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Abstract

Biodegradable magnesium (Mg) alloy stents are the most promising next generation of bio-
absorbable stents. In this article, we summarized the progresses on the in vitro studies, animal
testing and clinical trials of biodegradable Mg alloy stents in the past decades. These exciting
findings led us to propose the importance of the concept “bio-adaption” between the Mg alloy
stent and the local tissue microenvironment after implantation. The healing responses of stented
blood vessel can be generally described in three overlapping phases: inflammation, granulation
and remodeling. The ideal bio-adaption of the Mg alloy stent, once implanted into the blood
vessel, needs to be a reasonable function of the time and the space/dimension. First, a very slow
degeneration of mechanical support is expected in the initial four months in order to provide
sufficient mechanical support to the injured vessels. Although it is still arguable whether full
mechanical support in stented lesions is mandatory during the first four months after implantation,
it would certainly be a safety design parameter and a benchmark for regulatory evaluations based
on the fact that there is insufficient human /n vivo data available, especially the vessel wall
mechanical properties during the healing/remodeling phase. Second, once the Mg alloy stent being
degraded, the void space will be filled by the regenerated blood vessel tissues. The degradation of
the Mg alloy stent should be 100% completed with no residues, and the degradation products (e.g.,
ions and hydrogen) will be helpful for the tissue reconstruction of the blood vessel. Toward this
target, some future research perspectives are also discussed.
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1. Introduction

In the past decade, the evolution of biodegradable stents has become one of the biggest
topics of discussion in health care. For years, stents have been implanted in the body
permanently by a metal or plastic material used to facilitate with problem areas in the
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arteries. Due to relocking or a process of a permanent stent becoming inactive, there is a
high chance that the patient is not receiving the proper care needed for the area of their body
that is in need of a stent. Scientists have also found that biodegradable metallic material for
stents may be more beneficial in the body than permanent metal due to a problem causing
agent called late stent thrombosis. Mg-based biodegradable material has the key advantage
to reduce or even eliminate the late restenosisl!]. Besides, Mg has attracted most attention
because of its role in many important biological functions and its biocompatibility[tl. Mg-
based stents are tailored to benefit the body and allow cell proliferation. The main problem
of Mg for stent application is its rather rapid biodegradation, which occurs in the form of
corrosion. This rapid corrosion could lead to loss of mechanical integrity and release of high
concentration of degradation products. The first biodegradable magnesium alloy stent was
created by Biotronik, which was made from WE43[2], The stent demonstrated good
biocompatibility and clinical trial has shown very promising results3l. However, no matter it
is bare Mg-based stent or drug-coated Mg-based stent material both of them showed
obviously late lumen size losst4l, which is most likely caused by the maladaptation between
the stent material and vascular tissues. In this review, the bio-adaptation of the host to the
Mg alloy stent material is discussed.

2. Progress on Mg-Based Stents

2.1. In vitro studies

In vitro studies provide preliminary knowledge about the mechanical properties, corrosion
resistance, and biocompatibility of Mg-based alloys. The mechanical properties and
corrosion resistance of different Mg-based alloy systems were summarized in a previous
reviewl®]. Here, we focus on the research progress on biocompatibility of Mg-based alloys.
The in vitro biocompatibility and hemocompatibility of Mg alloys used in stent application
are summarized in Table 1.

Due to improvement in corrosion resistance and mechanical strength by adding rare earth
element (REE)[12], especially radial strengthl13.14], Mg-REE alloy series are widely explored
in cardiovascular stent application. Recently, newly developed Mg-Y-Zn alloys, ZW21 and
Wz21, with very fine grains (<10 pm) and high ductility (17%-20% uniform elongation),
have been demonstrated as promising candidates for stent applicationt®®l. /n vitro
biocompatibility tests showed that both WZ21 and ZW?21 had concentration-dependent
viability and metabolic activities. At low concentration, no significant differences were
observed between the extracts of alloy groups and medium control group. However, at high
concentration, compared to other alloys, such as WE43, WZ21 and ZW?21 had a higher
cytotoxicity[16].

Another series of Mg alloys investigated in cardiovascular stent application are Mg-Li-
(AD—(REE). In one study, the biocompatibility of Mg3.5Li, Mg8.5Li1Al,
Mg3.5Li4AI2REE, Mg8.5Li, Mg3.5Li2AI2REE, and Mg8.5Li2AI2REE was explored.
Except for Mg8.5Li2AI2REE, all other alloys showed good cell viability and hemolysis
ratio. Interestingly, although Mg8.5Li2AI2REE exhibited poor biocompatibility and had
high hemolysis ratio, the least adhered platelet was observed!(8l.
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The biocompatibility of a series of Mg—Y-REE alloys was also studied by indirect method.
The addictive of Y and REE showed strong inhibition of smooth muscle cell (SMC)
proliferation but moderate reduction of SMC viability. In contrast, endothelial cells (EC)
were viable and showed proliferation. Addition of zinc and manganese had negative effects
on viability and proliferation of both EC and SMCI17]. WE42, composed of 4% Y, 2% REE,
and 0.5% Zr, showed a longer clotting time and higher hemolysis ratio, compared to 316 L
stainless steel and surface-treated WE42. The anti-coagulant property of WE42 relies on the
binding of Mg2* to extracellular Ca%*, thus delaying platelet aggregation[18l.

Some surface treatments were also explored to enhance the corrosion and biocompatibility
property of Mg stent materials. Results showed that hydrofluoric acid (HF) treated Mg—Nd-
Zn—Zr alloy had no significant difference in EC viability, compared with untreated Mg—Nd-
Zn—Zr alloy, while HF-treated alloy showed better hemocompatibility, with lower hemolysis
ratio and smaller adhered platelet numberl7].

A double-layer coating system, composed of microarc oxidation/poly-L-lactic acid (MAO/
PLLA) composite coating and paclitaxel (PTX) release controlling PLGA coating, was
deposited on AZ81 to control the biocorrosion, drug release behavior and
hemocompatibility. The drug release rate exhibited a nearly linear release profile without
significant burst release, and MAO/PLLA and PLGA50/50(8% PTX) showed less adhered
platelets, compared to 316 L stainless steel, indicating the double-layer-coated AZ81 has the
potential for drug-eluting stent application(19],

A series of Mg—Ca alloys with various Ca contents, ranging from 0.4% to 2%, showed signs
of decomposition after 24 h incubation, compared to HF-treated alloys. After day 10,
colonization of alloy surface was only observed for SMC, not for ECI8]. This study showed
that HF-treated Mg—Ca alloys exhibited good mechanical properties and degradation
kinetics. However, the biocompatibility of HF-treated and untreated Mg—Ca alloys was not
acceptable. The roles Ca plays in bone healing and formation indicated that Mg—Ca alloy
might be more suitable for bone implants than cardiovascular stent applicationl®l.

Both EC and SMC are involved in vascular regeneration and remodeling. Most of the current
in vitro test methods do not consider the interaction between EC and SMC. Co-culture
systems of EC and SMC can mimic real /7 vivo scenario more closely and provide more
convincing biocompatibility data for Mg alloys; therefore, different co-culture systems
might be a better choice for /n vitro analysis.

2.2. Animal studies

Because of important roles of REEs in mechanical strength and corrosion resistance of Mg
alloys, alloys used in animal studies are mostly composed of REE and other alloying
elements. And the most widely used alloy is WE43 (Y 3.7%-4.3%, Zr 0.4%, REE 2.4%—
4.4%). Besides WE43, AE21, Mg-Y-Zn series, MgCa, and AZ31B have also been
investigated for stent applications. The detailed comparisons of animal tests on Mg alloys,
such as inflammation score, injury score, and neointimal area, are summarized in Table 2.
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AE21 (2%Al, 1% REE) is the first Mg alloy used in stent application. Implanted in carotid
artery of domestic pigs, AE21 showed positive results during remodeling phase; however,
due to early neointima formation, the lumen diameter was still narrow, compared to the
reference. And the inflammation was closely related to the extent of injuryl2].

Lekton Magic stent, made of WE43, was implanted into the coronary artery of minipigs.
Four weeks later, the Mg group showed a higher minimum luminal diameter (MLD),
compared to 316 L stainless steel stent, indicating that less neointima was formed for Mg
group. After 2 months, MLD in control group almost remained unchanged, while Mg group
had an increased MLD from week 4 to week 12, suggesting a positive remodeling[22],
Similarly, another study on Lekton Magic stent was conducted in both minipigs and
domestic pigs. Mg stent started to show signs of degradation at day 28. And at day 28 and 3
months, neointimal formation was significantly less in Mg stent group, compared to 316 L
stainless steel stent. No significant differences in injury and inflammation were observed in
both groups. Therefore, the less neointima formation in Mg group was probably due to the
disappearance of mechanical irritation during degradation[24].

Absorbable metal stent (AMS), another WE43 stent, showed larger luminal diameter and
less neointimal formation after implantation into coronary arteries of Gottingen minipigs at
both day 28 and day 56, compared to 316 L stainless steel. From day 28 to day 56,
histological analysis revealed no significant differences in the number of macrophages and
Ki-67 positive cells, while for 316 L stainless steel stent, at early time, a significant higher
number of proliferating cells was observed. The less neointimal formation and larger MLD
suggested the advantages of AMS stent over 316 L stainless steel stent[17]. Slottow et al.
explored the biodegradation of AMS stent in porcine coronary arteries. From 28 days to 3
months, both minimal lumen diameter and maximum lumen diameter were enlarged. In
addition, lumen loss and percentage of intimal hyperplasia were also reduced from 28 days
to 3 months. These observations indicate that a positive remodeling occurred from day 28 to
3 months. However, as shown in Fig. 1, at day 28, stent showed sign of degradation, and at
day 52 and day 90 the mechanical integrity might not be stably maintained(23].

Mg-Y-Zn alloys with different Y and Zn contents were implanted into four different tissues
(liver, lesser omentum, rectus abdominis muscle and subcutaneous tissue) of Gottingen
minipigs with different extents of vascularization. After 27 days, different amounts of
hydrogen gas formation were observed in all tissues. After 91 days, fibrous capsules,
containing some granulocytes, were observed. And in most fibrous capsules, vascularization
(granulation) was observed, which implied good compatibility and signs of excellent wound
healing[16].

Drynda et al. evaluated the feasibility of HF-treated Mg—Ca alloy series for stent application
in a subcutaneous mouse model. The Ca content ranged from 0 to 1.0% and WE43 was used
as control. After 3 months, fluoride coated pure Mg showed the largest reduction in implant
area, while fluoride coated WE43 showed the least reduction in area, indicating various
degradation rates. Macrophages were recognized in the implant capsule and surrounding
tissues. Fibrous capsule formation was almost the same for all alloys at 6 months. Besides
Mg-1.0%Ca with a less pronounced capsule formation, other alloys remained equal in
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capsule formation at 3 months. Results indicated that Mg—Ca alloys had higher corrosion
rates compared to WE43 and fluoride coating was a suitable way to reduce corrosion rate.
However, no significant differences were observed in inflammation and capsule
formation[26],

An AZ31B stent, coated by poly(lactic acid-co-trimethylene carbonate) (P(LA-TMC)) and
loaded with sirolimus, was evaluated in a white rabbit aorta model. After 30 days, most of
the stent remained intact, and at day 60 some struts were partially corroded, showing sign of
degradation. One hundred twenty days later, most struts were completely degraded.
Neointima formation and inflammatory cell infiltration were observed in all groups.
However, sirolimus eluting stent had a significantly smaller neointimal area and greater
lumen area compared to bare stent. A delayed endothelialization was also observed in
sirolimus-eluting stent. No significant differences in inflammation and injury scores were
observed in all groups[23]. This study indicated that the beneficial role sirolimus played in
inhibiting neointimal formation seemed not to cause inflammation.

2.3. Clinical trials

To date, WE43 might be the only Mg alloy used for stent application in clinical trials. The
AMS and Magic stent, all made of WE43, are two most frequently investigated stents in
clinical trials. Several trials have been explored, not only in coronary artery diseases, but
also in ischemia in limb or heart and other diseases (Table 3).

An AMS was implanted into the left pulmonary artery of a preterm baby to treat the
inadvertent ligation. At second day after the implantation, serum Mg?* reached maximum
level at 1.7 mmol/L and decreased to normal levels within 48 h. On day 7, reperfusion of left
lung was as complete as the degeneration of the affected vascular system allowed. After 33
days, the circumferential integrity of the stent was resolved and cardiac catheterization was
repeated. At 5-month follow-up, the stent was completely degraded and the left lung
perfusion persisted. A slight difference in size between left and right pulmonary artery was
observed[2®], AMS was also used to treat critical recoarctation of aorta in a newborn.
Similarly, the circumferential integrity of AMS was resolved and recatheterization was
performed. A reduced diameter of aorta was observed and vessel shape was comparable as
before. Then a second Mg stent, with a diameter of 4 mm and length of 15 mm, was
implanted. After 3 months, ventricular septal defect closure was performed because of
excess left to right shunting[3%l. Reduction of lumen was observed in both studies and a
repeated catheterization was required due to the degradation of AMS. In the second study,
even a second Mg stent was needed. However, for newborns, the advantage of AMS over
other stents is that it can adapt to the growth of the young patients.

AMS-INSIGHT clinical trial was carried out to treat below-the-knee critical limb ischemia
and the control subjects were treated with percutaneous transluminal angioplasty (PTA). The
safety endpoint was defined as the absence of major amputation and/or death within 30 days.
The complication rates in both groups had no significant difference (5.0% vs 5.3%). The
efficacy endpoint was defined as the 6-month angiographic patency rate and the control
group had a significantly higher angiographic patency rate at 6-month, analyzed by two
different methods. The MLD at 6-month was AMS 0.9 £ 0.7 mm vs PTA 1.4 + 0.7 mm.
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These results indicated that in long-term patency, AMS did not have efficacy over traditional
PTA treatment[28]. Another clinical trial also used AMS as treatment for critical limb
ischemia. After 3 months, the primary clinical patency was 89.5%. Thirteen patients had
normal blood flow, 4 patients had partial stenosis and 1 patient had no blood flow(27],
Unlikely the clinical trial mentioned above, this clinical trial demonstrated the promising
performance of AMS.

Erbel et al. conducted a non-randomized trial, PROGRESS-AMS clinical trial, in 63 patients
with single de novo lesions. Angiography results showed a good scaffolding of the vessel
with an acute lumen enlargement of 1.41 + 0.46 mm and in-stent late loss of 1.08 + 0.49
mm. After 4 months, a 0.83 £ 0.51 mm segment lumen loss was observed, a net gain of 0.58
+ 0.57 mm. The in-segment stenosis was 49.66% + 16.25%. The intravascular ultrasound
revealed well apposed stent struts to the vessel wall. The results showed that an immediate
enlargement of vessel lumen could be achieved, the same as other metal stents. However, the
results in late follow-up were not ideall3]. Limitations, such as a small subjects pool (63
patients) and non-randomization, might have effects on the results. Another study found that
in the PROGRASS-AMS clinical trial, the major contributors for restenosis were decrease of
external elastic membrane volume (42%), extra-stent neointima (13%), and intrastent
neointima (45%). At 4-month follow-up, the neointima was reduced by 3.6 + 5.2 mm3, with
increase in stent cross sectional area of 0.5 + 1.0 mm?2. The median in-stent MLD was
increased from 1.87 mm to 2.17 mm, and the median angiographic late loss reduced from
0.62 mm to 0.40 mm[32l.

The clinical trials above demonstrated the potential for Mg alloys in stent applications.
However, the results were not ideal as expected. The radial force and the corrosion
resistance are the two main directions in the future alloy development[32],

3. Bio-Adaptation between Mg Stent and Local Microenvironment

The bio-adaptation in biology is defined as the arrangements subserving specialized
functions and adjustments to the needs and the mode of life of species or type[33]. In the
context of implants and local microenvironment, the bio-adaptation between them means
that the implants or local microenvironments change their responses or properties to the
altered vicinity around them.

Avrterial functional adaptations, responses to injury, and many disease processes seem to
occur via similar means—a cell-mediated turnover of individual wall constituents at
different rates, to different extents, and in different biomechanical environments[34]. Vessels
possess the ability of continuous structural adjustment as response to local environment
change and functional demands[35-38], When stent is implanted at the stenosis site to restore
overall patency of the arterial lumen and provide structural support to the vascular wall,
local hemodynamics is affected due to local enlargements in artery diameter[39:40],
Meanwhile, stent deployment causes artery injury to endothelium, and overexpansion of
stents may lead to intimal denudation and medial disruption. This damage and the presence
of stent strut provoke the production of growth factors and cytokines, which contribute to the
development of neointimal hyperplasia and restenosis[3941], For magnesium-based stent,
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besides the altered biomechanical environment, loss of mechanical integrity[20:4243] high
magnesium ions[1%l, hydrogen evolution[21:4445] and high pH[46:47] also complicate the
local microenvironment.

The healing process of injured vessel is composed of inflammation, granulation formation,
and remodeling. The absorbed proteins and fibrosis encapsulation may have impacts on Mg
stent degradation rate and influence the local environment. The affected local
microenvironment, in return, may exert effects on these healing phases.

3.1. Adaptation of stent to vessel structure and altered microenvironment

Stents must be longitudinally flexible to adapt to curved vasculature and have sufficiently
low radial stiffness to prevent vascular damagel#8]. Once stent is implanted, it will expand
and conform to the geometry of vessel, which has been termed as stent conformity. Stent
conformity is described as the flexibility of a stent in its expanded state with adaptation to
the natural shape of the vessel, determining the flow rheology change within the vessell49].
The stent design and its material are two main factors determining stent conformity[9],
Previous studies showed that open-cell design had better stent conformity than closed-cell
design[®152]. The unconnected structural elements in open-cell design contribute to
longitudinal flexibility. Segmented-hoop geometry design results in stent hoop behaving
fairly independently of each other. For braided geometry design, the braided wires are
wrapped the entire length of the stent and not independent of each other. And stent with
segmented-hoop had better adaptation to the native vessel contourl>3:541, This is probably
because excessive intra-strand friction decreases the braided stent’s radial and longitudinal
flexibility significantly[®3]. The SMART stent, composed of Nitinol, is superelastic, and this
superelasticity affords Nitinol a high degree of flexibility, kink, and fatigue resistancel4l. In
a study, the trackability, flexibility, and conformity of 17 commercialized coronary stents
were evaluated. The varied conformity data indicated the effects of material(3°].

The implanted stent changes the geometry of artery, restores the blood flow and alters the
wall shear stressl40:41.56-58] As response to the altered biomechanical environment, the
biodegradation behavior of Mg stent changes. Shear stress has a strong influence on Mg
alloy degradation. A low shear stress protects the surface from localized corrosion, while
high shear stress leads to both uniform corrosion and localized corrosionl>®l. Moreover, flow
direction has a significant impact on corrosion behavior of Mg alloy. More severe pitting and
erosion corrosion were observed on the back ends of MgZnCa plates, and the corrosion layer
facing the flow direction was peeled off from AZ31 stent struts. The flow-induced corrosion
behaviors can provide some insights for Mg stent design[69]. The biomechanical changes
depend on Mg stent expansion and whether early recoil occurs or not. Little is known in the
changes of restored blood flow-induced stress. The common problem in /n vivo study is that
Mg alloys are implanted into the normal animals, which cannot mimic the real scenario for
altered stress in stented vessels. Therefore, atherosclerosis disease animal models should be
developed in /in vivo evaluation of Mg stent.

The stent implantation causes vascular injury, thus eliciting the wound healing response,
which will be summarized in next part. In the inflammation phase, absorbed proteins also
have impact on Mg stent degradation. Addition of albumin to the simulated body fluid (SBF)
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can protect the oxide-protective layer of AZ91 alloy against the electrolyte attack. In a short
initial time, albumin adsorption reaches peak, then less albumin is adsorbed on the AZ91
surface. However, albumin adsorption has small effect on long-term corrosion of AZ91[61],
Another study explored the absorbed albumin on the degradation behavior of Mg—Ca alloy.
The results showed that the adsorption of albumin could decrease the corrosion rate and the
hydrogen evolution rate. This is probably due to a mixed protective layer formed by albumin
adsorption layer and Mg(OH),. Another possible reason is that negatively charged albumin
molecules and OH™ may inhibit the penetration of CI~1[62]. Yamamoto and Hiromoto
showed that proteins in fetal bovine serum (FBS) could retard pure Mg degradation, while
amino acid promoted the Mg degradationl®3.

Research showed that the location of Mg alloy in the artery also had impact on degradation.
Mg wire implanted within the artery wall has a higher corrosion rate, compared to the Mg
wire in contact with blood, against the artery wall. This is probably due to the formation of a
calcium phosphate layer on Mg wire exposed to blood flow. For Mg wires implanted in
artery, they contact with matrix and vascular cells, and the negatively charged proteoglycans
in the matrix may repel the phosphate ions, thus impeding the formation of protective
phosphate layer[®4. During the remodeling phase, the fibrosis encapsulation may separate
the Mg stent from the blood flow. Based on this study, in the remodeling phase, contact with
extracellular matrix (ECM), instead of blood flow, might promote the Mg degradation,
which may be a challenge for the mechanical integrity of Mg stent.

3.2. Bio-adaptation of vessel to local microenvironment

3.2.1. Inflammation

3.2.1.1. General inflammatory responsesto implanted stent: After contact with blood,
the stent is spontaneously covered by a layer of proteins within seconds®3]. Thus the
inflammation is initiated by the adsorption of proteins on the stent66]. After the stent
implantation, as response to the vessel injury, thrombus forms by both extrinsic and intrinsic
pathways!871. During the coagulation process, fibrin, converted from fibrinogen by thrombin,
inflammatory products, released by complement system, activated platelets, and endothelial
cells, form a provisional matrix on or around the implanted stent[56]. The provisional matrix
provides not only structural components for the wound healing and foreign body reaction
processes, but also a reservoir for mitogens, chemoattractants, cytokines, growth factors, and
other bioactive agents with ability to modulate macrophage activity, proliferation, and
activation of other cell populations in the inflammatory and wound healing responses(68l.

The adsorbed proteins on the stent surface can modulate inflammatory cell interaction and
cell adhesion!®8], Studies showed that fibrin (fibrinogen) played important roles in attracting
leukocytes to implanted biomaterials[65.69] and transmitted activating signals to
leukocytesl®9]. The P-1 sequence, produced by the denaturation of absorbed fibrinogen, may
interact with phagocyte integrin Mac-1 on simulated monocytes and neutrophils[’%]. Besides
the fibrinogen absorption, histamine released by mast cells in the local microenvironment is
important in recruiting inflammatory cellsl’2]. Several cytokines are involved in modulating
acute inflammation, which are summarized in Fig. 2[72]. Depending on the extent of the
vascular injury, the chronic inflammation can last from minutes to days(73].
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Following the acute inflammation, monocytes emigrate into the injured sites and transform
into macrophages(’4l. In this phase, macrophage is the most important cell. It can scavenge
tissue debris and destroy any remaining neutrophils. Also the cellular and tissue
phagocytosis and destruction are accomplished with the participation of macrophage. The
angiogenesis, subsequent granulation tissue formation, was initiated by these
processest’4.75],

3.2.1.2. Mg@?*: Since Mg?* is an antagonist of Ca2*, which is required in almost all steps in
blood coagulation, low concentration of Mg2* can prolong the clotting time considerably[76].
In a rat model of FeCls-induced thrombosis, high extracellular Mg2*, up to 0.6 mol/L, could
prevent or delay clot formation, depending on the timing of Mg2* administrationl7].
However, besides Ca2*, studies also showed that Mg2* also played a very important role in
coagulation for stabilizing and regulating coagulation factor IX[78.79]. The Mg?*/Ca2*
antagonism might reflect the influence of Mg2* on inflammation. Ca deficiency has
protective effect for Mg deficiency-induced inflammation[8%], and abnormal Ca hemostasis
that occurred during magnesium deficiency may exacerbate immune stress response at body
levell81]. Another study indicated that at high Mg concentration (up to 8.0 mmol/L) in vitro,
the leukocyte activation was diminished, probably due to the antagonist relationship between
magnesium and calcium[82], Taken together, the effect of Mg on inflammation is likely to be
exerted by Mg/Ca antagonism.

3.2.1.3. Hy: During the biodegradation process, hydrogen gas (H») evolution is a big
concern for Mg-based implants(83-8¢l. In human body, the evolved H, bubbles can be
accumulated in gas cavities around the implant. The gas cavities can separate tissues and
tissue layers, leading to an impeded healing process[®7]. For Mg stent, H, evolution might be
of minor importancel21:84:88] due to a thin neointimal diffusion barrier formed between stent
and blood stream[21] or the removal of H, from the implant site by convective transport
phenomenal84l. However, for local microenvironment, despite the exchange between H, and
local tissues, H, could still be accumulated. Though the risk that H, bubbles in the blood
circulating system may block the blood stream exists[8], other studies found that H, had
beneficial effects on inflammation. At therapeutic dose, inhaled H, could protect against
organ damages in zymosan-induced inflammation model[%Cl. In a mouse model of human
inflammatory bowel disease, elevated levels of IL-12, TNF-a, and IL-1 in colon lesion
were significantly suppressed by supplying Hp-saturated water at day 7(°%. In a spinal cord
ischemic-reperfusion injury model in rabbit, 2% and 4% H, inhalation could effectively
decrease the levels of oxidative products and pro-inflammatory cytokines and increase the
activities of antioxidant enzymes[92]. Based on these studies, the protective effects of H, on
inflammation are probably due to its antioxidant activity by selectively reducing hydroxyl
radical (—OH).

3.2.1.4. Mg(OH),: In addition to Mg2* and H,, another corrosion product, magnesium
hydroxide (Mg(OH),) might be involved in the inflammation process. The major source of
locally released Mg2* is Mg(OH),. Besides Mg?* release, the dissolution of Mg(OH), in
high chloride ion environment is also accompanied by alkalosis!93l. Therefore, the effects of
Mg(OH), on inflammations may be exerted by Mg2* and pH change.
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3.2.1.5. pH: Previous study showed that pH was an important factor in determining the
cellular picture in an inflammation area, indicating that the inflammation was associated
with pHI®4. Acidic microenvironment is a common feature associated with inflammatory
processes[®>-1011, |n the initial inflammation phase, polymorphonuclear cells predominate
and the exudate is within an alkaline range (pH about 7.3-7.4). As the inflammation reaction
progresses, the exudate shifts from a pH of ~7.2 to 6.8 or even lower. The acidosis is due to
a glycolytic process producing lactic acid at the site of inflammation[9]. The leukocytes
pump the lactic acid into the exudate, lowering the pH[190l. The polymorphonuclear cells
cannot survive at such a low pH environment, then macrophages are dominated(%. The pH
value change during acute wound healing process of skin is summarized in Fig. 3[102],

The acid environment can enhance leukocytes adherence, spreading, and nitric oxide
production, but suppresses phagocytosisl193l. Lower extracellular pH is also believed to
induce neutrophil activation, trigger pro-inflammatory responses, delay neutrophil apoptosis,
and extend its functional lifespanl01]. pH has multiple effects on TNF-a. production during
both transcription and translation processes in alveolar macrophage, indicating that the role
of macrophage in inflammation should be modulated by extracellular pH®6]. The activation
of NF-xB induced by lipopolysaccharide (LPS) was increased at extracellular pH 7.0, while
attenuated at pH 6.5, compared to pH 7.4, indicating that the degree of acidosis influences
inflammation[9°].

In the process of Mg degradation, pH increases significantly within a short time. A small
piece of corroding Mg coupon (1 cm x 1 ¢cm x 1 cm) could increase the pH value of 250 mL
neutral Hank’s solution to 10 in 15 h. Theoretically, the pH value at magnesium surface is
always over 10 in a neutral solution[89]. Most of the pH data during Mg alloy degradation
are obtained via /n vitro tests, because the invasive approaches to measure /77 vivo corrosion
influence at least the blood flow around the implant, therefore influencing pH in the local
microenvironment!194]. Though little is known about the pH range in the local vicinity, the
alkalized environment may have some effects on the inflammation. The chemotaxis of
polymorphonuclear leukocytes was significantly depressed at higher pH values (7.7 and 8.2),
maximal at pH 7.2. However, phagocytosis of opsonized bacteria was significantly lower at
pH 7.2 than that at pH 7.7[05]. Many cytokines and proteases, associated with extracellular
alkalosis, are involved in the enhanced activation of inflammatory cellsl1%6]. The p38-MAPK
signaling pathway, an important pathway involved in inflammation[84.107] can be activated
within 2 min at pH 8.5 or 9.5[108], Cytosolic Ca2* is involved in multiple cellular processes,
and alterations of free cytosolic Ca2* concentration can affect the activation of leukocyte
host defense functions. And the exuberant changes in cytosolic Ca?* concentration may be
the cause of leukocyte hyperactivation during inflammation[103], Studies showed that
alkalosis could elevate cytosolic Ca2* in macrophagelX93! or increase Ca reabsorption[109].

3.2.1.6. Rare earth elements. REEs have been used to improve the corrosion resistance and
mechanical strength of Mg alloys[12-110]. Most of the studies about the influence of REE on
inflammation are /n vitro tests, but little is known about /n vivo scenario. Ce, Nd, Y and Yb
at 50 pg/mL were shown to increase the expression of inflammation genes, 1L-6, IL-8, and
ICAM-1 in smooth muscle celll}11], La, Pr, Nd and Y could simulate the secretion of TNF-a
at 500 pmol/L and 1000 pmol/L in tumor-derived mouse macrophage cell line RAW 264.7,
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while Gd could increase TNF-a expression only at 1000 umol/L. Ce and Zr seemed to have
no effects on the TNF-a expression. Compared to LPS-induced IL-1 a secretion, all the
tested REE had lower expressions[10],

Some researchers explored the REE oxide in vivo for biomedical application. CeO5 acts as
auto-regenerative free radical scavenger and inhibits the production of pro-inflammatory
iNOS protein in J774A.1 macrophage cell linel!2l. In a pulmonary arterial hypertension rate
model, CeO, attenuated monocrotaline-induced serum inflammatory markers, such as CD40
ligand, C-reactive protein, and VCAM-1[113],

3.2.1.7. In vivo inflammation scenario: As regard to implanted Mg-based stent, it is
limited to investigate the effects of specific parameter on inflammation because any invasive
procedure might disrupt the local microenvironment. AE21 alloy was the first investigated
Mg alloy for stent application and implanted into domestic pig. No visible inflammation was
found around the stented vessel and the inflammation degree was closely related to injury.
The severe injury during implantation superimposed the influence of degradation on
inflammation[21]. A Lekton Magic stent showed similar inflammation severity at day 28 in
domestic pigs, compared to Lekton Motion stainless steel stent. Considering the injury
degree was similar during implantation process, WE43 degradation products might not be
attributed to the inflammation[24]. Another /7 vivo test for Lekton Magic stent in pig
indicated that struts positioned within the adventitia caused inflammation, while more
pronounced inflammation was observed in the most concentrated degradation products
areal?2l. A Biotronik Absorbed Metal Stent (AMS) was successfully implanted into re-
established left lung perfusion. Five months after implantation, the patient was diagnosed
with severe pneumonia and finally died from multiple organ failure. Autopsy revealed that
no relevant inflammatory reaction was observed around the stent material. And the
magnesium struts were mainly substituted by calcium phosphate covered by fibrotic
tissuel14]. In a porcine model, AMS showed trivial inflammation at days 28, 52, and 90[23],
Based on these studies, vessel injury is one of the main sources of inflammation. The
influence of degradation products on inflammation varies, probably due to Mg alloy
composition difference and difference in time of animal sacrifice.

3.2.2. Granulation—Following the inflammation phase, the formation of granulation
tissue is initiated by macrophage, and this process is characterized by fibroblast and SMC
proliferation, ECM synthesis, and angiogenesis[’>]. Therefore, the granulation formation
phase is also called proliferative phase. Depending on the degree of injury, granulation tissue
may be seen as early as three to five days following the implantation[73].

The activated platelets release platelet factor-4 (PF-4), platelet-derived growth factor
(PDGF), and TGF-B, contributing to fibroblasts recruitment[73.115]. Moreover, numerous
cytokines and growth factors secreted by macrophage and fibroblasts promote fibroblasts
migration: fibroblast growth factor (FGF), insulin-like growth factor-1 (IGF-1), vascular
endothelial growth factor (VEGF), IL-1, IL-2, IL-8, PDGF, TGF-a, TGF-, and TNF-a[116],
Under normal condition, fibro-blasts and myofibroblasts are in quiescent state, with the
presence of cytokines, and they are capable of migrating to the injured site and synthesizing
ECMI117.118] ‘including hyaluronan, fibronectin, proteoglycans, and type I and type Il
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procollagen[15]. Fibroblasts within the wound, which differ from the fibroblasts migrating
from surrounding tissue, have less proliferation rate and transform to myofibroblast
phenotypel16]l. They contain more actin bundles, involved in wound contraction[11%]. SMC
also proliferated and synthesized collagen in this phase, which led to neointimal
thickening[19-1211. During proliferative phase, SMC also switches its phenotype from
contractile to synthetic phenotype under the stimuli of growth factors and cytokines. The
SMC in synthetic phenotype produce ECM proteoglycan and collagen[121],

The growth of new blood vessels is stimulated by macrophage activity and tissue hypoxia
due to disruption of blood flow at the time of injury[122]. The events are regulated by
angiogenic factors, TGF-a, TGF-p, PDGF, TGF, and VEGF. As response to these
angiogenic factors, endothelial cells migrate from periphery to the injured site and
proliferate, forming capillary tubes[18]. Capillary sprouts invade the wound clot and a
microvascular network composed of many new capillaries is formed[115],

After the formation of granulation tissue, some giant cells and the components of
granulation tissue compose the foreign body reaction. The form and topography of the
surface of the biomaterials determine the composition of the foreign body reaction. The
foreign body reaction may persist at the tissue—implant interface for the lifetime of the
implant. On the granulation tissue formation phase/proliferation phase, synthesized ECM
form fibrosis or fibrous encapsulation surrounds the stent with its interfacial foreign body
reaction, isolating the implant and foreign body reaction from the local tissue
environmentl73]. The process of fibrosis encapsulation formation is synthesized in Fig.
41123] since the foreign body reaction can be categorized into inflammation, we won’t
discuss it in detail here.

3.2.2.1. Influence of microenvironment on granulation formation: The adhesion of WI38
human fibroblasts on type I collagen substrate is Mg2*-dependent and mediated by a.2p1.
Moreover, Mg?* supports the a2@1-mediated migration of fibroblast on type I collagen
substrate. Although extracellular Ca2* can reverse the adhesion of fibroblasts on collagen I,
the combinations of Mg?* and Ca?* can enhance the migration rate by two times and the
optimal migration rate is observed when Mg2*/Ca2* ratio is higher than 1. It is indicated that
both extracellular Mg?* and Ca?* are involved in fibroblast migration[1241. The fluctuations
of Mg2*/Ca2* ratio in the local wound environment are associated with cell migratory
response, including fibroblast migration[12]. Calcyclin, a member of the S100 A family of
calcium binding proteins, plays an important role in modulating proliferation, morphology,
and cytoskeletal organization of pulmonary fibroblast[126]. Besides Mg2*, pH also seems to
be involved in fibroblast migration during wound healing process. In a pH range from 7.2 to
8.4, cell migration rate and DNA synthesis decrease almost in a liner manner as pH
increases in experimental wounds(127],

Ca?* remarkably stabilizes a recombinant 19 kDa catalytic fragment of human fibroblast
collagenase, thereby influencing collagen accumulationl128]. Also the fibroblast collagenase
exhibits maximal activity at neutral or slightly alkaline pH[2%]. Due to antagonism with
Ca?*, high extracellular Mg2* and highly elevated pH might be involved in collagen
accumulation.
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Our group previously showed that within high extracellular Mg2* concentration range (10—
50 mmol/L), low Mg?* concentration could promote endothelial cell proliferation and
migration and up-regulate the expression profiles of genes related to angiogenesis, such as
FGF1, VEGFA and NOS3[130], Another study also indicated that within relatively low Mg2*
concentration range (2—10 mmol/L), high concentration of Mg2* stimulated endothelial cell
proliferation, enhanced mitogenic response to angiogenic factors and enhanced the synthesis
of nitric oxidel!31]. Mg?* also promoted endothelial cell spreading on gelatin, type IV
collagen and vitronectin at 10 mmol/L. Mg2* induced both chemokinetic and chemotactic
migration peaking at 0.1 and 10 mmol/L[132], These studies suggested that the local
microenvironment, such as Mg2* and high pH, had effects on fibroblast migration, collagen
synthesis and angiogenesis.

3.2.2.2. In vivo granulation formation: Early in 1930s, researchers found the granulation
tissue formation and contained foreign body giant cells with little black metallic particles as
foreign body inclusions around corroding Mg[86l. In a mouse tail model, pure magnesium
wires were implanted and granulation tissues were observed at 4 weeks, overlapping with
fibrous capsules partly!233]. In one study, magnesium alloy RS66 was implanted into three
different sites of rabbits, cancellous bone of medial femur condyle, lumbar musculature and
subcutaneous tissue. Only a thin layer of granulation tissue was observed around bone-
implant interface both at 4 and 8 weeks[34l. Open porous scaffolds made of AZ91D were
implanted into the right knee. From 3 months to 6 months, the space left by the degrading
implant was filled up by granulation tissuel4°]. In a previous study, Janning et al.[93]
implanted Mg(OH), cylinder into knees joints of rabbit and knee drilled holes were used as
control group. After two weeks, for control group, most parts of the drilled holes were filled
with granulation tissue. After 4 and 6 weeks, this granulation tissue had been replaced by
woven bone, while for Mg(OH), implanted bone no granulation tissue was observed. But the
cylinder dissolved at the same pace of bone ingrowth[3. In another study conducted by
Willbold et al.[135], Mg-REE alloys were also implanted into the knee joint of rabbits and
the control groups were drill holes. Similar results were observed. Granulation tissues were
formed in drilled holes after 4 weeks[23%]. An Mg—Zn—Mn alloy rod was implanted into the
femora of rats. No granulation tissue was observed both at 6 and 26 weeks around bone—
implant interfacel136],

The granulation tissue acts as the bridge between two sutures. Depending on the degree of
injury or defect created by implantation procedure, two wound healing responses occur.
Wound healing by primary intension involves the closure of a clean, non-infected surgical
incision with sutures approximating the wound edges. A small amount of granulation tissue
forms in this response and this type of healing relies on the rejoining of the connective tissue
matrix. In contrast, healing by secondary intension involves the closure of a large open
defect. The regenerated parenchymal cells cannot completely reconstitute the original
architecture. Significant granulation tissues are needed, resulting in larger areas of fibrosis or
scar formationl”3137], For Mg stent application, the healing response may be the primary
intension. As Mg stent degrades, the space left by Mg stent will be replaced by granulation
tissue, and during wound remodeling phase endothelial cells must be over the granulation
tissuel1381, For stent application, researchers focus on inflammation and neointimal
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formation in animal tests. Due to limited access to histological analysis, granulation
formation analysis seems impossible in clinical trial. Therefore, to date, few researchers
have reported the granulation formation in Mg stent application.

3.2.3. Remodeling—The remodeling phase involves a balance between synthesis and
degradation and reorganization of ECM deposited in the wound[139]. It is responsible for the
development of endothelium and final scar formation. ECM synthesis in proliferative and
remodeling phases is initiated contemporarily with granulation formation[113]. The deposited
ECM composition changes over the wound healing process. Initially it is composed mainly
of fibrin and fibronectin, resulting from hemostasis and macrophage. In the granulation
tissue, the amount of collagen I11 increases, while after maturation the collagen Il is mainly
replaced by collagen 111151401 Scar may regain 80% of original strength in the long term,
but the original strength can never be achieved![115:139],

The remodeling events are tightly regulated by matrix metalloproteinases (MMPs) and tissue
inhibitor of metalloproteinases (TIMPs)[141]. Sources of MMPs are neutrophils,
macrophages, and fibroblasts in the wound. MMPs are responsible for the degradation of
collagen. The activity of TIMPs increases gradually, thereby promoting the accumulation of
new matrix. During this process, new collagen is synthesized and old collagen is
lysed[74115] PDGF and TGF-B are also involved in the ECM regulation[142],

Mg?2* seems to decrease the MMP-2 production induced by homocysteine in vascular
smooth muscle cell in a low concentration range (0.5-3 mmol/L). Also magnesium-deficient
diet (50 + 5 ppm) for 42 days could induce a thinner aortic wall, compared to the control diet
(1700 % 100). The MMP-2 and MMP-9 in magnesium-deficient mice were present in active
and inactive forms, respectively[143]. MMP has the optimal activity at pH 7.2. Elevated pH
(7.4) and decreased pH (down to 6.4) impair the activity of MMP both in bovine articular
chondrocytes and nucleus pulpous cells[}44]. Another study showed that the gelatinolytic
activity for MMP-9 was optimal at pH 7.5, and 50%-80% of full activity was retained in
acidic environment (pH 5.5-6.0). Even at lower pH (2.3), the zymogen of MMP-9 can also
be activated up to 85% of full activity. Moreover, high concentration of Ca2* enhanced the
degradation of acid-soluble and acid-insoluble collagen | by MMP-9[145], These studies
indicate that the high extracellular pH and Mg2* in the local microenvironment can
influence the remodeling phase.

Blood vessels can enlarge to adapt to the increased blood flow. The vessels have a
compensation mechanism, enlarging the radial diameter, to adapt to the progressive
development of atherosclerotic plaques. Even though most atherosclerotic segments exhibit
some compensatory enlargement, it is still inadequate to completely preserve the lumen size.
Moreover, some vessels may shrink at the lesion site, namely inward remodeling[146].
Although implantation of a stent limits artery shrinkage, it may not limit remodeling,
because the arterial wall may be squeezed through the stent strut interstices from outside,
leading to negative remodeling!120]. As regard to Mg stent, this complication may not
happen since ideally degradation of Mg stent matches with granulation formation and later
remodeling. In addition, the mechanical support provided by Mg stent is replaced by
remodeled ECM gradually.
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The /n vivo vascular remodeling of available Mg stent is not as ideal as expected. In the first
Mg-based stent application in domestic pigs, 40% loss of lumen diameter between day 10
and day 35 was observed because of neointima formation. A 25% re-enlargement between
day 35 and day 56 was also observed, due to vascular modeling[2l. In a study, Lekton
Magic stents were implanted into 33 minipigs, and Lekton Motion made of 316 L stainless
steel was used as control. After 4 weeks, Mg group had higher lumen diameter than control
group (1.49 mm vs 1.34 mm). After 2 months, the lumen diameter of control group
remained nearly unchanged, while Mg group revealed significant vascular remodeling:
lumen diameter increased from 1.49 mm at week 4 to 1.68 mm at week 12[22], This indicates
that Mg stent inhibits, or at least does not promote, neointimal formation in the early phase.
Then in later remodeling phase, the Mg stent enlarges the vessel due to degradation. In a
similar study, Waksman et al. implanted Lekton Magic stent into domestic pigs and
minipigs, and the control was Lekton Motion stent. Compared to the control group, the
neointimal area was significantly less in Mg alloy stent segments at 28 days (2.44 + 0.88
mm? vs 5.03 £ 1.5 mm?) and at 3 months (1.16 + 0.19 mm?2 vs 1.72 + 0.68 mm?2). Both
groups showed significant vascular remodeling from 28 days to 3 months[24].

Based on the animal studies, Mg-based stent has the potential in preventing artery shrinkage.
And in later remodeling phase, due to biodegradation, the space left is filled with granulation
tissue at first, finally replaced by fibrosis. However, the reduction of neointima does not
mean enlarged diameter. Compared to unstented vessel, the diameter of stented vessel is still
narrow[21.241, Moreover, the greatest concentrated Mg degradation products elicit
pronounced inflammation[22],

The main functions of Mg stent are to provide time and space for injury healing. Previous
study suggested that restenosis usually occurred within the first 6 months after stenting, with
minimal changes occurring thereafter[147]. Other researchers indicated that a complete
degradation was expected after the remodeling phase, usually occurring at 90-120 days. Due
to insufficient /n vivo data available especially for the vessel wall mechanical properties
during healing process, though it is still arguable whether full mechanical support is
necessary within the first 4 months, it would be a safety design parameter[®]. The ideal
relationship between mechanical integrity and stent degradation is summarized in Fig. 5[148].

These complications in vessel responses to local microenvironment during inflammation,
granulation formation, and remodeling phases require better alloy development and stent
design. In addition, the stent implantation procedure should be improved to reduce the
vascular injury. We will discuss the future directions for Mg stent research and other
perspectives in the next part.

4. Future Research Perspectives

Stenting has been used to treat narrowed or blocked coronary vessel for a very long
time[24%]. The interaction of a stent with its surrounding tissues as well as the whole
biological system determines the success of the stent material. No matter it is Mg-based
stent material or traditional stent materials including titanium, cobalt-chromium alloy, and
stainless steel, all those materials could change the mechanical, chemical and biological
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microenvironments after implantation. Although, a few published clinical applications of
Mg-based stent material have shown some promising resultst3:4:27.1501 to better understand
the exact mechanism about how local blood tissue and whole system adapt to the implanted
stent will no doubt further improve the safety and effectiveness of stent application.

From a biomechanical perspective, maintaining sufficient radial strength before the vascular
healing is inevitable for a stent material. One question with respect to the mechanical
properties of a stent is to find the optimal supporting force for different part of blood vessels.
How much force is needed to support the blood vessel so that enough lumen size can be
maintained and the supporting strength won’t cause severe tissue stress? Under the same
design criterion, materials with relative high yield strength and ultimate strength could
provide higher mechanical support. The yield strength and ultimate strength of most Mg-
based materials are among 100 to 400 MPa, which is enough for vascular stent application.
The elongation of the materials should be higher than 15% to satisfy the stent expansion
requirement. Besides, tailoring the design and size of a stent based on the individual vessel
structure may further improve the chance of success. Other potential problems of metallic
stent such as impairment of vessel geometry and alteration of hemodynamics caused by the
presence of a stent should also be considered. It was known that the mechanical properties of
an Mg-based stent will decrease with the progress of degradation. The degradation process
within the initial 4 months should be slow enough so that the mechanical properties of the
stent will not be compromised. After the vascular vessel regains enough strength, a fast
degradation rate is preferred to remove the unnecessary presence of the stent. Therefore,
how to match the degradation rate for a material with the local tissues healing speed is a
fundamental question for degradable stent material. Earlier degraded stent could lead to
recoil or collapse of the stent resulting in vascular occlusion, while late full degradation may
cause chronic inflammation and immune responses. The degradation rate of Mg-based stent
material is decided by the composition of material, material manufacture process, stent
design, and physiological microenvironment of the blood vessel. Controlling some of those
parameters to optimize the corrosion behavior of Mg material is still a very attractive
research direction to improve the bio-adaptation between local tissue and the stent material.

Another essential question about Mg material for vascular stent application is how to reduce
the biological stress caused by a stent. Due to the fact that it is impossible to avoid all the
negative cellular and tissue responses to a non-biological object, identifying the major
factors could provide new directions to improve the bio-adaptation. It has been known for a
long time that toxicity from stent degradation products could lead to poor bio-adaptability of
local blood vessel to the stent material. The Mg material itself, release of alloying element
ions, particulate products, and presence of hydrogen gas bubble, could, to different extents,
affect the local cell and tissue adaptation. Poor endothelialization and over-proliferation of
smooth muscle cell around the stent are the direct maladaptation results. As a non-biological
substance, Mg-based stent non-specifically adsorbs biomacromolecules after implantation.
On one hand, this non-specific adsorption is beneficial for cell attachment and proliferation.
On the other hand, it could contribute to initiation of platelets, inflammatory reaction, or
foreign body reaction. How to prevent those biomolecules that initiate inflammatory
responses or immune responses might be a way to further improve the bio-adaptation
between a stent and the blood vessel. Drug eluting stents, such as paclitaxel, have shown
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better late stage performance compared with bare Mg-based stent[4]. Other than those anti-
proliferation drugs, signaling molecules (protein and RNA), gene and even human cells
could potentially be used to improve the bio-adaptation. In addition, the signaling pathways
and crosstalk between human tissues and biomaterial, not only Mg-based materials, are still
elusive. We believe that solving those questions will help to further improve the bio-
adaptation between Mg-based stent material and host body.
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Fig. 1.
Radiography at low-kilovoltage of AMS implanted in porcine coronary arteries2%],
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Cytokines involved in acute and chronic inflammation reactions(72].
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pH change during the acute skin wound healing process (adapted from Schneider et al.[102]),
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Ideal relationship between mechanical integrity and Mg alloy degradationl148],
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