obvious thrombosis, intimal
hyperplasia, and inflammation evident [174]. Zn-based stents have good
elongation, appropriate flexural strength, anti-proliferative properties,
and most importantly, an ideal degradation rate [173]. From in vivo
corrosion tests, Zn-based stents could maintain mechanical integrity for
~6 months because of a corrosion-resistant oxide film covering the stent
surface [175]. Subsequently, the corrosion process was accelerated and
~50% of stents degraded after 12 months [175]. During corrosion, solid
Zn(OH)2 and ZnO are producedwith negligible Hþ release [176]. In some
preclinical trials assessing the local tissue response to the Zn-based stents,
no local or systematic toxicity was observed. In addition, thrombosis,
neo-intimal hyperplasia, VSMC proliferation, and inflammation were all
in the accepted range, indicating suitable biocompatibility of Zn-based
stents [173]. Moreover, Zn also showed a potential anti-bacterial effect
[177].

However, the tensile strength of Zn-based stents is too low to provide
sufficient mechanical support for blood vessels [178]. Furthermore, some
scientists also found that zinc ions (Zn2þ) may exert a two-phase effect on
vascular cells [179]. At low concentration, Zn2þ promoted VSMC pro-
liferation and migration, while yielding the opposite effects at high
concentration [179]. Thus, further studies are required to assess the
safety and biological effects of Zn-based stents [180].



Fig. 7. In vivo animal studies. A) Different animal models which most resemble the performance of humans: 1) Abdominal arteries of rodent animals to evaluate
systemic toxicity and degradation behavior; 2) New Zealand rabbit abdominal aorta to evaluate in vivo degradation; 3) New Zealand rabbit iliac artery to evaluate the
extent of re-endothelialization and EC function restoration; 4) porcine coronary to simulate the release of degradation products and the fatigue loading of the human
coronary artery. B) A murine-based wire implant model: different materials are drawn into metal wires and inserted into the abdominal aortic wall or lumen of adult
rats to mimic stent implantation. C–D) Two neo-intima types and the morphometric measurement locations concerning the neo-intimal formation. For BNL, the first
elastic fiber is traced until negligible neo-intimal activation is observed. WLT is measured near the apex of the neo-intima, at the point where the tissue protrudes
furthest into the lumen. A lumen obstruction index (LOI) was developed to quantify the direct success or failure of candidate materials and describe negative his-
tomorphometric appearances. Reproduced with permission [191]. Copyright 2021, Elsevier.
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Table 4
Summary of common animal models for BRS investigation.

Species Common animal
models

Advantages Limitations Application

Pig Pig coronary artery
model; Minipig
coronary artery
model

Allowing implantation of human coronary stent;
Allowing quantitative angiography and intra-coronary
imaging (e.g., IVUS and OCT); Metabolism,
cardiovascular and inflammatory system similar to
human; Better simulating the release of degradation
products and the fatigue loading of the human
coronary artery; Pathologic preconditions available
(e.g., myocardial infarction model); Knockout/-in
available in minipigs

Difficult to care and high expense of
feeding

Evaluate ISR and stent safety; Study
pharmacokinetics

Rabbit Rabbit iliac artery
model;
Rabbit abdominal
aorta model;

Iliac arteries similar in size to human coronary
arteries, allowing the implantation of human stents;
Implanting stents in both iliac arteries, generating
contralateral control arteries; Pathologic
preconditions available (e.g., atherosclerosis in
hypercholesterolemic rabbits); Lipid metabolism and
plaque formation similar to human

Lesions consist mainly of lipid-laden
macrophages;
High requirements for space and care

Evaluate ISR, in vivo degradation behavior
(abdominal aorta) and the extent of re-
endothelialization and EC function
restoration (iliac artery)

Mouse Murine aorta model High genetic manipulability (e.g., ApoE�/� and LDL�/

�); Low requirements for space and care; Plenty of
different strains available; Pathologic preconditions
available; Similar immune system to humans

Too small for stent implantation;
Difficult to develop high-risk plaques

Evaluate ISR; in vivo degradation behavior
and systemic toxicity

Rat Rat carotid artery
model;
Rat abdominal aorta
model;
Rat common iliac
artery model

Large enough for stent implantation; Low
requirements for space and care; Pathologic
preconditions available;

Different lipid metabolism compared to
human; Plaque formation is different
from humans; Fewer transgenic models
compared to mice

Pharmacological tests and metabolic
manipulation; Evaluate in vivo degradation
behavior and systemic toxicity

Dog Canine coronary
artery model;
Canine carotid
artery model

Large enough for stent implantation; Easy handling Not allow for genetic manipulation;
High requirements for space and care;
Different immune system and lipid
metabolism compared to human;

Evaluate stent safety and efficacy

Primates Primate carotid
artery model;
Primate aorta model

Most closely evolutionarily related to humans (e.g.,
similar metabolism, immune system, and
cardiovascular system); Large enough for stent
implantation; Knockout/-in available in some
primates (e.g., Cynomolgus and Rhesus);

High ethical hurdles; Very high costs on
husbandry;

Very limited use
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3.3.2. Optimization and future challenges of Zn-based stents
Although Zn has insufficient mechanical strength for stent implan-

tation, its ideal degradation rate and suitable biocompatibility have
motivated scientists to optimize Zn-based stents with improved tensile
strength primarily through alloying [181]. It has been proven that Zn
alloys can maintain their mechanical strength during the early implan-
tation time [173]. Researchers found that the tensile strength of Zn–Mg
alloys is markedly improved. However, the addition of Mg also led to the
reduced biocompatibility of Zn–Mg alloys, e.g., slightly elevated in-
flammatory responses and neo-intimal hyperplasia [182]. Adding
another element into the Zn–Mg system results in further improvement of
the properties of the alloy. Lin et al. inserted a Zn–Mg–Cu scaffold into a
rabbit carotid artery to evaluate the properties of this stent [183]. They
found that the Zn–Mg–Cu alloy had stronger mechanical strength,
compatible degradation rate, and rapid re-endothelialization rate [183].
Similar to the Zn–Mg alloys, Zn–Al alloys also possess stronger me-
chanical strength. However, studies have shown that after the implan-
tation of Zn–Al alloys, acute and chronic inflammatory responses could
be identified, indicating Al may provoke toxicity to adjacent cells and
tissues [184]. In addition, the mechanical and degradation properties of
Zn–Al alloys can be further improved by adding other elements like Cu,
Mg, Ca, and Sr [185]. In contrast to other Zn alloys, Zn–Al alloys
exhibited intergranular corrosion, which may embrittle the alloy in the
vascular micro-environment, promoting fragmentation of the Zn–Al alloy
stents [186]. It is well acknowledged that silver ions (Agþ) can kill
bacteria that adhere to the stent surface or inhibit bacterial adhesion,
decreasing the incidence of stent-related infections [187]. Accordingly,
Zn–Ag alloys are of great interest for anti-bacterial stents to reduce
mortality caused by stent-related infections [188]. Zn–Ag alloys have
good mechanical strength that can be variably tailored by adjusting the
Ag content [189]. Furthermore, Zn–Ag alloys were successfully
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fabricated into an ultrathin structure with a sirolimus coating to reduce
the neo-intimal formation [120]. However, excessive enrichment of Ag
and corrosion products like AgZn3 at the interface may induce prob-
lematic cytotoxicity, affecting the vascular remodeling process [176]. In
2018, Hehrlein et al. implanted a novel Zn–3Ag BRS into porcine ilio-
femoral arteries with enhanced ductility and higher tensile strength
compared to PLLA and Mg [190]. After implantation, the Zn–3Ag BRS
was easily visible fluoroscopically and their biodegradation process was
detectable via X-ray over time (Fig. 6A). The results showed that there
were no signs of early thrombosis and only minor lumen stenosis
occurred at 1-, 3-, and 6-months follow-up. In addition, histologic data
revealed that arteries with a Zn–3Ag BRS were completely covered with
neo-intima without ST or vascular occlusion, thus maintaining vascular
scaffolding for a minimum period of 6 months (Fig. 6B). Furthermore,
Zn–3Ag BRS also had moderate degradation rates [190]. Thus, the
Zn–3Ag BRS is a promising material platform as a new generation of
vascular stents, which requires further investigation. Similar to Zn–Ag
alloys, Zn–Cu stents implanted into the pig coronary arteries exhibited a
suitable re-endothelialization rate and positive vascular remodeling as
the stent degraded [182].

However, alloying can also lead to poor ductility and low strength of
Zn-based alloys [181]. Apart from alloying, material modifications affect
the properties of Zn stents [191]. For instance, grain refinement induced
by thermomechanical treatments can further improve the mechanical
characteristics of cast Zn alloys [176]. In addition, severe plastic defor-
mation techniques may tailor the mechanical properties of Zn alloys [27].

The main challenge with Zn-based stents lies in the optimization of
the elemental composition and processing route to achieve better
microstructural characteristics and mechanical strength needed for car-
diovascular stents without sacrificing its perfect in vivo degradation
properties and suitable biocompatibility.



Fig. 8. Schema of OCT imaging and OCT images of MPS and MBS implanted into porcine coronary arteries. Compared to MBS, MPS exhibited obviously wider struts
after 12 months of implantation. OCT results showed that MPS degraded faster than MBS. Reproduced with permission [14]. Copyright 2020, American Chemi-
cal Society.
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4. Bioresorbable electronic stents

After BRS implantation, it is hard to evaluate the internal status and
the potential risks. However, bioresorbable electronic stents, comprising
scaffolds with biodegradable and flexible electronics, can convey infor-
mation about their status [18]. Therefore, the status of the stent can be
readily assessed for timely treatment to reduce adverse events [18].

Takahata et al. developed an antenna stent (stentenna) that can
monitor flow and pressure in the lumen through a wireless connection to
an in vitro micromechanical stent-like structure [192]. Subsequently,
Chow et al. proposed a revolutionary concept of a medical stent com-
bined with a completely wireless implantable cardiac monitor [193]. The
stent can provide structural support for blood vessels while serving as a
wireless telemetry and power antenna. It can also detect and communi-
cate cardiovascular status. Specifically, it can detect restenosis or
re-occlusion in advance [193].

In BDMS (e.g., Mg), ions can act as antenna backbones due to their
appropriate conductivity. Son et al. fabricated an Mg-based bio-
resorbable electronic stent, which can function as a data wireless inter-
locutor [194]. This is because the Mg alloy is conductive as an antenna
unit. The scaffold also shows excellent functions; e.g., a memory module
and a blood-flow/temperature sensor. Despite these advantages, active
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electronic components have a high degradation rate. Son et al. used an
encapsulation layer of PLA and MgO to retard the degradation process
but the results remain unsatisfactory [194]. Therefore, it is critical to
slow down the degradation of BDMS to maintain their conductivity.

Conductive polymers possess high electrical conductivity and fasci-
nating properties; e.g., processability and easy synthesis [195]. Common
conductive polymers include polythiophene (PT), polyaniline (PANi),
polypyrrole (PPy), and polyacetylene (PAC). However, these conductive
polymers are not biodegradable or biocompatible and show poor me-
chanical properties. Polymer blends composed of biodegradable poly-
mers (e.g., PLA) and conducting polymers can potentially overcome these
drawbacks, and their combination warrants further investigation.

Ding et al. have developed a bioresorbable, flexible, and conductive
metal-polymer conductor (MPC) [196]. The external MPC stent (MPCS)
can electroporate the vessel wall and produce a protein to inhibit intimal
hyperplasia (IH) [196]. Electroporation provides a safer and more
effective path for functional gene delivery as compared to viral vectors.
MPCS can also provide mechanical support for vein grafts (VGs). This
device provides novel insights into the development of bioelectronics for
electroporation gene therapy.
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5. In vivo models and experiments to analyze BRS properties

Scientists have made great efforts to simulate in vivo environments for
evaluation of the properties of BRS as in vitro models are oversimplified
[197]. The complex interactions between blood, proteins, cells, and
stents, shear stress of blood flow as well as vasomotion all play roles in
the degradation behavior [178]. In addition, some conditions cannot be
replicated in vitro, such as the complicated signaling between the initial
coagulation cascade and subsequent cell responses [198]. Studies have
shown that the degradation rate and the degradation products are
different between in vitro and in vivo conditions [199]. Therefore, it is
necessary to improve in vivo models similar to human vessels for evalu-
ation of stent performance especially degradation behavior and endo-
thelial function, to translate preclinical results into clinical practice.
Normally, one animal model is hard to accurately predict all the condi-
tions after implantation in humans; therefore, it is suggested that
different animal models should be used to guide stent design iteration
before clinical use (Fig. 7A) [200]. The advantages and limitations of
common animal models are summarized in Table 4.

5.1. In vivo evaluation of BRS degradation behavior

5.1.1. Possible factors influencing degradation behavior of BRS in vivo
The stent has complex interactions with the blood vessel cells,

thereby influencing hemodynamics in the lumen and altering the me-
chanical micro-environment within the host vessels after its implantation
[201]. Replicating realistic physiological conditions is significant to
evaluate the clinical transformation of BRS. In vivo studies have proven
that the degradation rate is lower for the stents inserted in the arterial
lumen as compared to those on the arterial wall [202]. The result may
shed light on the importance of dynamic blood flow on the degradation
behavior of BRS and promote the development of in vivo blood-contacting
models for assessing degradation rate. Apart from the blood flow, cells
and proteins also affect the degradation behavior of implanted stents in
vivo [201]. These results implicate the significance of evaluating the
degradation rates of stents in different in vivo models before clinical
trials.

5.1.2. Approaches for evaluating the degradation behavior of BRS in vivo
Several methods have been applied to evaluate the degradation

behavior of BRS in vivo. Weight-loss measurement is a quantitative,
reliable approach, whereby residual mass and radial strength of the stents
after implantation are measured [203]. Additionally, analyzing degra-
dation product and surface topography can facilitate the evaluation of
degradation behavior in vivo. Pierson et al. have developed a novel in vivo
model by implanting a biomaterial wire into the artery lumen/wall of
rats (Fig. 7B) [202]. Using scanning electron microscopy (SEM), energy
dispersive spectroscopy (EDM), and Raman spectroscopy, they have
evaluated the degradation behavior of Fe and Mg wires. Notably, this
wire implantation model allows in vivo evaluation of candidate BRS
materials without the need for implantation of costly and specialized
fabricating stents into animals. Bowen et al. have implanted Zn wires into
the abdominal aorta of rats to assess in vivo degradation behavior [204].
Back-scattered-electron section imaging was performed to scan several
cross sections from explanted samples. By measuring the average pene-
tration rates and cross-sectional area reduction, in vivo degradation
behavior of Zn wires was quantified.

However, the above methods are destructive, and the removal of
wires or stents is inevitable. Thus, these have not been evaluated in any
clinical trial. Non-destructive methods like OCT, IVUS, and micro-CT are
not quantitative and provide only a rough estimate of in vivo biodegra-
dation. In 2020, Li et al. used OCT to evaluate in vivo degradation
behavior of a Fe-based MPS with a PLA coating relative to the corre-
sponding metal-based stent (MBS) [14]. The results showed that MPS
degraded faster than MBS [14]. OCT images of MPS and MBS are pre-
sented in Fig. 8. However, non-quantitative methods remain limited to
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the clinical trial phase. To establish a non-destructive but
semi-quantitative method to evaluate in vivo degradation behavior of
BRS, Lin et al. developed a semi-quantitative modality based on OCT
[16]. They implanted a Fe-based stent with an asymmetric
sirolimus-loaded PDLLA coating into Bamaminipig coronary arteries and
New Zealand rabbit abdominal aortas to evaluate the in vivo degradation
behavior. During degradation, Fe corrosion products diffused to the
surrounding, thus changing the contour of the luminal surface of the Fe
strut into an arched highlight region with the rear shadow in OCT. Thus,
the degradation degree (d) of Fe struts can be expressed by the radial
height (T) of the bow area in OCT. For semi-quantitative modality, the
radial height of 2T0 (the initial T) implies 20% Fe degradation (d2); 3T0
represents 50% Fe degradation (d3), and 4T0 means nearly full degra-
dation (dj) [16]. Compared to the weighing method, the calculated
degradation rate by OCT is similar to that of the weight-loss method,
indicating the high accuracy of this semi-quantitative method. Moreover,
repeatability and reproducibility were acceptable for OCT with a
maximum standard deviation less than 3.1 wt % and maximum relative
standard deviation less than 8.4% [16]. Taken together, this novel
non-destructive method to evaluate in vivo degradation performance of
BRS has significant implications for late-stage clinical trials and
follow-up.

5.2. In vivo endothelial coverage, endothelial function restoration, and
neo-intimal response evaluation

The New Zealand rabbit iliac artery model was applied to evaluate the
extent of re-endothelialization and EC function restoration [16]. Several
antibodies are required to stain stents: VE-Cadherin for endotheliumwith
mature junctional complexes [205], P120 for endothelium without
mature junctional complexes [206], and DAPI for nuclear counterstain
[207]. Three possible areas can be observed in this analysis: (1)
Competent barrier-forming ECs: VE-Cadherin co-localized with P120 at
cell borders; (2) Non-functional endothelium: only P120 localized to cell
borders; (3) Uncovered: no VE-Cadherin or P120 [16]. Based on the
functional endothelial coverage test, re-endothelialization is defined as
the percentage of area with competent barrier-forming ECs, providing
novel insights for in vivo evaluation of the extent of re-endothelialization
and EC function restoration.

In 2019, Guillory et al. used the wire implantation model as a quan-
titative neo-intimal morphometric method to evaluate the biocompati-
bility of BRS by measuring thickness, area, and protrusion into the
arterial lumen of neo-intima tissue surrounding the wire implant [208].
To evaluate the biocompatibility of degradable materials, several
neo-intimal morphometric metrics were introduced, such as NA, base
neo-intimal length (BNL) and wire lumen thickness (WLT) [208]. Ac-
cording to these indicators, the lumen occlusion index (LOI) was calcu-
lated to clinically evaluate stents as an indicator of diameter stenosis
(Fig. 7C and D). Guillory et al. suggested that implant failure should be
defined as WLT >70 μm or LOI >30% [208]. Many preclinical experi-
ments utilize this murine-based wire implantation model to evaluate the
effects of the BRS material class, surface treatment, degradation
byproducts, alloying, manufacturing processes and microstructure on the
neo-intimal response [84,175,178].

6. Conclusions and future perspectives

The introduction of the concept of BRS brings both opportunities and
challenges to the field of coronary interventions. DES dominates the
coronary stent market; however, it has several deficiencies, including
inhibition of normal coronary vasomotion at a late stage and provoking
long-term inflammatory responses [197]. The transient BRS is expected
to overcome the limitations of DES. During degradation, the absorption
of BRS potentially helps improve the positive remodeling of coronary
arteries, preserve vasoreactivity, reduce the incidence of LST due to the
absence of foreign materials, and inhibit edge vascular response (i.e.,
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luminal narrowing at stent edges) [209,210]. Based on completed clin-
ical trial results, BRS shows great potential as the next-generation stents;
however, there are also some limitations to BRS in clinical applications.
Although the mechanical properties of BRS are close to that of BMS/DES
in vitro, evidence from in vivo and human studies demonstrates a
decreased focal radial expansion of BRS, especially without routine
post-dilatation [210,211]. The radial strength of BRS has been a problem,
especially for polymeric ones. Designing BRS with a thicker strut to
compensate for the insufficient mechanical strength is not a final solu-
tion. High strut thickness may inhibit the healing process and increase
the incidence of stent malapposition due to fracture in its integrity during
degradation [197]. Therefore, further studies are needed to better bal-
ance the strut thickness and radial strength. Based on the clinical trials
that have been completed thus far, the incidence of clinical events for
patients treated with BRS is similar to those treated with DES, except for a
worse LLL in BRS [212]. This suggests that the restoration of vascular
physiological function may partially counterbalance some of the draw-
backs of BRS.

Although improved implantation protocols for BRS may lead to better
clinical outcomes to some extent, failure to obtain FDA approval suggests
the significance of developing optimal biodegradable materials and
advanced manufacturing techniques. The examination of novel BRS
materials should focus on the balance among endothelialization, degra-
dation behavior, mechanical properties, and biocompatibility. Addi-
tionally, the development of appropriate in vivo models is also important
for the evaluation of novel BRS materials before clinical trials. The
currently used in vivo models have defects due to the physiological dif-
ferences between animals (e.g., pigs, rabbits, and rats) and humans.
Therefore, positive results in animal experiments cannot be directly
translated to human findings [213]. These differences include faster
regeneration in animals, differences in the blood chemistry,
re-endothelialization rates, and total cellular profiles, along with a lack of
phenotypic heterogeneity in laboratory strains among pigs, rabbits, and
rodents [213]. In addition, most animal experiments are performed in
healthy animals, while a stent is commonly susceptible to different vessel
conditions with varying lesions in the progressive CADs [213]. Moreover,
the latest assessment methods available to patients in the clinic, such as
OCT, must be evaluated in animal experiments [15]. Recent studies have
supported the accuracy of OCT for the evaluation of the degradation rate
of BRS [16]. In the future, further studies are required to develop
appropriate in vivo models and apply novel clinical technologies to
evaluate BRS properties in animals. Through advanced manufacturing
techniques, especially the development of SMPs, 3D printing, and bio-
sensors, BRS is expected to possess unprecedented features, including
remote self-monitoring, precise adaptation to blood vessels, and shape
change [21]. Applying 3D printing into shape-memory materials imple-
ments adaptive functionality, thus allowing for the physical trans-
formation of 3D-printed stents over time to perform programmed tasks.
Additionally, advancements in intracoronary imaging guidance are also
needed to improve clinical outcomes [213].

Finally, to maximize the advantages and potentials of BRS, multi-
disciplinary studies are needed in the future. Based on current evidence
from in vivo assays and clinical trials, the design of next-generation BRS
should focus on the following aspects: greater mechanical strength to
avoid recoil, decreased strut thickness, and developing novel technolo-
gies (e.g., 3D printing and biosensor) to allow real-time detection, re-
sponses, and adaption to environmental changes [21,197]. With the
exciting and continual advancements in technologies, developing a
next-generation BRS may improve the efficacy of treatments for CADs in
the future.
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