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Magnesium alloys are an ideal material for biodegradable vascular stents,
which can be completely absorbed in the human body, and have good
biosafety and mechanical properties. However, the rapid corrosion rate and
excessive localized corrosion, as well as challenges in the preparation and
processing of microtubes for stents, are restricting the clinical application

of magnesium-based vascular stents. In the present work we will give

an overview of the recent progresses on biodegradable magnesium based
vascular stents including magnesium alloy design, high-precision microtubes
processing, stent shape optimisation and functional coating preparation. In

particular, the Triune Principle in biodegradable magnesium alloy design is
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Cardiovascular disease is one of the leading
causes of death in the world, which takes the lives
of over 10 million people every year.! At present,
the most conventionally-used therapy in clinical
practice is percutaneous coronary intervention,
in which a vascular stent is delivered to the
occluded coronary artery through a guiding
wire to dredge the narrow vessel.>* Accordingly,
the therapeutic effect is closely associated with
stent performance. Traditional vascular stents
are made of inert metal materials, including
stainless steel and cobalt chromium alloy.
Usually, these permanent stents can provide
sufficient mechanical support to the vessels, but
they will remain in the blood vessels for a long
time, affect the vasodilation function, and may
lead to late thrombosis, restenosis and other side
effects.*® In order to overcome the limitations of
traditional metal stents, biodegradable vascular

proposed based on our research experience, which requires three key aspects
to be considered when designing new biodegradable magnesium alloys for
vascular stents application, i.e. biocompatibility and biosafety, mechanical
properties, and biodegradation. This review hopes to inspire the future
studies on the design and development of biodegradable magnesium alloy-

stents were recently proposed, which could
support the lumen for a certain period of time,
and then gradually degrade after positive vascular
remodelling. Consequently, biodegradable stents
have become the development direction of next-
generation vascular stents.

The ideal biodegradable vascular stents should
exhibitthe following characteristics:*!'i) sufficient
mechanical strength and ductility to withstand the
crimping and expansion deformation of stents,
and provide radial support to the diseased vessels;
ii) good biocompatibility and blood compatibility,
without causing inflammation or thrombosis; iii)
moderate degradation rate, which matches the
recovery process of vascular functions; iv) good
compliance, to ensure that the stent be delivered
to the location of a complex lesion; v) incorporate
appropriate drugs to promote endothelialisation
and inhibit the excessive proliferation of smooth
muscle cells; and vi) good visualisation beneficial
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to postoperative follow-up.

Early research on biodegradable vascular stents mainly focused
on polymer materials. Since the first poly(L-lactide) stent was
reported in 1988, a variety of polymer biodegradable stents
have been studied.'” * Among them, Abbott bioresorbable
vascular scaffold stents (Abbott Vascular, Santa Clara, CA,
USA) have attracted most attention. In early clinical trials,
bioresorbable vascular scaffold stents showed good safety and
comparable treatment effect to other drug-eluting stents.'**¢
However, later clinical results revealed that bioabsorbable
polymer scaffolds would increase the incidence rate of late
thrombosis and myocardial infarction over time.!” ' These
adverse results might be attributed to the poor adherence of
polymer scaffolds due to their weak mechanical properties."”
Finally, Abbott bioresorbable vascular scaffold stents were
withdrawn from the market in 2017, which cast a cloud over
the prospect of polymer-based biodegradable stents.?

Since the beginning of the 21* century, biodegradable
magnesium (Mg) alloys have attracted extensive interest
as vascular stents. Compared with polymer materials,
biodegradable Mg alloys exhibit much better mechanical
properties and good biocompatibility, making them promising
candidates for the next generation of vascular stents. This
review will summarise recent progresses of biodegradable
Mg-based stents, and introduce our experience and views in
Shanghai Jiao Tong University (Shanghai, China) regarding the
research and development strategy of Mg-based vascular stents.

The Advantages and Progress of Biodegradable
Magnesium-Based Vascular Stents

Mg-based vascular stents have the following advantages:

i) Good biocompatibility. Mg is an essential nutrient element
in the human body, which participates in many physiological
processes, such as enzyme synthesis, cell energy metabolism, etc.
Mg has an important protective effect on the heart and blood
vessels, having anti-arrhythmia effects, and thus can be used in
the treatment of acute myocardial infarction. Mg deficiency
increases the risk of atherosclerosis, cardiovascular disease,
arrhythmia and myocardial necrosis.?? The recommended daily
Mg intake for adults is 300-420 mg, and the Mg concentration
in serum is 0.7-1.1 mM. The balance of Mg in the body can be
regulated through its absorption and excretion by the intestine
and the kidney.”

ii) Biodegradability. Mg has a low standard equilibrium
potential (-2.37 V) and high chemical activity, and corrodes
easily in aqueous media.?* Therefore, Mg-based stents could
degrade and be completely absorbed in the human body, and
consequently avoid intimal hyperplasia and stenosis caused by
long-term foreign body reaction.

iii) Good biomechanical properties. Compared with polymers,
Mg alloys have better mechanical strength and ductility,
which can provide better radial support for blood vessels,
and benefit to the stent processing and crimping & expansion
deformation.”

Biomaterials Translational

The first study of biodegradable Mg-based stents was reported
in 2003, when an AE21 alloy stent was fabricated and implanted
into the coronary artery of pigs.?® The results showed very low
rates of thrombosis and inflammatory reactions. Although a
slight intimal hyperplasia was observed in the beginning, the
vessels showed obvious positive remodelling afterwards and
the diameter of the lumen increased by about 25%, indicating
the effectiveness and safety of such a Mg-based stent. In
2005, Biotronik AG (Hamburg, Germany) developed the
first-generation absorbable metal stent (AMS) using WE43
alloy.?””?® Clinical studies showed that the stents provided good
immediate support and low elastic shrinkage. However, the
high in vivo degradation rate of AMS stents meant that they
could only provide support for a very short time, which could
not match the time-scale of the vascular remodelling process.”
A distinct loss of the vascular lumen was found in the late stage,
which increased the risk of restenosis.”””* In order to improve
the performance of AMS stents, drug-eluting absorbable metal
scaffolds (DREAMS)-1G and DREAMS-2G were developed
in succession, by optimising the stent structure and alloy
composition of the stents, and adopting the drug-loading
coating.’ ** Compared with the previous biodegradable
Mg alloy stent, the degradation rate of DREAMS-2G was
greatly reduced, as well as the lumen loss rate, which is very
important in controlling the risk of serious adverse events
such as restenosis and thrombosis.** * In addition, DREAMS-
2G exhibited higher radial support and compliance. In 2016,
DREAMS-2G was successfully approved and awarded CE
certification, becoming the first biodegradable Mg-based
vascular stent in clinical application.

By now, Mg-based biodegradable vascular stents have been
widely studied worldwide. A large number of novel Mg alloys
have been developed for vascular stents, including Mg-Zn
alloys and Mg-rare earth (RE) alloys. At the same time, in the
fields of stent processing techniques, degradation behaviour
and functional surface coatings, much related research has also
been carried out, and many breakthroughs have been made.

Challenges of Biodegradable Magnesium-Based
Vascular Stents

Despite the encouraging progress that has been made over the
last two decades, some challenges still remain in the clinical
application of biodegradable Mg-based vascular stents.

i) The rapid degradation rate and local degradation are the
main challenges restricting the wider clinical applications of
Mg-based vascular stents. Excessive degradation could lead to
the rapid decline of mechanical support before the vascular
remodelling is completed, resulting in the occurrence of
restenosis.”’ Meanwhile, fast degradation would generate
a high concentration of Mg ions in the local environment,
which might induce coagulation or an inflammatory response,
and delay the vascular remodelling process. In addition, serious
local degradation of Mg alloy is also a threat which could lead
to quick fracture of the stents.**** Therefore, how to control

1 National Engineering Research Center of Light Alloy Net Forming and Key State Laboratory of Metal Matrix Composites, School of Materials Science and
Engineering, Shanghai Jiao Tong University, Shanghai, China; 2 School of Materials Science and Engineering, Zhengzhou University, Zhengzhou, Henan

Province, China.

Biomater Transl. 2021, 2(3), 236-247

237



Review

the degradation rate and achieve uniform degradation has
become one of the main challenges for the application of Mg-
based vascular stents.

By the way, numerous studies have reported that during
the rapid degradation of Mg bone implants, hydrogen could
accumulation in vivo and affect bone healing.**** However, as
for Mg-based vascular stents, although there are concerns on
the risk of hydrogen releasing, by far no evidence was found.
Particularly, considering the low mass of a Mg vascular stent
(about 10 mg), only about 10 mL hydrogen could be generated
totally during its whole degradation lifetime. The hydrogen
molecules could easily diffuse or dissolve in the flowing blood
and surrounding tissues, and hydrogen gas would unlikely
accumulate in the blood vessel lumen. Therefore, hydrogen
release is not a main concern for Mg-based vascular stents.
In addition, an appropriate amount of hydrogen could benefit
to human health. It was reported that an appropriate amount
of hydrogen could retard the oxidative stress to cells and
relieve inflammation.***! The medical effects of hydrogen are
attracting increasing attentions.

ii) The mechanical properties and processing techniques of
Mg-based stents need to be improved. Firstly, the microtubes
used for stents have very rigorous requirements regarding
the dimensional accuracy, which brings new challenges in the
processing techniques. At the same time, the materials will
experience very large plastic deformations during microtubes
processing as well as during crimping and expansion of
stents.” It is well known that Mg alloys usually have poor
ductility at room temperature due to their intrinsic hexagonal
close-packed crystal structure.” This may lead to microcracks
or even fracture during deformation.

Yuan, G.; et al.

In the present article we will review and summarise recent
progresses in the development of biodegradable Mg-based
stents, including Mg alloys design, microtubes processing,
stent structure optimisation and coating design.

The Triune Principle in Magnesium Alloy
Design for Biodegradable Vascular Stents
According to the clinical requirements for vascular stents,
we should consider three aspects when designing new
biodegradable Mg alloys, which are biocompatibility and
biosafety, properties, and biodegradation.
Biocompatibility is the essential precondition and it requires
us to choose nontoxic alloying elements for the design of new
bio-Mg alloys, while aluminium (Al) and other heavy metallic
elements should be avoided as far as possible. Meanwhile,
the alloys should have the necessary mechanical strength
and plasticity to ensure their service function. The strength
and ductility should be balanced to some extent according to
the specific clinical purpose, for example, an alloy with high
ductility and mid-level strength for vascular stents, while high
strength and mid-level ductility are required for bone implants.
Most importantly, the degradation should be controllable and
uniform, so as to match the vascular remodelling process and
maintain the mechanical integrity of the implant for a certain
time. In particular, uniform degradation is a prerequisite
for controllable degradation, which could be achieved by
regulating the microstructure and introducing a biodegradable
coating. The three aspects mentioned above are correlative,
affecting and restricting each other, and are termed the Triune
Principle in biodegradable Mg alloy design by the present
authors, as shown in Figure 1.

mechanical

Biocompatibility &
Biosafety
Precondition

Strength & Buctility
balance
Basis

Composition &
structure design and
regulation

Degradation
controllability
Clinical Goal

Figure 1. Triune Principle in biodegradable magnesium alloy design.

Based on this Triune Principle, our group in Shanghai Jiao
Tong University, China, has successfully developed a patent
biomedical Mg alloy Mg-Nd-Zn-Zr series (denoted as JDBM
alloy) with good biocompatibility, excellent balanced strength
and toughness, and low corrosion rate with a favourable
uniform degradation mode.”*’ Here we present an overview
of the design strategy and our research experience of the JDBM
alloy, hoping to inspire the design of other biomedical Mg
alloys.

Selection of alloying elements based on biosafety
considerations

Mg alloy stents are used in direct contact with blood vessels.
The degradation products and released ions could therefore
react with surrounding tissues, and their biocompatibility
and metabolism will determine the biosafety of the stents.
Consequently, it is very important to select alloying elements
with good biocompatibility and biosafety, and their amount
should be controlled within certain limits.

www.biomat-trans.com



R&D strategy for biodegradable Mg-based stents

Table 1 summarises the toxicity and biosafety of several
common alloying elements in Mg alloys. Al is the most
commonly-used alloying element in industrial Mg alloys, which
can improve the mechanical strength by solution strengthening
and precipitation strengthening.’**> However, it has potential
neurotoxicity and could cause Alzheimer’s disease, so it is not
suitable for biomedical Mg alloys. Calcium (Ca),**** Zn,** %
manganese (Mn),*%° strontium (Sr)®"*? and silicon (Si)®° are
essential elements or trace elements in the human body, which
participate in various physiological activities and have good

Biomaterials Translational

biocompatibility. Zirconium (Zr) oxides are commonly used
in clinical tooth and joint replacement materials, and are non-
toxic and non-irritant to the human body.®® ¢ The toxicity
of RE elements seems to be related to their ionic radii.®®”°
Feyerabend et al.®® studied the short-term cytotoxicity of RE
elements, and found that gadolinium (Gd), neodymium (Nd),
dysprosium (Dy), and europium (Eu) had low cytotoxicity and
could be chosen as the alloying elements for biodegradable
Mg alloys, while lanthanum (La) and cerium (Ce) had high
cytotoxicity and should be used cautiously.

Table 1. A brief summary of the biological function of alloying elements in magnesium alloys.

Alloying Element Chemical symbol Biocompatibility

Reference

Calcium Ca

The essential element and the most abundant cation in the human body.

53-55

Ca mainly exists in bones and teeth, and is regulated and metabolised
through the kidney and intestine.

Zinc Zn

Zn is a trace element with a concentration of 12.4-17.4 uM in serum. Zn
plays an important role in the immune system, bone and cartilage, and
participates in the metabolism of nucleic acids and energy. Excessive Zn
is neurotoxic and could lead to hypertension, coronary heart disease and
other diseases.

56, 57

Aluminium Al The normal concentration of Al in human serum is 2.1-4.8 g/L. Alhas ~ 50-52

potential neurotoxicity and could trigger Alzheimer’s disease.

Manganese Mn

Mn is one of the essential trace elements in the human body, and

58-60

participates in the synthesis and metabolism of lipids, amino acids and

sugars, while also playing an important role in the immune system, bone
growth, coagulation function and neurotransmission. Excessive Mn

content is neurotoxic, leading to manganese poisoning, body disorders,
Parkinson’s disease and myocardial infarction.

Strontium Sr

Sris a trace element in the human body that is mainly present in bone

61,62

and teeth. Sr promotes bone formation, inhibits bone resorption, and

improves bone strength and density.

Rare earth NA

Y, Gd, Nd, Dy and Eu show low cytotoxicity, while La and Ce inhibit cell

68-70

activity. The mechanism of their toxicity remains to be studied.

Zirconium Zr

No toxicity or carcinogenicity. Zr is a commonly-used dental and joint

66, 67

replacement material in the clinic.

Silicon Si

Si is the third most abundant trace element in the human body, and is

63-65

present in bone, skin, blood vessels and other tissues. Lack of Si affects

the synthesis of glycosaminoglycans and collagen, leading to disorders
including bone deformity and tooth dysplasia.

Note: Ce: cerium; Dy: dysprosium; Eu: europium; Gd: gadolinium; La: lanthanum; NA: not applicable; Nd: neodymium; Y: yttrium.

Alloy strengthening and toughening design based on
materials calculation and microstructure regulation
Due to the processing characteristics and working environment
of vascular stents, stent design faces some conflicting demands.
On the one hand the stents should have enough radial support
force to support the vessel lumen; on the other hand they
should have good deformation capacity for processing and
stent expansion.” '' Therefore, achieving a balance between
strengthening and toughening should be a major consideration
when designing Mg alloys for vascular stents.

Alloy design based on material calculation and simulation methods
With developments in computer science and material
simulation methods in recent years, first-principles calculation
and molecular dynamics simulation have been widely used in
materials research, to reveal the mechanisms and predict the
properties theoretically. Hereby we used the first-principles
calculation method to investigate the effects of several
chosen alloy elements on the dislocation slip and deformation

Biomater Transl. 2021, 2(3), 236-247

tendency, aiming to identify suitable elements for the design of
biodegradable Mg alloys with balanced strength and toughness.
First, the appropriate addition of RE elements with clinically-
acceptable low toxicity or non-toxicity could greatly improve
the mechanical properties and corrosion resistance of Mg
alloys.*®7"72 Using the first-principles calculation method, we
found that the alloying of Nd in Mg could reduce the stacking
fault energy of the basal planes, and exert a pinning effect on the
base slip, thus resulting in strengthening of the alloy (Figure
2). At the same time, when the Nd concentration exceeded the
solid solubility limit in Mg, the nanoscale Mg, ,Nd second phase
would precipitate with an inertial plane perpendicular to the
basal planes of the Mg matrix. Compared with other second
phases with an inertial plane parallel to the basal planes such as
Mg Al , this orientation relationship could more effectively
hinder the motion of dislocations on the basal plane {0001},
and contribute to a better strengthening effect. Therefore, Nd
was selected as the main alloying element in JDBM alloy from
the aspect of the strengthening effect.
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Figure 2. GSFE data show that the alloying element Nd plays essentials roles in basal (A) and non-basal (B) <a> slips.
GSFE: generalized stacking fault energy; Nd: neodymium; NEB: nudged elastic band.

Furthermore, Zn and Zr were employed as low alloying
elements. Zn is an essential nutrient element in the human
body. The result of first-principles calculation (Figure 2)
showed that micro-alloying of Zn in the Mg matrix increased
the steady stacking fault energy, and improved the plastic
deformation capacity by effectively activating the non-basal
slip at room temperature. The experimental data verified the
calculated prediction. Figure 3 shows the fracture surface
of tensile samples of Mg-Nd-Zr ternary alloy and Mg-Nd-

Zr-0.2Zn quaternary alloy.”* Only parallel slip lines could
be found on the surface of the ternary alloy without micro-
alloying of Zn, while many wave slop lines besides the parallel
slip lines were observed on the surface of the quaternary
alloy containing 0.2wt% Zn, indicating the activation of cross
slip by micro-alloying Zn in the Mg matrix. Zr significantly
refined the grains, and improved the toughness of the Mg
alloy. The biocompatibility of the Zr element was also
confirmed.

Figure 3. Fracture surface morphology of tensile samples of (A) Mg-Nd-Zr and (B) Mg-Nd-Zr-0.2Zn. Parallel slip lines
show the basal slip, while wave slip lines indicate the non-basal slip. Scale bars: 20 pm. Reprinted from Fu et al.”* Copy-

right with Trans Tech Publications, Ltd.

Based on the above data, the alloying elements of the novel
designed biodegradable Mg alloy were finally determined to
be Nd, Zn and Zr. Considering the alloy design principle of
maximising alloying efficiency and minimising the amounts
of alloying elements, the alloying contents of Nd, Zn and Zr
were 2.0-2.8 wt.%, 0.2 wt.%, and 0.3-0.5 wt.%, respectively.
Meanwhile, the total amount of impurity elements such as Fe,
Cu, Ni should be strictly limited within 0.03 wt.%, otherwise
the biodegradation would deteriorate due to the big difference
in electrochemical potential between these elements and Mg
matrix.”

Microstructure regulation by optimising the processing
technique

The properties of as-cast Mg alloys are unstable due to inevitable
defects such as porosity and composition segregation. In order
to obtain high-quality biomedical Mg alloys, it is very important
to adopt appropriate plastic deformation processing, which
basically eliminates the porosity and other structural defects.
The alloy microstructure can also be refined, and the second
phases redistributed, which is conducive to further improving
the mechanical properties and reducing the degradation rate of

Mg alloys. Therefore, the JDBM alloy was further processed
by hot extrusion.

The effects of different extrusion temperatures on the room-
temperature mechanical properties of JDBM alloy were
studied.” After solution treatment with the as-cast ingot, the
microstructure of the alloy was coarse with an average grain
size of 45 pm, and the second phase was almost dissolved
into the matrix. After extrusion, the microstructure was
obviously refined due to the fully-dynamic recrystallisation,
and fine particles of the second phase Mg Nd were found
precipitating at the grain boundary and within the grain.
It is notable that the grain size became more refined as the
extrusion temperature decreased. When extruded at 250°C, the
average grain size was 4-6 pm, but when extruded at 350°C,
the average grain size increased to 8—10 pm. After extrusion,
the mechanical properties were obviously improved. With
decreasing extrusion temperature, the yield strength increased
obviously, and the elongation also slightly increased, which
could be attributed to the refinement strengthening effect. The
lower extrusion temperature could also contribute to a lower
degradation rate.

www.biomat-trans.com
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In order to obtain a fine microstructure, the severe plastic
deformation technique is an effective method, which could
also weaken the texture of the Mg alloy. Zhang et al.”* further
processed the JDBM alloy by cyclic extrusion and compression.
After eight passes of reciprocating extrusion and compression,
the grain size was reduced to only 1 um. Accordingly, the
yield strength was improved by 71% and tensile elongation
by 154%, and the corrosion rate was also reduced by about
20%. Wu et al.”® also reported that the mechanical properties
and corrosion resistance of a Mg-Zn-Y-Nd alloy were greatly
enhanced, and uniform corrosion was realised due to the
grain refinement and the homogeneous distribution of nano-
sized second phases. It is believed that grain refinement to a
certain extent blocks the charge transfer in the electrochemical
process of corrosion, thus improving the corrosion resistance
of Mg alloys.” Zhang et al.”* suggested that refinement of the
microstructure could make the distribution of the second
phase and the composition uniform, which was helpful in
slowing down the galvanic corrosion of Mg alloy. As for the
JDBM alloy, the small difference in the electrode potential
between the Mg matrix and the Mg, ,Nd phase also contributes
to the uniform corrosion mode.* Consequently, appropriate
deformation processing could not only improve the strength
and ductility of an Mg alloy by refining the microstructure, but
will also have a significant effect on the degradation behaviour.

Controlling biodegradation behaviours through potential
regulation of the second phases
Usually, the degradation of Mg alloys is accompanied by

Biomaterials Translational

localized corrosion, resulting in rapid loss of mechanical
properties or even local fracture of Mg alloy stents.** ** The
question of how to achieve uniform degradation is critical for
Mg alloy stent application.

It is generally believed that galvanic corrosion between the
second phase and Mg matrix is the main cause of localized
corrosion. According to the principles of the electrochemistry
of corrosion,” galvanic corrosion is related to the potential
difference between the second phase and the matrix, as well
as the area ratio of second phase to matrix. A smaller potential
difference and dispersion-distributed second phase could
contribute to a favourable uniform degradation mode.

Based on this theory, when designing the JDBM alloy we
introduced an Mg, Nd phase, aiming to control the degradation
behaviour. Compared with other intermetallic compounds
such as Mg Al ,, the difference in electrode potential between
the Mg matrix and Mg ,Nd is much smaller (~25 mV),”® and
the galvanic corrosion as well as its adverse effect on localized
corrosion could thus be retarded. Mao et al.** studied the
degradation process of JDBM, WE43 and AZ31 alloys in
artificial plasma. They found that the corrosion rate of JDBM
was the lowest. The corrosion morphology showed that the
surface of JDBM is very uniform (Figure 4A and B), while
serious localized corrosion was observed on the surfaces of
both WE43 and AZ31 (Figure 4C-F). It is noted that the RE-
bearing second phase possesses the closest potential to that of
pure Mg.”? This is one of the main reasons why corrosion-
resistant Mg alloys usually contain RE elements.

Uniform nanophasic
degradation

Macropitted nanophasic
degradation

Macropitted rapid
degradation

Figure 4. Surface morphology and schematic diagram of the degradation of JDBM (A, B), WE43 (C, D) and AZ31 (E,
F) alloys. The surface of JDBM sample is uniformly distributed with nano-sized corrosion pits, while WE43 and AZ31

alloys show excessive localized corrosion with macroscopic pitting or delamination. Scale bars: 20 pm. JDBM: Mg-Nd-
Zn-Zr alloy. Reprinted with permission from Mao et al.* Copyright 2013 American Chemical Society.

High-Precision Microtubes Processing for
Magnesium-Based Stents

Thin-wall microtubes are essential for vascular stent processing,
which is directly related to the performance of stents.
According to the clinical requirements of the vascular stents,
the microtubes should have certain mechanical properties, as
well as a super-precise size with an outer diameter of 2.5-4.0
mm and a wall thickness of 0.1-0.2 mm.” * However, due to
the hexagonal close-packed crystal structure of Mg alloy, the

Biomater Transl. 2021, 2(3), 236-247

plasticity is usually poor, which makes the tube processing
with large deformation very challenging. The problem of
how to prepare Mg alloy tubes with highly-precise size, stable
process and excellent properties is critical for Mg-based stent
applications.

Due to the poor plasticity of Mg alloys and high accuracy
requirement of the tubes, it is practically impossible to
produce such tubes through a single deformation process. The
general preparation process of Mg alloy microtubes includes
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hot extrusion, rolling and drawing. Hot extrusion is the first
step, during which the tube billets are produced from an alloy
ingot. At high temperature, the cylinder slip and cone slip of
Mg alloy are easily activated, which favours large deformation.
The grain size of the Mg alloy can be obviously refined due
to dynamic recrystallisation, and its strength and ductility can
be improved.*! The microstructure and mechanical properties
of extruded tube billets are strongly affected by extrusion
parameters, including extrusion temperature, extrusion ratio,
extrusion speed, mould design, lubricant, and homogenisation
heat pre-treatment.

For the second step, cold rolling with small deformation will be
adopted for the tube billets, to achieve better inner and outer
wall quality and highly-precise dimensions of circularity. The
parameters that affect the properties of rolled tubes include
rolling deformation rate, annealing temperature, and rolling
rate, etc. Drawing is usually the final step, which can sharply
reduce the diameter and wall thickness of the tubes, and
realise the target size by drawing the rolled tubes for a series
of certain passes.®* The deformation of each pass should
be controlled at 5-10%, and at certain passes the annealing
treatment should be added to relieve the residual stress. On
this basis, appropriately increasing the deformation of each
pass can reduce the pass number, which is conducive to the
simplification of the preparation process and the improvement
of preparation efficiency. The main parameters affecting the
properties of drawn tubes include drawing amount, lubricant,

Yuan, G, et al.

annealing temperature, and drawing rate.

In previous work by our group,® JDBM tubes with dimensions
of ¥8.0 mm x 0.5 mm wall thickness were first prepared by
hot extrusion, and the final tubes of @3.0 mm x 0.18 mm wall
thickness were prepared by a subsequent multi-pass rolling
and drawing process. The yield strength, tensile strength and
elongation of the final microtubes were 123 MPa, 199 MPa
and 26%, respectively, which basically met the requirements
of vascular stents. However, this preparation process is very
sophisticated and time-consuming, which is not conducive
to the final quality and performance stability of the tubes.
With the aim of optimising the tube preparation process, the
hot deformation behaviour of the JDBM alloy was studied by
a Gleeble isothermal hot compression experiment, and the
steady flow stress constitutive equation was established to
provide the theoretical basis for extrusion parameter settings.
Based on this, the extruded tubes, with a high elongation of
48.8% at room temperature, were prepared, as shown in
Figure 5.8' After a multi-pass rolling and drawing process, the
final microtubes were prepared with dimensions of @ 3.0 mm
x 0.16 mm (i.e. outer diameter of 3.0 mm and wall thickness of
0.16 mm) and @ 2.4 mm x 0.16 mm. The tensile strength was
195 MPa and 180 MPa, and the elongation was 23% and 27.5%,
respectively. Compared with the previous process, the pass
number was greatly reduced and the stability of the process
significantly improved. The corrosion rate in Hank’s solution
was 0.26-0.29 mm/year.

Figure 5. (A) Photographs of as-extruded bar, hollow billets and as-extruded microtubes. (B, C) Optical microstructure
of as-extruded bar (B) and microtubes (C) of JDBM alloy. The average grain size of as-extruded bar is 14 pm, while
that of as-extruded microtubes is about 2 um. Scale bars: 10 um. JDBM: Mg-Nd-Zn-Zr alloy. Reprinted from Lu et al.*!

Copyright 2019, with permission from Elsevier.

Shape Optimisation of Biodegradable
Magnesium Alloy Stents

The shape optimisation of biodegradable Mg-based stents can
not only improve the biomechanical properties of the stents,
but also reduce the stress concentration during the crimping
and expansion process, so as to avoid localized stress corrosion.
Consequently, it is very necessary to optimise the structural
design of the Mg-based stents.

Computer numerical simulation, including the finite element
method, has become an indispensable and comprehensive
research tool for vascular stent research,® which has been
successfully applied to the shape optimisation design of
permanent stents to improve their mechanical properties.®” 8

In addition, based on the mechanism of uniform degradation
and stress corrosion degradation, the finite element method
can also be used to simulate the degradation process of Mg
alloy stents. ¥ Shape optimisation can produce an even
stress distribution on the surface of the stents, so as to weaken
the stress corrosion effect, and consequently slow down the
localized corrosion.

Several studies have successfully applied shape optimisation
technology to the structural design of biodegradable Mg-based
stents. Based on the idea of reducing the maximum principal
stress during stent expansion deformation to reduce the effect
of stress corrosion degradation, Wu et al.** *° carried out
structural optimisation design for Mg-based vascular stents.
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The results showed that shape optimisation greatly reduced
the effect of stress corrosion degradation. However, due to the
pitting corrosion characteristics of the AZ31 Mg alloy, fracture
still occurred during in vitro immersion corrosion testing.*
Grogan et al.*® studied the effect of pitting corrosion and
localized stress corrosion on the mechanical integrity of Mg
alloy using the finite element method, and found that pitting
degradation seriously damaged the mechanical properties and
greatly shortened the effective support time of Mg-based stents.
Based on this, the traditional sine wave structure of stents
was optimised,” by investigating the expansion, springback,
corrosion degradation and collapse processes.

However, the crimping process has never been considered in
the existing stent shape optimisation research, although large
plastic deformation is introduced in the stents during the
crimping process. In our work, the structural optimisation of
biodegradable Mg-based stents was creatively incorporated
with the crimping deformation process.”
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By introducing a convex platform structure, the strut could be
arranged in a parallel and compact manner in the crimped state,
thus achieving the best match to the biological properties of
Mg alloy stents. Through the new shape optimisation strategy,
the residual stress distribution in the deformation process was
significantly dispersed, and the deformation behaviour of the
stent was effectively controlled. Compared with the sine-wave
stent, the shape-optimised stent significantly weakened the
“dog bone” effect (22.1% vs. 28.3%) and axial shortening (0.6%
vs. 2.7%), and the radial support strength was improved (96.7
kPa vs. 88.8 kPa). Moreover, the high residual stress area was
much smaller than that of the sine wave stent (0.68% vs. 4.12%)
(Figure 6).” After stent shape optimisation, the residual stress
distribution of the stent is uniform and an excessive local stress
concentration is effectively avoided, which could contribute to
the uniform in vivo degradation of the Mg alloy stent and avoid
the localized corrosion degradation caused by a local residual
stress concentration.

Figure 6. Simulated of the maximum principal stress distribution during expansion process and the experimental vali-
dation for SIN stent (A, B) and OPT stent (C, D). During the expansion process, the “dog bone effect” of SIN stent lasts
longer than OPT stent, and is more likely to cause local stress concentration. At 3 atm (1 atm = 101.325 kPa) of the
balloon pressure, the maximum principal stress of SIN stent is 308.1 MPa, which is 15.7% higher than that of OPT stent.
The finite element simulated result is consistent with the experimental observation. Scale bars: 1 mm. OPT: optimized;
SIN: sine-wave. Reprinted from Chen et al.”> Copyright 2019, with permission from Elsevier.

Furthermore, because the shape-optimised stent has less of a
“dog bone” effect and the stent deformation is more uniform
during balloon dilatation, the shear stress on the vascular wall
will be lower. The axial shortening of the shape-optimised
stent is also lower than that of the sine-wave stent, and also has
lower shear stress on the axial direction of the vascular wall.
Therefore, the shape-optimised JDBM stents would cause less
injure to the vascular wall, and reduce the high-stress area on
the vascular wall compared to the sine-wave stent (5.25% vs.
22.75%), which is conducive to the rapid endothelialisation
and the positive remodelling of the artery.

Biomater Transl. 2021, 2(3), 236-247

Functional Coatings on Magnesium-Based
Stents

The appropriate coating on Mg alloy stents not only regulates
the degradation rate, but also improves the biocompatibility.
Moreover, local drug delivery could be realised by building a
drug-delivery system into the coating, which could inhibit the
proliferation of smooth muscle cells and avoid restenosis. At
present, there are numerous reports on the surface coating of
vascular stents. Here we will mainly introduce the recent work
by our group at Shanghai Jiao Tong University.
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Apoly(D,L-lacticacid) (PDLLA) coating loaded with rapamycin
(RAPA) was first adopted on JDBM stents using a rotary
atomisation spraying technique.” The results showed that the
PDLLA/RAPA coating has good adhesion to the substrate, and
no cracking or peeling occurred during the expansion process,
indicating the excellent binding force of the coating system.
When the PDLLA/RAPA drug-eluting stents were implanted
into pig coronary arteries, they showed good biocompatibility
and safety, and the effect of inhibiting intimal hyperplasia was
not inferior to Firebird 2 stents (MicroPort, Shanghai, China).
Compared with uncoated JDBM stents, the degradation rate
of the coated stents was lower, and the radial support force
could be maintained for a longer time. However, by 3 months
post-operation, most of the stent struts had broken and the

Yuan, G.; et al.

radial support force significantly decreased, resulting in a sharp
decrease in luminal area. To overcome this, we modified the
coating by replacing PDLLA with poly(lactic-co-glycolic acid),
and the ideal drug release period was obtained by adjusting
the composition, molecular weight, drug-loading amount and
thickness of the poly(lactic-co-glycolic acid) coating.” Animal
experiments showed that the poly(lactic-co-glycolic acid)/
RAPA-coated JDBM stents had a good anti-intimal hyperplasia
effect. At three months post operation, the iliac artery lumen
remained unobstructed. The edge of the stent could be clearly
observed under optical coherence tomography examination,
indicating that the stents maintained high structural integrity

and provided effective support for the vascular wall (Figure
7)‘92

Figure 7. Quantitative coronary angiography and OCT result at 3 months post-operation. (A, B) Angiography shows
the location of the stent. B is the enlargement of the box in A. (C) The lumen diameter along the iliac artery. The hor-
izontal axis is the distance along the iliac artery, and vertical axis is the lumen diameter. (D-F) The OCT images. OCT:
optical coherence tomography; D: distal; P: proximal. Reprinted from Chen et al.”* Copyright 2019, with permission

from Elsevier.

Conclusion and Future Directions

Despite the advantages of Mg alloys as biodegradable vascular
stents, there have still been few significant breakthroughs
in the clinical transformation of biodegradable Mg-based
stents for nearly 20 years development. The research
and development of biodegradable Mg-based stents is a
multidisciplinary project, including Mg alloy design, high-
precision micro-tubes processing, stent shape optimisation
and functional coating preparation. The main challenges lie in
the excessive degradation and the preparation and processing
techniques of microtubes for stents, and there is still much
work to do in future. 1) Mg alloys with uniform degradation
and good mechanical properties is the foundation to develop
excellent biodegradable Mg-based stents. Considering the
big gap between commercial alloys and clinical application,
novel Mg alloys design strategy should be build. 2) Thin-wall
microtubes for stent processing is directly associated with
the performance of stents. Due to the instinct poor ductility
of Mg alloys, how to prepare Mg alloy tubes with highly-
precise size and excellent properties is still a critical challenge.

3) Stent shape optimisation specialised for Mg-based stents is
necessary, with consideration of the localized stress corrosion
and biomechanical properties.
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