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Zn AND Zn ALLOYS FOR CARDIOVASCULAR STENTS: INFLUENCE OF MANUFACTURE TECHNIQUES
ON MICROSTRUCTURE, MECHANICAL AND CORROSION PERFORMANCE

This review aims to explore the processing-structure-property relationship of Zn and Zn-based alloys developed for biode-
gradable cardiovascular stents. It assesses how conventional and advanced manufacturing techniques, including casting, extrusion,
laser cutting, and additive manufacturing, affect the microstructure, mechanical performance, and degradation behavior of Zn-based
materials. Particular emphasis is placed on the potential of additive manufacturing due to its ability to enhance microstructure,
corrosion, and mechanical properties by adjusting the processing parameters and producing patient-specific stent geometries with
enhanced precision and functionality. The review also addresses the unique processing challenges associated with Zn, such as high
vaporization during laser processing. Additionally, the review identifies key knowledge gaps and outlines directions to support
future research to advance Zn-based stents toward clinical translation as biodegradable cardiovascular stents.
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1. Introduction
1.1. Cardiovascular diseases and treatments

Cardiovascular diseases (CVD), such as coronary artery
disease (CAD), have been found to increase the risk of death in
both developed and developing countries [1]. In 1996, 29% of the
world’s mortality rate was attributed to cardiovascular diseases;
almost half of these deaths were estimated to be caused by CAD.
By 2020, CAD was expected to be the most significant cause
of worldwide disease burden [2]. Recent findings provided by
Chong et al. [3] indicate that cardiovascular diseases, especially
atherosclerotic diseases related to CAD, are estimated to rise
within the next few decades due to risk factors such as high blood
pressure, dietary risks, and high cholesterol that could maintain
CVD prevalence constant between 2025 to 2050. Supporting this,
the Global Cardiovascular Risk Consortium in 2025 [4] reports
that risk factors as blood pressure, diabetes, smoking, non-HDL
cholesterol levels, and body mass index account for around
50% of the total global burden of cardiovascular disease. CAD
consists of the narrowing of the artery due to plaque deposits
beneath the endothelium. The deposits are mainly composed of
cells, fats, cholesterol, calcium, cellular debris, and fibrin that

can lead to a diminished blood vessel artery lumen, restrict blood
flow, and inadequate nutrients and oxygen supply to the heart [5],
known as atherosclerosis [6]. It causes stable or unstable angina,
myocardial infarction, transient cerebral ischemic attacks, stroke,
or sudden cardiac death [1].

The most common methods for atherosclerosis treatment
(as shown in Fig. 1) are i) medications, ii) coronary artery bypass
grafting (CABQG), and iii) the utilization of cardiovascular stents.
Those methods are well-known and have been used for a long
time. However, their application is limited due to several side
effects [7]. Medications can lead to adverse effects such as intol-
erance to drug administration or, in worse cases, an insufficient
response to avoid further plaque formation [8]. For example,
aspirin therapy may cause bleeding and allergic reactions [9],
while statin therapy may produce myalgias, diarrhea, and arthral-
gia [10]. CABG consists of a very invasive surgery in which an
alternative artery or vein from the body is used to bypass the
blocked part [6]. It was successfully implemented in 1961 [11].
Nevertheless, it is commonly used in severe cases of coronary
artery blockage [12] since it can lead to complications during the
perioperative stage [13]. Stents are the most common solution
for less complex cases, mainly from polymers and metals [7].
These are tubular implants that give the stenotic arteries or other
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non-vascular conduits mechanical strength until the risk of full
closure disappears; these can work as self-expanding or balloon-
expandable stents, also called angioplasty procedure, the latter
the most common form for cardiovascular stents application [14].

2. Materials used for cardiovascular stents

Cardiovascular stents have been used since 1977 [15], and
they can be classified primarily into two categories: permanent
(non-resorbable) and temporal (bioresorbable) [16]. Among
permanent implants, 3161, CoCr, pure Ti, and its alloys (e.g.,
Ti-6Al1-4V and NiTi) are primarily used [17]. Bioresorbable
stents are produced from two types of materials: i) polymers
from lactic acid, glycolic, and caprolactone families [18], and ii)
metals such as Fe [19], Mg [20], and Zn [21]. Polylactide is one
of the most common biodegradable polymers used; neverthe-
less, it has limitations due to its poor toughness, low mechanical
strength, slow degradation rate, hydrophobicity, and difficulty
modifying its surface. Alternatively, polymer-based materials are
used as coating material, with the possibility of incorporating
drugs [22]. Over the last decade, bioresorbable metal stents have
become an attractive treatment for interventional cardiology. Un-
like polymer-based and permanent metallic stents, bioresorbable
metals are known to be essential for the human body through
cellular functions as well as overcome and provide enhanced
strength and radiopacity, which are shortcomings of polymer-
based stents [23]. Also, grave consequences that mainly occur
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in permanent stents can be prevented. The most severe compli-
cations are in-stent recurrence of stenosis (in-stent restenosis),
arterial damage [5], chronic inflammatory response [24], late
stent thrombosis, and stent fractures [25]. All of these can cause
serious life-threatening complications, which might be avoided
by using bioresorbable metallic stents.

Among metallic biodegradable metals, only three groups
have been used: Fe, Mg, Zn, and their alloys. When compared
to Mg, Fe exhibits superior mechanical properties. However,
it shows a slow degradation rate that results in long-term re-
tention of its corrosion products within the artery. Conversely,
Mg tends to corrode too rapidly, which decreases its me-
chanical integrity during the stent application [26]. Zn-based
materials avoid several major drawbacks observed in Fe- and
Mg-based materials, such as long-term retention of corrosion
products or intense hydrogen gas release (both cause damage
to surrounding tissues, leading to inflammation or even pain).
In terms of standard electrode potential, Zn has an intermediate
value (—0.76 V vs SHE) between Fe (-0.44 V vs SHE) and Mg
(=2.37 V vs SHE) [17]. Its degradation rate matches the healing
period of the endothelium [23], and it has good biological prop-
erties as it exerts cardioprotective roles against atherosclerosis
and sufficient mechanical properties required for bioresorbable
applications in the biomedical field [27]. Among the metallic
bioresorbable stents, only Mg has achieved clinical trials. The
Biotronik company produced a bioresorbable coronary artery
stent called Magmaris (previously known as DREAMS 2G) [28]
made from WE43 (Mg-RE-Zr series). This stent is available in
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Fig. 1. Schematic graph for CAD available treatments with a focus on stents. Created in BioRender
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two diameter sizes: 3 and 3.5 mm, and 15, 20, or 25 mm in length.
Magmaris has been investigated under clinical trials and achieved
almost 80% success due to vasomotion function recovery after
6 months [29], and it is still under clinical observation through
several investigations. To extend the number of clinical applica-
tions and overcome obstacles related to Mg quick degradation,
attention has been lately focused on Zn and its alloys.

2.1. Zn properties

Zn is considered a micronutrient in the human body which
daily intake is about 6.5 mg to 15 mg [17] and in a lower quan-
tity it can lead to a deficiency producing a greater risk of infec-
tion, loss of cognitive function, memory, and even behavioral
problems [30]. Zn plays an essential role in the human body’s
biochemical functions and is required by nearly 300 enzymes,
being a catalytic, co-catalytic, and structural part for the proper
folding of proteins [31]. Zn also participates in cell division,
cell growth, and wound healing [32], and it is crucial in the im-
mune system. Rink et al. [33] reported that Zn synchronizes the
immune function, and both increasing and decreasing Zn levels
result in an immune function disturbance.

It is essential to mention that the main product of Zn deg-
radation, Zn?", is considered fundamental for cellular processes
and for inducing slightly antimicrobial activity that can slow
down biofilm formation [27]. This is crucial because infections
are associated with a diverse range of implant surgeries with
both clinical and economic consequences. In the case of patients
with cardiovascular implants, a higher mortality and severe dis-
abilities are attributable to infections (most commonly caused by
Staphylococcus aureus and Staphylococcus epidermidis [34]),
with a rate of infection of about 2%. However, the complication
may be lethal in almost 90% of cases [35].

Zn started to be investigated as a degradable biomaterial
by Wang et al. [36] in 2007. The authors studied the corrosion
behavior of casted Zn-Mg (35, 40, and 45 wt.%) in SBF solution,
and they proved that regardless of the Zn alloy composition, there
is a tendency in the passivation film to form and compact (up to
90 h immersion) and break (especially after 160 h). The broken
passive layer led to an increase in pH values due to Zn** and
Mg*" release. In 2013, Bowen et al. [21] examined Zn as a bioab-
sorbable cardiac stent material during in vivo tests in the murine
aorta of male Sprague-Dawley rats. During 1.5 and 3 months in
vivo, the Zn wires showed uniform corrosion, which changed
to localized one after 4.5 and 6 months, with the surrounding
tissues adhering to areas of corrosion damage. In addition, they
found that the penetration rate significantly increased from ~10
um/year after 1.5 months to ~40 um/year after 4.5 months of
implantation. Such a period of slow degradation during the first
3 months sufficiently assured mechanical integrity; afterward,
quick disintegration occurred. It was also reported that Zn wires
exhibited antiatherogenic properties, a desirable degradation
compared to Fe and its alloys, and harmless degradation com-
pared to Mg and its alloys. In 2019, the US company PediaStent
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developed a Zn-based bioresorbable stent called ZeBRA [37].
ZeBRA, which is still under development, has been designed
for congenital heart defects in pediatric applications [38]. In vivo
studies indicate that ZeBRA fulfilled the desired criteria for
stents, such as radial strength, ultralow profile, radiopacity,
and low thrombogenicity [37]. It also has anti-inflammatory
properties that attenuate neointimal proliferation and in-stent
stenosis [39].

Due to its biocompatibility, biodegradability, and possible
antibacterial properties, Zn and its alloys are being investigated
for biomedical purposes, including cardiovascular stenting ap-
plications. While several reviews address Zn-based biodegrad-
able materials for cardiovascular applications in their general
behavior, these often focus principally on individual aspects as
biological performance, corrosion behavior, or alloying strategies.
For instance, Rao et al. [40] examined biodegradable Zn alloys
with emphasis on clinical applications. Zhou et al. [41] study
the additive manufacturing of Zn for biomedical applications,
while Shi et al. [42] emphasize the design of biodegradable Zn
alloys through second phases. Liu et al. [43] provided a general
progress on both Mg and Zn alloys for biodegradable vascular
stent applications. Additionally, Limon et al. [44] provided a re-
view on laser powder bed fusion for Fe and Zn alloys for medi-
cal implants. In contrast, the presented review aims to provide
a comprehensive examination of the current state-of-the-art in
Zn and Zn alloys research for cardiovascular stenting applica-
tions. Particular emphasis is placed on the advancements in
manufacturing techniques, ranging from casting to new emerging
approaches such as additive manufacturing, and their influence on
the microstructure, mechanical, and corrosive properties for both
in vitro and in vivo tests. The objective is to identify processing-
property relationships that may be useful as a guide for the future
development of metallic biodegradable cardiovascular stents.

3. Manufacturing requirements for biodegradable
cardiovascular stents

Stent production is challenging due to critical requirements
to ensure the safety and efficacy of the stents as a treatment for
CAD. Since there are no requirements for biodegradable stents
that have been standardized, many authors have made guidelines
on which properties should be fulfilled by biomaterials used for
bioabsorbable cardiovascular stents. The following recommenda-
tions and insights have emerged.

3.1. Material criteria for biodegradable
cardiovascular stents

In general, the size of metallic stents is about 2-4 mm in dia-
meter and 15-20 mm in length [45]. For balloon-expandable
stents, materials should have sufficient formability to be suscep-
tible to plastic deformation and remain in their expanded shape
except for a slight recoil [46]. Radial strength and compression



IS

www.czasopisma.pan.pl P N www.journals.pan.pl

POLSKA AKADEMIA NAUK

1598

pressure are strongly indispensable properties for a stent. The
weak radial strength may provoke residual stenosis and separate
the stent struts from the arterial wall. No specific parameter de-
scribes this property; however, based on in vitro tests, 30 kPa is
considered a minimum requirement for compression resistance
[46]. Simultaneously, stents should show a low yield stress to
allow balloon expansion deployment, a high elastic modulus that
permits a minimal recoil, and a high strength that can be achieved
through expansion (work hardening) to maintain mechanical
support during the vascular wall repair before it erodes gradu-
ally [47]. The expected time for an atherosclerotic artery to heal
may be about 3 to 6 months [48]. Bowen et al. [7] explained that
there are several criteria and constraints to take into account for
bioabsorbable stents, among them:

i) complete stent absorption should occur between 12 and
24 months of implantation in the human body but maintain
mechanical integrity for at least 3-6 months,

ii) mechanical properties: yield strength should be higher than
200 MPa; the ultimate tensile strength larger than 300 MPa;
the yield strength in its elastic modulus ratio major than
0.16; the elongation to failure higher than ~15%, the elastic
recoil on expansion lower than 4% and its resistance to
cyclic fatigue over 10-20 million cycles,

iii) homogenous microstructure with a grain size smaller than
30 um,

iv) corrosion rate should be about 0.02 mm/year or less.

3.2. Surface characteristics and their role in stent
performance, with emphasis on Zn-based
modifications

Surface characteristics are essential to reduce restenosis,
accelerate endothelialization, and enhance local healing. Surface
properties are focused on three major areas: i) improvement of the
blood contact, ii) enhancement of the endothelial cell migration,
attachment, and proliferation, and iii) also working as a drug re-
lease in porous surface layers [49]. Wang et al. [50] investigated
the stent design as a component that can induce changes in blood
flow. It was concluded that the stent strut protrusion provoked
a stagnation zone as the stent implantation produced an uneven
pressure gradient distribution [50]. Briguori et al. [51] studied
the impact of strut size in a <3 mm vessel, and it was reported
that thin struts (<0.10 mm) may reduce the restenosis rate by
up to 56% for angiographic restenosis. With the same purpose,
Chen et al. [52] studied a new method to minimize flow distur-
bance by producing streamlined cross-sectional wires. Gundert
et al. [53] analyzed the stent design and found that ~40° for the
intrastrut angle was optimal for the stent hemodynamics. Pant
et al. [54] found that the length of connectors in the cross-flow
directions and the alignment with the flow strongly relate to
the hemodynamics disturbance. Jing et al. [55] discovered that
endothelial cells spread better on the nanopatterned surfaces,
allowing cells to align along nano-lines that simulate natural
vessel walls compared to random nanostructures.

Physical or chemical surface modification strategies may
also be helpful in coating production to improve physiological
response. These coatings are classified into inorganic, polymer,
or composite. Inorganic materials include oxides, hydroxides,
phosphates, ceramics, and metal coatings [56]. For example, Su
etal. [57] studied Zn phosphate, Zn oxide, and Zn hydroxide and
found that Zn phosphate, in particular, improves cell viability
and hemocompatibility. Alternatively, polymer coatings can
be favorable as drug release systems. For example, permanent
polymer (PBMA, PEVA, PVDEF, among others), polymer-free
(micropores, grooves, or texture surface), or biodegradable
coatings (PLLA, PLG, Mg, hydroxide, chitosan, among others)
with various drugs that may support as immunosuppressive,
anti-proliferative, antithrombotic, or anti-inflammatory [58],
such as Everolimus, Myolimus, Novolimus, and Paclitaxel;
however, Sirolimus is mainly used [59] due to its antifungal and
immunosuppressive properties [60]. Also, it is associated with
minimal neointimal hyperplasia when employed as a coating for
metallic stents [61]. Among other types of coatings that have been
employed for Zn-based materials are composite systems, which
consist of inorganic-inorganic, inorganic-polymer, and polymer-
polymer combinations. These hybrid types of coatings are de-
signed to obtain the advantages of multiple material types [56].

The final sterilization is a method that can influence stent
surface properties. Seitz et al. [62] proved that the mechanical
properties are susceptible to various sterilization methods; how-
ever, they depend on the alloy and sterilization process. Li et al.
[63] provided important insights into the influence of steriliza-
tion treatments and how they affect Zn’s surface characteristics,
biodegradability, and cytocompatibility. The authors tested Zn
and Zn-3Cu (wt.%) under gamma irradiation, hydrogen perox-
ide gas plasma, and steam autoclave. It was reported that steam
autoclave sterilization produced the most remarkable changes in
the degradation, corrosion behavior, and cytocompatibility due
to the formation of an inhomogeneous ZnO layer; meanwhile,
gamma irradiation and hydrogen peroxide gas plasma steriliza-
tions did not have any apparent adverse effects or alterations on
the material surface.

4. Manufacturing techniques for Zn-based biodegradable
cardiovascular stents

Choosing the most appropriate manufacturing method is
the principal and crucial step to obtaining stents’ desired shape
and size with optimized degradation rates, biocompatibility, and
mechanical properties. There are a variety of processes currently
used for Zn and its alloys, which can be divided into two cat-
egories: conventional methods (casting, plastic deformation such
as drawing or extrusion) and advanced processing techniques
(powder metallurgy, severe plastic deformation, additive manu-
facturing or electroforming) [30]. The second group is beneficial
for enhancing Zn properties. Cast Zn is soft and brittle, but its
properties are improved through alloying and plastic deforma-
tion [64]. Brittleness can be eliminated, and the yield strength
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can increase to 200 MPa, making it suitable for clinical devices.
Among the second group of manufacturing techniques, the most
common methods used for cardiovascular stenting production are
laser cutting, electrospinning, and additive manufacturing [65].
Nevertheless, Zn stent trials and prototypes have been chiefly
manufactured following the production chain of casting, extru-
sion or rolling, tube drawing, and laser cutting with or without
post-production processes.

Current review shows that various manufacturing methods
have been used so far to produce materials for biodegradable
stent applications. The most common of them are listed in Fig. 2.

It is essential to mention that various studies dedicated to
understanding the behavior of Zn as cardiovascular stents are
being investigated without completing the final shape of stents.
Casting, extrusion, rolling, or drawing is enough to produce wires
and tubes, which are being studied with a special focus on further
application as stents. Additive manufacturing has gained attrac-
tiveness due to its feasibility of personalized implants according
to patient requirements and reducing manufacturing steps.

4.1. Commercially purchased and laboratory
extruded Zn wires

In 2017, Drelich et al. [66] implanted commercially pur-
chased Zn wires (Goodfellow with a 99 + % purity in a size of
0.25 mm diameter) into the abdominal aorta of rats for up to
20 months. A linear area reduction and penetration rate of up to
60% cross-sectional area reduction were discovered, indicating
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that the strut size may produce slower degradation. These results
suggest that it cannot meet the guidelines stating that the im-
plant’s complete absorption should occur around 12-24 months
[7]. Zhao et al. [67] studied Zn-0.1Li (wt.%) alloys processed
by hot extrusion using a 10 MN extruder (SMS MEER GmbH),
followed by wire drawing at 180°C through multiple passes to
reduce the diameter to 0.25 mm. The resulting wires exhibited an
ultimate tensile strength of about 274 + 61 MPa and 17 = 7% duc-
tility. The corrosion rate after implantation for 2 and 12 months
in the abdominal aorta of Sprague-Dawley rats was calculated to
be 0.008 mm/year and 0.045 mm/year, correspondingly. Jin et al.
[68] fabricated extruded Zn-Mg wires with an initial diameter of
13 mm using hot extrusion at 150°C, followed by wire drawing
to a final diameter of 0.25 mm. The alloys contained varying Mg
contents: 0.002, 0.005, and 0.08 (wt.%). Subsequently, mechani-
cal properties and arterial biodegradation during in vivo were
evaluated through implantation in Sprague-Dawley rats. The best
mechanical properties were found to be for Zn-0.08Mg with an
elongation of about 40%, yield strength of about 221 MPa, and
tensile strength of about 339 MPa. However, with the increas-
ing Mg content, the biocompatibility was lowered due to the
formation of Mg,Zn;;, which may cause harmful macrophage
responses. Guillory et al. [69] investigated high-purity (99.99%)
Znwires (0.25 mm) purchased from Sigma-Aldrich, which were
modified using two different processes to produce oxide films:
electropolishing and anodizing. The effects of these treatments
were evaluated through both in vitro and in vivo studies. Results
indicated that the corrosion behavior after electropolishing pro-
duced a porous and nonuniform film with non-regular thickness

Manufacturing techniques used for Zn cardiovascular stents

Conventional and advanced manufacturing techniques

Conventional approach
( Casting )

( Extrusion J
v

(*Wire drawing ) (Tube drawing )

*Wires are also commercially available i

( Laser cutting )

( Photo-chemical etching )

Post-processing treatments <+———

( Electrochemical polishing

( Anodizing

)
)
( Chemical etching )
)

Physical vapor deposition
(PVD)

( Spray coating )

—— Additive manufacturing

( Selective laser melting (SLM) )

L Post-processing treatments

( Sandblasting )

Fig. 2. Schematic showing the current methods used for Zn cardiovascular stent manufacturing found in the literature. Created in BioRender
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(from 2 pm to 10 pm) with localized corrosion. In contrast, the
anodizing method allowed densification of the coating that pro-
tected the sample for 28 days of immersion, showing improved
biocompatibility. However, it was concluded that anodized
samples may not be appropriate for stenting applications due to
the high risk of cracking during balloon expansion.

4.2. Tube drawing

Another method used tube drawing. The developed process
chain for micro-tubes produced from Zn and its alloys consists
of drilling and extruded billet followed by several cold-rolling
operations and multi-pass drawing [70]. In 2015, Liu et al.
[71] produced mini-tubes using ultra-pure Zn finished via
electrochemical polishing. The in vitro and cytotoxicity tests
in Hank’s balanced salt solution (HBSS) using human um-
bilical vein endothelial (ECV304) and vascular smooth muscle
(VSMC) cells showed optimal results for both ECV304 (87.38 +
0.73% and 84.48 + 1.68%) and VSMC (79.30 + 5.94% and
82.98 + 4.32%) cell cultures. The tensile strength and elonga-
tion achieved 44.50 + 1.76 MPa and 7.57 + 0.20%, respectively,
which were higher when compared to plate-shaped samples
(35.31 £ 2.21 MPa and 9.37 + 1.24%). The corrosion rate of
Zn mini tubes was lower than that of pure Mg, about 0.027 to
0.036 mm/year. In 2016, Wang et al. [72] produced mini tubes
from Zn-5Mg-1Fe (wt.%) with strength and ductility of about
220 MPa and 20%, respectively, and a corrosion rate analyzed
in SBF of 0.062 mm/year. Afterward, they produced stents us-
ing laser etching and electrochemical polishing and found that
these did not show breaking or cracking before and after being
expanded. In 2019, Dai et al. [73] studied pure Zn and Zn with
0.5Li wt.% addition, and they showed that mini tubes had an
ultimate tensile strength of 296.2 MPa and elongation of about
33%. The principal strengthening mechanism in Zn-Li alloy was
related to the pinning effect around the nano LiZn, precipitates.
In 2022, the Zn-0.1.Mg-1Mn (wt.%) was used to extrude tubes
with an outer diameter of 12 and 2 mm thickness [74]. The au-
thors analyzed the impact of extrusion temperature (100, 200,
and 300°C) on the mechanical properties. The microstructural
changes obtained during extrusion were the most suitable for
producing material with a high ultimate strength of 405 MPa and
yield strength of 380 MPa. The elongation of those tubes was
around 14%. The other chemical composition of Zn alloys with
aunique application for vascular application was studied by Lou
et al. [75] in 2024. They fabricated tubes with the final dimen-
sions of 3.5 mm diameter and 0.2 mm length from Zn-0.5Mn-
0.05Mg (wt.%). The results obtained for yield tensile strength
(277 £ 2.9 MPa), ultimate tensile strength (330 + 3.3 MPa), and
elongation (39.8 + 5.25%) satisfy the biodegradable require-
ments. They proved that the increase of pass rolled increases the
strength due to a more uniform microstructure, texture evolution,
and grain size refinement.

Zn alloys studied during the last decade by Liu et al. [71],
Wang et al. [72], Dai et al. [73], Ren et al. [74], and Lou et al.
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[75] shown promising mechanical properties to be potentially
used for vascular applications. However, their degradation and
biological properties must be analyzed further.

4.3. Laser cutting

Laser cutting is the principal manufacturing technique for
producing exact and specific shapes of stents [5]. It is a thermal-
based, non-contact process to cut complex shapes with high
precision and accuracy [76]. It consists of a high-energy-density
laser beam focused on a workpiece surface; the thermal energy
is absorbed, which heats and transforms the workpiece volume
into a molten, vaporized, or chemically changed state that the
flow of high-pressure assist gas jet can easily remove [77]. The
first reports on pure Zn stents produced by laser cutting with
surface finalized via electrochemical polishing were published
by Yang et al. [78] in 2017. They produced stents with the size
of 3 mm in diameter and 10 mm in length, and the strut thick-
ness was 165 pm. The stents were implanted in the abdominal
aortas of Japanese rabbits using angiography for 3 days, 1, 3, 6,
and 12 months. The stents maintained mechanical integrity for at
least 6 months, and after 12 months, the stent degraded by about
42%. The degradation products showed biocompatibility with no
severe inflammation and no apparition of platelet aggregation,
thrombosis formation, or intimal hyperplasia. In 2018, Catalano
etal. [79] analyzed laser cutting parameters for pure Zn expand-
able flat geometry stents. The main insights from his work are:
i) pure Zn shows at high average power levels a distinct irregular
cutting region and an excess of dross is generated, including an
unprecise kerf geometry; ii) pure Zn is unable to resist well the
chemical etching phase with aqueous HNOj; solutions due to
thickness reduction, and iii) a complex mesh geometry made the
etching process more difficult. Most importantly, a planar mesh
may be expanded using a commercial biomedical catheter to
analyze the material’s mechanical and biological performance.
In 2019, stents with 5 mm in diameter and 20 mm in length
with a strut thickness of about 76 um to 127 pum produced us-
ing laser cutting followed by chemical polishing were produced
from Zn with 0.8 Cu wt.% addition [80]. They were implanted
in Shanghai white pigs in the left anterior descending artery, left
circumflex artery, or right coronary artery for 3, 6,9, 12, 18, and
24 months. At the end of the experiment, the degradation rate was
approximately 28 + 13% of the stent remained. It was observed
that normal tissue can replace the strut over time without the
risk of entering the circulatory system. Thrombosis, localized
necrosis, or serious inflammatory responses were not found after
24 months experiment [80]. During the same year, Lin et al. [81]
developed Zn-0.02Mg-0.02Cu stents implanted in white rabbits
in their left carotid artery for 24 months. After a week, stents
showed rapid endothelization, indicating a low cytotoxicity and
thrombosis risk. After implantation, the release of Zn** ions was
measured in different organs and serums from the rabbits. It was
observed that Zn>* concentrations were not significantly different
between the stented and the control group of rabbits; Mg®" and
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Cu?" were not absorbed into the organs due to their trace content
in the alloy. This research showed that Zn-0.02Mg-0.02Cu stent
maintains its mechanical integrity for up to 6 months (showing
a corrosion rate of about 25 pm/year). The corrosion rate was
accelerated after 12 months of implantation (increasing to 40
pm/year), leading to stent fragmentation and brittleness. In 2020,
Zhou et al. [82] studied Zn-0.8Cu (wt.%) stents with polymer (D,
L-lactide-co-glycolide) and Sirolimus coating. The mechanical
properties and restoration of the vessel after in vivo studies in
porcine coronary arteries had low mechanical strength (yield
strength ~111 MPa, ultimate tensile strength ~142 MPa, and
elongation ~193%) that resulted in reduced radial strength, also
a lower bending force that would be beneficial for long stents
flexibility. In 2022, the stents prepared from Zn-2.0Cu-0.5Mn
with a size of ~2.83 mm in diameter and 16 mm in length and
a strut thickness of about 125 um were investigated by Jiang et
al. [83]. Samples were analyzed by in vitro techniques such as
electrochemical and immersion tests in C-SBF, the latter one
lasted for 480 h. It was observed that the corrosion rate was about
158 um/year with a uniform corrosion morphology with small
corrosion pits formed (~2-3 um). Two years later, Qian et al. [84]
evaluated the Zn-2.0Cu-0.5Mn alloy to understand biosafety and
biodegradability through in vivo tests using porcine coronary
arteries. The results indicated that an optimal endothelization
after 1 month, the degradation rate was desirable while its basic
structure and mechanical properties could maintain integrity
6 months after implantation. The implanted stent was almost
degraded at 18 months, with 26% stent volume remaining.
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Recently, Zhang et al. [85] studied the influence of Li on
Zn-2Cu alloys by adding 0.004, 0.01, and 0.07 Li (wt.%). They
fabricated stents from Zn-2Cu-0.07Li and investigated me-
chanical, corrosive, and cytocompatibility properties. The best
properties observed were after adding 0.07 Li (wt.%), whose
mechanical properties yield tensile strength >320 MPa, ultimate
tensile strength >360 MPa, and elongation ~28%. The corrosion
rate shown for Zn-2Cu-0.07Li was ~90 um/year, higher than that
calculated for the Zn-2Cu alloy (~75 um/year). The cytocompat-
ibility was analyzed using human umbilical vein endothelial cells
(HUVEC) with 10% and 50% extracts after 1, 3, and 5 days of
immersion. It showed above 90% cell viability for 10% extracts
after all-time points tested and after 1 and 3 days in 50% extracts.

4.4. Photo-chemical etching

Photo-chemical etching is a simple and inexpensive process
that can form the texture of a stent [86]. Photo-chemical etch-
ing uses photoresists and etchants to chemically remove mate-
rial from sheets or tubes to produce high-resolution complex
designs [49]. It has been proven suitable for machining stents
with photolithography to transfer a selected stent pattern into
a flat metal sheet [86]. Kandala et al. [87] used photo-chemical
etching to fabricate rhombus, U, and omega shapes of stents
from pure Zn (Fig. 3). Compression tests recorded in loading
and unloading mode indicated that the rhombus design stent had
a maximum value of 0.167 N/mm radial force over stent length.

Fig. 3. Pictures of Zn stents produced using photo-chemical etching with different designs: a) rhombus, b) U-design, and c) omega design. Images
from Kandala et al. [87]. Open access article distributed under the Creative Common Attribution License
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In contrast, U and omega design stents obtained 0.25 N/mm and
0.07 N/mm, respectively. Due to the intermediate compression
value for the rhombus design stent, Parylene C coating was ap-
plied and investigated for this stent. It was found that exposed
rhombus-shaped samples had a smooth and uniform expansion
with and without Parylene C coating. In the case of in vitro
results, it was observed that the corrosion rate of unexpanded,
uncoated stents was around 0.0951 mm/year; the addition of
Parylene C coating showed a 50% reduction in corrosion rates
for unexpanded stents and a 25% reduction for the expanded
stent that may be related to the elastoplastic deformation. Ad-
ditionally, in vivo results showed that the Zn ribbons implanted
subcutaneously in C57B1/6 mice were intact with less degraded
parts than AZ31 Mg samples. Histological studies showed that
Zn produced a slightly more inflammatory response, but no
necrotic tissue was observed. However, Zn did not irritate the
blood vessels as these approached the metal without an inflam-
matory reaction around it.

4.5. Additive manufacturing

AM is a layer-by-layer manufacturing method that is differ-
ent from the traditional subtractive manufacturing process. AM,
also known as 3D printing, provides opportunities to produce
personalized designs according to the patient-specific that can
meet exact requirements due to its excellent geometric freedom
and dimensional accuracy, making it suitable for manufacturing
complex structures [88]. Since it has been demonstrated that stent
design features are of great importance for a successful treat-
ment due to correlations with thrombosis and in-restenosis risk,
obtaining the proper shape of stents is crucial [ 16]. Unfortunately,
Zn is hard to process using AM because of its high evaporation
due to the long-time laser melting process that may lead to the
formation of severe spatter and porous structures [89]. To avoid
such complications an optimized gas circulation system should
be used to help to get rid of Zn metal vapor inside the cham-
ber and prevent oxidation or other harmful gas intrusion [90].
Nevertheless, in 2017, Montani et al. [91] investigated pure Zn
produced using selective laser melting (SLM). They found that
Zn shows less processability due to its low vaporization point,
which leads to the formation of significant porosity during the
processing. They obtained samples with high porosity levels
(~12%); although the sample was porous, it showed higher
mechanical strength than cast Zn. In 2018, using SLM, Wen et
al. [92] obtained highly dense (over 99.90%) pure Zn. In the
same year, Wen et al. [93] studied the mechanical properties of
3D printed pieces and showed elastic modulus (23 GPa), yield
strength (114 MPa), ultimate strength (134 MPa), and elonga-
tion (10.1%). Overall, tensile properties were better than values
obtained for pure Zn produced by casting, hot rolling, and hot
extrusion. Based on the optimization parameters performed
for bulk material, they attempted to print stents; however, their
mechanical and degradation properties were not investigated.

In 2019, Wen et al. [90] described the key parameters for
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printing Zn solid cubes with high density (99.8%). They used
laser power of 80 W, scanning speed of 400 mm/s, hatch spac-
ing of 70 um, layer thickness of 30 um, spot diameter of 75 pm,
and 0 mm for defocus distance. The average grain size observed
was in width 8.5 pm while the microhardness Vickers obtained
was about 43 HV. In 2022, Voshage et al. [94] produced Zn-xMg
(x=0,1, 2 and 5 wt.%) alloys laser powder bed fusion (LPBF),
obtaining greater relative densities than 99.5 % and found that
the Zn-xMg alloys had a smaller processing window due to the
different melting temperatures after the addition of Mg. The
printed alloy had a tensile strength of 381 MPa and elongation
of 4.2%, higher than pure Zn.

5. Zn microstructure after various manufacturing
techniques: emphasis on additive manufacturing

Zn and its alloys show different microstructures, depend-
ing not just on the alloy’s chemical composition but also on the
manufacturing process. For example, after the laser cutting pro-
cedure, the final microstructure has shown no significant thermal
effects or generated grain growth. Also, the texture orientation
was not modified [26]. This would lead to the possibility of
changing the microstructure during the casting, extrusion, rolling,
or drawing processes; for example, Wang et al. [72] studied rolled
and drawn micro-tubes and found that fine and homogeneous
microstructure can be controlled from ~6 um to up to ~20 mm
mean grain size after cold forming from the rolling, drawing, and
posterior annealing method. Dai et al. [73] studied Zn tubes with
the addition of 0.5 wt.% Li. It was found that uniform, regular
equiaxed grains of about 10 um were obtained after the extrusion
process. This could be related to the Li content that produced
small LiZn, secondary particles that allowed the formation of
refined grains of about 200 nm to up to 2 um. Jin et al. [68]
studied cast, extruded, and drawn Zn wires with the addition of
0.002,0.005, and 0.08 (wt.%) Mg. They found that the grain size
was reduced with increasing Mg content after obtaining ~ 76 um
for Zn-0.002 Mg, and ~7 pm and ~8 pm, respectively, for 0.005
and 0.08 Mg. Jiang et al. [83] studied as-extruded and as-drawn
tubes of Zn-2.0Cu-0.5Mn (wt.%) with an average grain size of
~2 pm with the apparition of CuZn, and MnZn,; phases. After
the laser cutting and electropolishing processes, it was found
that the microstructure of the stents was not affected. Ren et
al. [74] investigated the properties of Zn-0.1Mg01Mn (wt.%)
tubes at different extrusion temperatures. It was observed that
for 100°C, 200°C, and 300°C extrusion temperatures, the aver-
age grain size changed from ~1 pm to ~1.5 um and ~1.9 pm,
respectively. Lou et al. [75] studied tubes of Zn-0.5Mn-0.05Mg
(Wt.%) after 2 and 5 passes during rolling at ambient temperature.
It was observed that the average grain size decreased after 2-pass
rolling from ~1.6 um for as-extruded samples to ~0.9 pm. Also,
it was found that a more uniform grain size appeared after the
5-pass rolling process that increased strength due to the texture
evolution and a change in the dominant deformation mechanism
from twinning and dislocation movement to solely dislocation
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movement for 2 and 5 passes rolling, respectively. Zhang et al.
[85] studied the influence of the 0.004, 0.01, and 0.07 (wt.%)
addition of Li in Zn-2Cu. It was observed that the microstructure
is composed of fine equiaxed n-Zn grains and e-CuZn, phases
in micron, submicron, and nano-sized. After adding Li, the
grain size distribution became more uniform with refined grains
due to the increasing volume fraction of submicron and nano-
sized e-CuZny precipitates. The average grain size obtained is
~4.8 um, ~2.9 um, and ~1.9 pm, respectively, for 0.004, 0.01,
and 0.07 (wt.%) addition of Li.

Several studies have been made to understand the rela-
tionship between additive manufacturing parameters and the
microstructure obtained. For example, Wen et al. [92] obtained
fine columnar grains with epitaxial growth along the building
direction in SLM-deposited layers of pure Zn [92]. Another
example is when Ning et al. [95] studied pure Zn and Zn-3Mg
(wt.%) prepared using SLM. Principally, it was found that adding
Mg decreased the average grain size from ~21 pm to ~2 pm, as
shown in Fig. 3a and 3b. But more interesting, it was appreciated
that pure Zn contained fine columnar grains growing following
the construction direction, as seen in Fig. 4c and 4d. This can be
explained by the gradient temperature during the SLM process;
rapid melting consequently leads to the powder's solidification,
leading to the growth of grains between the deposited layers.

Qin et al. [96] studied the relationship between the effect
of grain structure in both mechanical and corrosive properties of
printed pure Zn. They observed that the corrosion rate increased
with the increasing scanning speed (the decreasing grain size).

1603

Wang et al. [97] compared the cast pure Zn, which was composed
of coarse 0-Zn grains (size of several hundreds of microns), and
SLMed material that showed finer equiaxed grains (~8 pm).
This type of grain was explained due to the low-temperature
gradient and high scanning speed. Also, lamellar structures were
observed, located inside some equiaxed grains. They mostly
appeared parallel to the deposition direction with a 99.84% Zn
and 0.16% O composition. However, O was highly concentrated
at the grain boundaries (~15 wt.%). In addition, the volume
energy (E,) was studied to understand the grain size and ZnO
volume; it was shown that the increase in E, did not increase the
ZnO. However, the grain size increased from ~8 pm to ~9.5 pm.
Also, high scanning speed (V) and low laser power (P) produced
a low E,, leading to powder accumulation that could not melt
completely. Nonetheless, the final samples obtained were 93%
dense with optimized parameters: hatch spacing = 70 um, layer
thickness = 30 pm, volume energy = 83.33-158.73 J/mm® [97].
In 2021, Qin et al. [98] explained that it is difficult to maintain
low evaporation and enough melting properties of Zn when us-
ing a high laser power and high scanning speed that could not
produce densification [98]. In 2023, Yang et al. [99] obtained
highly dense Zn samples (over 99.5%) and studied the relation-
ship between LPBF parameters, crystal orientation, and texture.
They reported that a power of 80 W and speed of 400 mm/s
produce mainly grains oriented towards <0001> with a strong
texture. The increase in speed supports the formation of fine
grains, and texture weakening is observed. Also, the increasing
speed enhances strength and ductility. The most recent research

Horizontal section

Vertical section

Fig. 4. EBSD results for pure Zn and Zn-3Mg (wt.%) after SLM processing: a) horizontal section for pure Zn, b) horizontal section for Zn-3Mg,
c) vertical section for pure Zn, and d) vertical section for Zn-3Mg. Image from Ning et al. [95]. Open access article distributed under the Creative

Common Attribution License
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on pure Zn produced using LPBF was made by Dong et al. [100].
The printed pure Zn exhibited anisotropy along horizontal and
vertical planes, obtaining fine equiaxed grains of about 9.63 um
that showed better strength and ductility synergy performance
than traditionally cast Zn. They proved that the horizontal
planes have enhanced pre-existing dislocations that support the
formation of a stable and flat passive film on the surface, which
helped to delay the corrosion processes [100]. In 2023, Waqas
et al. [101] studied pure Zn and Zn-10Mg alloys produced us-
ing SLM. They found that the apparition of pores resulted from
poor fusion with unfused powder [101]. An important discovery
related to the building direction during the SLM process was
made in 2024 by Li et al. [102] who fabricated Zn-0.8Cu (wt.%)
alloy focusing on vertical and horizontal printing directions.
The obtained samples had a relative density beyond 99.5%. The
authors expected that the corrosion resistance would increase by
incorporating Cu in the Zn matrix. However, a small amount of
Cu did not show strong diffraction peaks during XRD analysis,
nor were Cu compounds found in the corrosion products. They
supposed that CuZns precipitates formed at grain boundaries
could easily form localized corrosion, making the alloy less
resistant than pure Zn [102].

As shown in this review, the AM used for Zn and its alloys
is very limited; however, since it shows promising opportunities,
it should be widely expanded. AM is one of the best opportuni-
ties to print complicated shapes of stents and allows to achieve
the desired qualities for biodegradable stents applications [103].
The comparison of various methods, their parameters, and results
of microstructure, mechanical, corrosion, and biological proper-
ties on Zn alloys performed during the last decade is shown in
TABLE 1.

6. Summary

Zn is a promising metal for temporary cardiovascular stents,
not just because of its optimal biocompatibility and biodegra-
dability, but also because it is essential for the human body.
However, its mechanical performance is still being investigated
to fulfill temporary stenting requirements. Currently, various
manufacturing methods have been used to produce cardiovascu-
lar stents, including casting, extrusion, rolling, tube drawing, and
laser cutting, which are used to produce Zn stents. Early research
on Zn and its alloys for temporary stents focused on simplified
geometries like wires and tubes. These studies provided essen-
tial data, especially on degradation properties. The performed
literature review clearly shows that stent degradation strongly
depends on the strut size. Hence, the simplified geometry of
wires and tubes presents limitations to understanding due to the
lack of accurately replicating the fluid dynamics and mechani-
cal behavior expected in a stent within a vessel. Consequently,
the findings from early studies are informative. However, they
cannot fully predict in vivo performance. This requires moving
towards manufacturing processes for Zn to mimic stent geom-
etries that are already used for clinical usage. For this reason,

more advanced investigations have been dedicated to producing
Zn stents using laser cutting. Laser cutting provides a similar
stent shape and size that helps understand the mechanical and
degradation properties and have closer insights related to the
degradation and corrosion mechanism during in vitro and in vivo
tests. Mechanical properties are also influenceable as they vary
before and after balloon catheter expansion. Also, biological
properties can be nearby study with direct interaction with the
endothelization processes. Therefore, new ways to produce stents
have been considered; for example, one study was dedicated to
photo-chemical etching as an alternative to laser cutting.

Moreover, new technologies have emerged, creating
aunique manufacturing path for producing cardiovascular stents.
Additive manufacturing has gained interest due to its possibility
of obtaining personalized designs that can match patient needs
through freedom for complex design and the accuracy it can
provide. The greatest challenge for 3D printing using Zn and
its alloys is the lack of processability due to its high evapora-
tion in the long-time laser melting process that produces highly
porous structures. The last studies showed improved porosity
levels of Zn with highly dense structures (~99%) by managing
the printing parameters. It was reported that the modification in
processing parameters can produce changes in the microstructure
and texture of the final product in comparison with laser cutting,
which commonly minimizes thermal effects and microstructure
modifications.

The application of AM to Zn and its alloys has shown
promise in enhancing mechanical performance compared to
traditional production routes. This is not solely related to the
chemical composition but also due to the unique microstructures
and textures created during AM. Therefore, further investigation
should be done to ensure the long-term safety and efficacy of
using 3D-printed Zn-based stents. Moreover, it should move
from simple samples to complex-shaped stent geometries, which
remain crucial for further research.

7. Conclusions

This review has highlighted the current progress, chal-
lenges, and opportunities of Zn-based biodegradable cardio-
vascular stents. Zn and its alloys have demonstrated potential as
a material for biodegradable cardiovascular stents. Zn has been
considered as an alternative to Mg- and Fe-based systems due
to its favorable degradation rate, which avoids adverse effects
as hydrogen release or corrosion residues. However, its lack of
mechanical performance is still a matter of study.

The central insight from this review is how manufactur-
ing techniques from conventional approaches to new emerging
technologies, such as additive manufacturing, are playing an im-
portant role in shaping the microstructure, mechanical integrity,
degradation performance, and biocompatibility. A key conclusion
is that the control of microstructure is essential for Zn-based
stents; features as grain size, texture, and second-phase disper-
sion are essential to enhance strength and degradation. Additive
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manufacturing, in particular, introduces unique microstructures
that may enhance mechanical integrity, but the process remains
challenging due to Zn’s low processability.

The review also reveals a major limitation in research
studies, as the use of simplified geometries, such as wires or
tubes, which do not accurately represent the mechanical be-
havior or fluid dynamics of a deployed stent. Transition to real
stent geometries, especially through laser cutting and additive
manufacturing, is introducing new challenges in formability,
mechanical integrity, and degradation performance, which is es-
sential to bring the field closer to clinical studies.

In general, Zn and Zn alloys represent a promising material
for biodegradable cardiovascular stents, but it has challenges
in mechanical performance, long-term stability, and geometry-
specific behavior that must be addressed.

8. Prospectives

This review has highlighted the attention to Zn as a po-
tential material for temporary cardiovascular stents. Zn and
its alloys are biocompatible and biodegradable; however, their
antibacterial properties and mechanical performance still need
to be optimized. While significant progress has been made in
understanding the material’s performance produced using vari-
ous manufacturing methods, several key areas require further
investigation. The following prospectives should be considered:
*  Optimization of additive manufacturing parameters: AM

has shown enhancement in the mechanical properties of Zn;
however, further research is needed to optimize the process
for fabricating diverse stent shapes and sizes. Furthermore,
systematic studies are required to comprehend the influence
of AM process parameters on corrosion behavior and how it
affects the biocompatibility of Zn stents. An essential step
will be to characterize the microstructural, mechanical,
corrosive, and biological properties of Zn after they have
been subjected to balloon catheter expansion, which is an
important part that may alter the stent structure.

*  Alloying to enhance Zn performance: the current limitations
of Zn in achieving mechanical properties suggest that al-
loying can be helpful, especially for its usage in AM, which
has been poorly investigated among Zn and its alloys.

»  Although several studies report mechanical properties of Zn
as yield strength, ultimate tensile strength, and elongation,
none of them explicitly examined the softening effect and
the lack of strain hardening after various manufacturing
techniques, especially for cardiovascular stenting applica-
tions [104] where a lack of strain hardening during balloon
expansion of stents may produce a non-uniform deployment
and easily lead to an immediate recoil [ 105]. This represents
a critical knowledge gap since these effects are directly
connected to the stent deployment and stability during the
healing treatment. Therefore, future research should focus
on understanding the relationship between processing routes
with the microstructure and deformation mechanisms to

better predict and optimize the mechanical functionality,

specifically in cardiovascular stents.

*  Long-term in vitro and in vivo performance: comprehensive
studies are needed to assess the long-term efficacy and
safety of Zn and its alloys after AM processing.

By understanding and addressing these key research gaps,
the Zn field can move closer to understanding its potential as
a material for temporary cardiovascular stents, which offer
a promising alternative to current cardiovascular stents, perma-
nent metallic or temporal bioresorbable polymers.
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