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Abstract

Metallic stents are commonly used to promote revascularization and maintain patency of plaqued
or damaged arteries following balloon angioplasty. To mitigate the long-term side effects
associated with corrosion-resistant stents (i.e. chronic inflammation and late stage thrombosis), a
new generation of so-called “bioabsorbable” stents is currently being developed. The
bioabsorbable coronary stents will corrode and be absorbed by the artery after completing their
task as vascular scaffolding. Research spanning the last two decades has focused on biodegradable
polymeric, iron-based, and magnesium-based stent materials. The inherent mechanical and surface
properties of metals make them more attractive stent material candidates than their polymeric
counterparts. Unfortunately, iron produces a voluminous, retained oxide product in the arterial
wall, whereas magnesium and its alloys corrode too rapidly. A third class of metallic
bioabsorbable materials that are based on zinc has been introduced in the last few years. As
summarized in this contribution, this new zinc-based class of materials demonstrates the potential
for an absorbable metallic stent with the mechanical and biodegradation characteristics required
for optimal stent performance. They appear to be free of flaws that limit the application of iron-
and magnesium-based alloys, and polymers. This review compares bioabsorbable materials and
summarizes progress towards bioabsorbable stents. It emphasizes on current understanding of
physiological and biological benefits of zinc and its biocompatibility. Finally, the review provides
an outlook on challenges in designing zinc-based stents of optimal mechanical properties and
biodegradation rate.
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1 Introduction

Coronary artery disease, including phenomena such as atherosclerosis, are detrimental to the
continuity of blood flow. Stents are commonly used in conjunction with balloon angioplasty
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procedures to restore and maintain blood flow in diseased vessels. Bare metal stents provide
mechanical support as vascular scaffolding, and present generation polymer-coated drug-
eluting stents provide additional molecular therapy. These constructs are needed only for a
short amount of time during reendothelialization and arterial wall stabilization [11. Their
short-term benefit can ultimately be overshadowed by long-term complications such as
chronic inflammation leading to in-stent restenosis, late stage thrombosis, and vessel size
mismatch due to metal caging [2].

Bioabsorbable stents hold potential as alternatives for vascular repair that circumvent many
of the current long-term health risks [31. Ideally, they would retain their mechanical
properties for approximately six months before being broken down, metabolized, and
excreted by the body, thereby restoring native vasomotion and eliminating sources of
inflammation or thrombosis.[4] A near two decades long investigation into bioabsorbable
stent materials has included both polymeric and metallic materials. Poly-L-lactic acid
(PLLA) has been shown to possess acceptable biocompatibility [°1, but a polymeric stent
requires a greater strut thickness than most metal stents because of the polymer’s lower
ultimate tensile strength [6]. Other limitations seen in polymer stents include the inability to
expand completely with balloon dilatation [7] along with restenosis rates similar to those
observed for conventional bare metal stents 8],

Metallic stents are superior in comparison to their polymeric counterparts in terms of
mechanical strength. Metals that contain elements present in the body are considered
biocompatible and therefore suitable materials for constructing bioabsorbable stents.
Specifically, magnesium (Mg) and iron (Fe) have been shown to hold promise due to their
mechanical properties and purported biocompatibility of elements [°]. Unfortunately,
magnesium alloys show a relatively high rate of degradation and associated evolution of
hydrogen gas [20] which has raised concerns of cytotoxicity and systemic toxicity [11]. More
importantly, present Mg alloys can dissolve within 60 to 90 days from implantation [4],
which is premature for vascular stenting applications. On the other hand, Fe corrodes at a
reasonable rate for stenting applications (0.1 — 0.2 mm/year), but accumulates a voluminous
corrosion product that repels neighboring cells and biological matrix, and does not appear to
be excreted or metabolized at an appreciable rate.[12]

A possible breakthrough in the field of biodegradable metallic stents was made in 2013 with
the introduction of zinc (Zn) and its alloys, which harmlessly degrade at a rate of ~0.02 mm/
year. At present, this biodegradation rate appears to be ideal for stent applications.[*3] To
realize the full potential of this discovery, it is necessary to achieve the rigorous
biocompatibility, degradation, and mechanical properties required for bioabsorbable stent
applications. The development of Zn and its alloys to attain these benchmarks is being
pursued and is briefly reviewed in this paper.

This review is organized as follows: Coronary artery diseases and their treatments are
reviewed in Section 2. A history of coronary artery stenting is briefly reviewed in Section 3.
The concept of biodegradable stents is introduced in Section 4. Section 5 reviews and
discusses biodegradable stent materials. Zinc as a new bioabsorbable stent material is
introduced in Section 6 and its toxicity, biological significance and physiological
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degradation are discussed in details. Research progress towards development of zinc-based
stents is reviewed in Section 7, which includes an overview of the mechanical properties of
zinc alloys and biodegradataion rates as compared to other materials. The review concludes
with a short summary and future directions on development of first zinc-based grafting
stents.

2 Coronary Artery Disease and Common Treatments

Medications

Coronary artery disease is the leading cause of death in the United States.[14] This disease is
characterized by the progressive, often decades long, occlusion of one or more of the four
coronary arteries that deliver blood to the myocardium. The cause of the slow progressive
occlusion is the intimal protrusion of plaques. Depending on their pathological stage,
plagues contain combinations of smooth muscle cells with synthetic proliferative
phenotypes, inflammatory macrophages and foam cells, necraotic cells, calcification, and a
concentrated deposition of lipids under a fibrous cap, covered by a dysfunctional
endothelium.[X®! Progressive occlusion can lead to a state of decreased reserve blood flow, a
deficiency that becomes manifest during stressful activities and produces chest pain (angina)
and shortness of breath. Because the arterial wall can remodel extensively to increase
luminal diameter, disease progression is often asymptomatic until a large plaque size is
obtained. As plaque size gradually overwhelms arterial remodeling, luminal narrowing and
endothelial dysfunction can eventually promote plaque rupture, followed by acute thrombus
formation and the complete sudden occlusion of the coronary artery.[16]

Drug administration, coronary artery bypass grafting and stenting are three common
treatments used to combat coronary artery disease.

The current treatment of coronary artery disease by medication predominantly targets serum
lipoproteins with statins. These orally administered drugs act systemically to reduce serum
low-density lipoprotein (LDL) levels by inhibiting a critical LDL precursor enzyme known
as 3-hydroxy-methylglutaryl coenzyme A (HMG-CoA) reductase. Numerous clinical studies
have shown that statins reduce major cardiovascular events in patients with a wide variety of
coronary artery disease states!1”] and statins are now widely used. However, although clearly
effective for inhibiting atheroma progression, statins do not effectively reverse arterial
disease.[18] Furthermore, there are several side effects associated with statin use, such as
muscle pain and injury,[19 liver damage,[*% increased blood sugar and type 2 diabetes,[20]
and an increased risk of hemorrhage.[?1]

Coronary Artery Bypass Grafting (CABG)

CABG is the preferred intervention in patients with progressed atherosclerosis in multiple
coronary arteries. This intricate surgical approach is highly invasive and requires direct
access to the heart, as well as dissections of the saphenous vein, radial artery, or internal
mammary artery for use as autologous grafting material. Autologous vessels are then
surgically anastamosed to bypass coronary lesions to potentially treat all four coronary
arteries. Recent clinical data has demonstrated the superiority of autologous arterial vs.
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venous conduits.[?2] Because CABG requires the use of specific autologous conduits, there
is a limited potential for repeat surgeries. Furthermore, its high cost, invasiveness, and long
recovery time makes CABG a less desirable treatment option when reasonable alternatives
are available.

Although CABG is a more effective approach than percutaneous coronary intervention (PCI)
for treating patients with multivessel disease and complex lesions,[231 PCI is currently
preferred for interventional treatment of atherosclerosis in patients presenting with a less
complicated state of arterial disease. The present generation drug eluting stents (DES)
provide metal scaffolding to enlarge luminal diameter and increase blood flow through
diseased arteries while releasing anti-proliferative agents into the arterial wall to inhibit the
restenosis response that is common to arterial stents. While DES represent an improvement
relative to earlier generation bare metal stents,[24] as further discussed in the next section,
they retain limitations inherent to the presence of foreign materials in the artery. These
include chronic inflammatory reactions due to the permanent presence of foreign material,
inability of the smooth muscle layer to dilate or contract due to the stiff metal scaffolding,
and the potential for late stent thrombosis due to impaired arterial healing from the eluting
drug and chronic inflammation. Partially degradable stents consisting of a bare metal —
based material overlaid fully or partially with a bioabsorbable drug-eluting polymer are
being developed to reduce late stage complications associated with a permanent polymer
coating. These include risks associated with the long-term dual anti-platelet therapy that is
often required to reduce late stage thrombosis events.[25] These devices have met with mixed
results,[26] potentially due to the continued presence of the non-native metallic scaffolding,
which restricts smooth muscle contraction/dilation responses and promotes chronic
inflammation.

3 Development and Advances in Stenting Technology

Development and refinement of the cardiac catheterization, angioplasty and related catheter-
based interventions, which have permitted the safe and effective treatment of coronary and
peripheral artery disease, are among the greatest achievements of interventional cardiology,
and are primarily attributed to accomplishments over the past century (Table 1). Although
the concept of interventional cardiology evolved over the past millennia, Andreas Griintzig
performed the first balloon angioplasty in the 1970s,[27] which gave birth to modern
interventional cardiology, also known as percutaneous transluminal coronary angioplasty.
Unfortunately further investigation identified subsequent problems with (plain) balloon
angioplasty including acute vessel closure (due to dissection and elastic recoil), neointimal
proliferation, and restenosis.[28]1 Complications such as acute myocardial infarction triggered
by elastic recoil and rebound occlusion of the artery were reported in 5-10% of patients, and
typically occurred in minutes or hours after the balloon angioplasty procedure. Injuries,
including arterial structure dissection, induced by angioplasty exposed circulating blood
cells to the sub-endothelial matrix causing platelet aggregation and thrombosis, 2%l as well as
provoking medial smooth muscle cell necrosis and proliferation that concluded in
restenosis.[3%] These post-angioplasty complications lead to the development of a second
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revolutionary treatment in the 1980s: the coronary stent — used to scaffold the balloon-
dilated artery to eliminate late recoil and seal the injuries.

Stents introduced in the 1980s and 1990s were of the permanent “bare metal” type,
consisting of high-strength, corrosion-resistant alloys such as stainless steel and cobalt-
chromium (Table 2). Besides providing mechanical support, these stents demonstrate the
radio-opacity that enables precise deployment and positioning under X-ray fluoroscopic
guidance. Compared to 316 L stainless steel, cobalt chromium alloys exhibited superior
radiopacity and radial strength, which together enabled the construction of stents with
thinner struts that reduced the restenosis rate.[3?]

Thinner struts are also thought to reduce stent thrombosis by reducing the surface area of
blood contacting foreign material, reducing direct contact related injuries to the arterial
endothelium, and reducing the amount of metallic surface area that requires neo-
endothelialization. For these reasons, a stent material with high strength is desirable. The
rigorous strength is one of the main requirements that polymeric stent materials cannot
provide. By providing mechanical support as vessel scaffolding, these first generation metal
stents were able to reduce early elastic recoil and restenosis as compared to balloon
angioplasty alone [28a],

By providing the required intravascular mechanical support, these earlier generation metallic
stents reduced emergency bypass surgery rates to below 0.5%. Furthermore, the restenosis
rate—typically 40-30% with plain balloon angioplasty—was reduced to only 20—
30%.132-33] Despite their obvious advantages, an iatrogenic problem emerged in the form of
the in-stent neointimal hyperplasia that produced the aforementioned restenosis rates.[34]
Additionally, as an “acute” foreign device, a bare metal stent may trigger platelet adhesion
and activate the coagulation cascade. Hence, the bare metal stents have thrombogenic
potential.

To improve biocompatibility of stent materials, inorganic coatings such as a native oxide
layer, titanium-nitride-oxide coating, iridium oxide coating or carbon/diamond coating were
tested but failed to provide conclusive and effective performance improvements over the
stent lifetime.[33] These coatings did little to deter neointimal proliferation and the resulting
restenosis. Unfortunately, the harmful side effects from the permanent presence of corrosion
resistant stents remains a significant concern as this contributes to stent thrombosis and in-
stent restenosis [31°] (Figure 1). Polymer-coated, DES are commonplace today because they
provide additional molecular therapy with the purpose of reducing inflammatory and smooth
muscle cell proliferative effects and improving vascular compatibility.[1: 33. 351 The addition
of a drug eluting polymer coating for metallic stents has considerably reduced restenosis
rates (by approximately 60 — 80%) mainly by inhibiting excessive vascular smooth muscle
cell (VSMC) proliferation. This improved performance has resulted in widespread
commercialization of the DES concept, also known as “second generation” stents. However,
a side effect of these drugs is an impaired endothelial regeneration that has increased the rate
of stent thrombosis. Future fully biodegradable stents (discussed in the next section) are
expected to overcome some of the serious limitations that are still seen with second
generation DES. For instance, stent disappearance is expected to eliminate chronic
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inflammation and restore vasomotility, while biodegradable materials that produce bioactive
degradation products (such as zinc, whose corrosion products may suppress smooth muscle
cell proliferation) may eliminate the drug eluting polymer coatings that inadvertently impair
endothelial regeneration and predispose for thrombosis (Figure 1).

Currently available DES are often a stainless steel or cobalt chromium platform with a
permanent polymer overlayer containing a specific drug. For example, CoCr is the platform
for the second generation Xience V and Endeavor stents; stainless steel is used for
Sirolimus-eluting and Paclitaxel-eluting stents. Early trials by Johnson & Johnson Company
et al. have shown that DES are capable of reducing the rate of restenosis to zero within six
months.[3¢] Although the DES provide significantly improved outcomes within one year, the
long term outcomes are not statistically different relative to bare metal stents.[37]

4 Concept of Bioabsorbable Stents and Their Current Status

The concept of bioabsorbable stents has probably been around since the introduction of
metallic stents,[38] but this different paradigm has only now gained momentum. Because of
this, the idea of degradability is perceived as potentially “revolutionary” in stent research
(third generation stents). The current belief is that biodegradable stents will drastically
reduce, if not eradicate, all of the long-term health risks associated with bare metal stents
and DES.[3b. 39 particularly well designed biodegradable metallic stents could conceivably
eliminate all the drawbacks of bare and drug-eluting metallic stents such as stent thrombosis
and in-stent restenosis (Figure 1). A series of attempts to bring this concept to reality date
back more than a decade, to the beginning of the XX ISt century.[40 In the last ~15 years,
each major stent manufacturer has shown interest in this new concept, along with dozens of
academic laboratories in the Americas, Europe, and Asia. The concept may be achieved by
engineering stents that retain mechanical properties for approximately 4 — 6 months before
being broken down, metabolized, and harmlessly excreted by the body.[3P: 4. 391 Already, as
early as in 2011, the European Medicines Agency approved the use of Absorb BVS (Abbott
Vacular) made of a biodegradable poly-L-lactic acid (PLLA) polymer (Table 1).

Biodegradable polymers have been tested for cardiovascular stent applications since the late
1980s. Biodegradable metals, although considered for implants much earlier (in XVII
century for Fel#1] and at the turn of the XIX century for Mgl42l), practically attracted interest
for cardiovascular applications at the beginning of XXI century. Pure Fe was the first metal
tested, although the majority of research was done on Mg and its alloys. All of these
materials were implanted in animal arteries (Table 3) and were proven safe and reliable. As
of today only Mg — based and PLLA — based stents went beyond animal testing and were
tested clinically in humans (Tables 3 and 4).

To date, fully bioabsorbable polymeric stent technology has progressed considerably further
relative to their more desirable metallic counterparts,[43] as summarized by data in Table 4,
with several devices having already obtained market approval in Europe or in clinical trials.
This may be due to the pre-existence of numerous well-characterized Food and Drug
Administration (FDA) approved polymeric materials from which to manufacture a fully
bioabsorbable polymeric stent, with the most frequently used polymer being PLLA [44],
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However, the recent ABSORB 11 triall43l—which evaluated the performance of a polymeric
scaffold relative to a conventional metallic drug-eluting device—found poor post-
intervention luminal gains when polymeric devices were employed. This was due, in part, to
the reluctance of participating physicians to fully expand the brittle polymeric material.[4¢]
Furthermore, a 10-year follow-up with patients that had received an Igaki-Tamai PLLA
coronary stent found poor tissue remodeling through histological analysis.l4’] The area
previously occupied by PLLA appeared to be filled with proteoglycan, a component of
extracellular matrix, but was acellular.

Biodegradable polymeric materials have the developmental advantage of degrading
predominantly by a simple hydrolysis reaction, producing predictable degradation products,
and degrading through similar mechanisms whether evaluated i vitro or in vivo 89 In
contrast, the development of a suitable metallic material for stenting applications, though
promising [2, has been elusive. This may be due to the lack of suitable pre-existing
materials, as well as the high cost and complexity of developing new materials. Metallic
materials often corrode via complex mechanisms that produce a wide range of products, and
the rates and products of corrosion can differ fundamentally between /in vitroand in vivo
conditions [61]. This has made it difficult to translate success at the bench top into a
successful stent. Consequently, the scientific and industrial community has engaged in more
than a decade-long focus on Mg and Fe [62] that has failed to realize the promise of
acceptable fully bioabsorbable metallic alternative to the emerging fully biodegradable
polymeric stents.

Mechanical strength similarity to conventional stents allows clinicians to have reasonable
deployment expectations when using a biodegradable metallic stent. The potentially
beneficial bioactivity of corrosion products [63] raises the exciting prospect that pathogenic
cell responses to stent implantation may be modulated as the stent corrodes. Therefore, the
ability to control corrosion rates and behavior by conventional metallurgical and alloying
approaches may allow for corrosion product-mediated reprogramming of host responses
near the host-implant interface. As of today, only stents made of Mg alloys have been
reported to go through clinical trials.[43] The first design of Mg-based stents from Biotronik
(AMS-1.0), composed of about 93 wt% of Mg and 7 wt% of rare earth elements, degraded
in electrolyte solutions in about 60 days.[31P] Although the degradation rate was too high,
pre-clinical studies indicated a rapid endotheliazation.[*] Clinical studies on 63 patients
confirmed the stent’s safety, with no cardiac death, myocardial infarction, or thrombosis,
although the target lesion revascularization was ~24% and ~27% at 4 and 12 months,
respectively.[84] Improved metallic stents from Biotronik (DREAMS-1 and DREAMS-2)
utilize a Mg-alloy exhibiting a slower degradation rate and improved radial strength than
what was used for AMS-1.0. DREAMS-1 additionally incorporated anti-proliferative drugs
to reduce neointimal hyperplasia and prevent restenosis. DREAMS-2 is an improved version
of DREAMS-1 that instead of incorporateing drug into a porous structure of metal, is
additionally covered with a drug-eluting PLLA thin coating. Immunosuppressive and
antiproliferative drug prevents restenosis, whereas PLLA reduces the stent’s degradation rate
at the early stage.
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5 Search for Ideal Bioabsorbable Stent Material Candidates

Bioabsorbable stents are designed to provide mechanical support for the arterial wall during
the remodeling period and to degrade with the progression of tissue regeneration [65],
Ideally, in order to achieve the appropriate scaffolding, the mechanical properties of the
candidate materials should be close to those of 316L stainless steel, which has been
traditionally considered the gold standard material for stent constructs [66]. The stent
material itself and its degradation products should also be non-toxic and compatible in the
cardiovascular environment (671, As briefly reviewed in Section 4, biodegradable polymers
and two metals (Fe and Mg) went through a number of animal and clinical studies, proving
of being non-toxic and promising materials for cardiovascular applications.

Specific design criteria that have been suggested for biodegradable stent materials in the
scientific literature are listed in Table 5. It should be recognized that although a material
tensile strength of >300 MPa is recommended, stents made of polymers — with much less
favorable mechanical properties — were demonstrated in recent years and even reached
clinical trials, as discussed in the previous section.

The mechanical properties and degradation rates for polymers and metals tested for
cardiovascular stent applications are compiled in Tables 6 and 7. The mechanical properties
reported in these tables include elastic (Young’s) modulus (YM), yield strength (YS),
ultimate tensile strength (UTS) and elongation. These mechanical properties are indicators
of stent radial strength, acute and chronic recoil, axial and radial flexibility, deliverability,
profile and lifetime integrity.[’%l The YM provides a measure of how well the stent material
resists deformation. Stents are typically delivered through a balloon catheter and then
expanded upon proper positioning in the artery. The stent material needs to sustain
deformations without cracking or fragmenting during delivery. The critical value for the YM
of materials used for stents is not well defined but it is preferable to have a high value to
reduce stent recoil. As shown in Table 6, polymers generally exhibit a one order of
magnitude lower YM than metals. Additionally, polymers are typically viscoelastic and can
deform permanently over their lifetime when in use under stress. Although rarely mentioned
in the stent literature, viscoelasticity is a disadvantage of using polymers for stent
applications.

Materials with a high UTS (>300 MPa) and low YS (~200 MPa) value are preferred for the
design of stents. A high UTS, combined with high YM, is needed to increase the stent’s
radial strength. A low YS is desirable for ease of crimping the stent onto a balloon tipped
catheter and then expanding the stent at low balloon pressures during deployment. A YS that
is too high can trigger acute recoil during or after balloon deflation. Unfortunately, most of
the materials with high UTS also have a high YS. Many polymers do not exhibit a
proportional limit in tension and so YS is often not reported. As shown in Tables 6 and 7, the
UTS values for metals are superior to those of polymers. Additionally, the YM value should
be as high as possible to prevent acute recoil, and elastic recoil of stent on expansion should
be below 4%. Poncin and Proft additionally suggest using the YS/YM ratio in characterizing
the elastic range of materials, which provides an indication of the expected recoil upon
deflation of the balloon.["1] This value is between 0.16 amd 0.32 for stainless steel and
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cobalt alloys used in manufacturing of permanent stents. Bioabsorbable stent materials
should probably have similar YS/YM values.

Both UTS and elongation to failure influence fatigue resistance and fracture toughness of the
stents. An elongation of 30% or higher is typically preferred in materials used for stent
design, although the acceptable criterion often reported is >15-18%.

The minimum lifetime before failure of permanent stents made of 316L stainless steel is 10
years, which translates to ~400 million cycles. The same criteria do not apply to absorbable
stents; at present, there is no standard defined for this new generation of cardiovascular
stents. Since a bioabsorbable stent needs to retain its mechanical integrity for 3 to 6 months,
the stent material should be acceptable if it is able to sustain ~10 to 20 million cycles before
failure occurs.

In Table 7, we also report the grain size of the metals due to the fact that small grains in a
metal’s microstructure favor fatigue resistance and homogeneous corrosion, although they
elevate the YS — which can be beneficial, but also raises the likelihood of acute recoil.

The last column in Tables 6 and 7 summarizes the available degradation rate data for the
listed metals. For polymers, the degradation lifetime is provided instead due to very limited
degradation rate data for polymers.

Despite the increased challenges faced in their development, metallic materials hold several
important advantages over polymeric materials. Metallic stents are considered to be superior
to polymeric devices in terms of mechanical performance (i.e. ultimate tensile strength
elastic rangel”l) and ease of translation to a clinical environment. Their greater mechanical
strength and better elastic properties are more similar to traditional metallic stents and
permit a greater flexibility in stent designs and a wider range of expandable diameters during
deployment. The reduced radial strength and ductility of polymeric stents have necessitated
substantially larger struts (which have the side effect of increasing vascular injury and blood
flow disruptions) and the introduction of a locking mechanism to maintain luminal cross
sectional area following deployment [30]. The larger polymer stents require a larger catheter
for delivery relative to metal stents, which may exclude pediatric populations [°1]. The larger
stent struts may also increase susceptibility to early and midterm thrombosis [92], The
locking mechanism further constrains stent design flexibility and the freedom to control the
final stent diameter during deployment. It may also be a concern from a device safety
standpoint, as this complex feature may increase the risks of device failure. Even in a
successful deployment, lower material ductility may also affect the clinician’s willingness to
expand a polymer stent sufficiently to completely overcome recoil and achieve full
deployment. This effect was hypothesized to have led to significantly lower post-procedure
luminal gains with a polymeric stent relative to a metallic stent in the Absorb Il clinical

trial [931,

As compared to polymers, Fe- and Mg-based metallic absorbable scaffolds:

« exhibit similar radial force to stainless steel [82] and cobalt chromium stents [54;
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« display the superior profile of metallic scaffolds, which makes them more
deliverable [®41; and

« can bioabsorb at comparable rates with arterial remodeling and wound healing [82].

The first implantation of Fe stents in the descending aorta of New Zealand white rabbits
demonstrated no significant inflammatory response, neointimal proliferation or systemic
toxicity.[40] Subsequent implantations of Fe stents in minipigs [>3! and juvenile domestic
pigs 541 confirmed that Fe degrades without excess inflammation, local toxicity or
thrombosis. Additionally, the high radial strength of Fe could make its stent struts thinner,
while a high ductility makes it easy to deliver via catheter-based systems (671, However,
reports on Fe stents have indicated that it cannot corrode completely during the follow up
period.l491 In order to increase the degradation rate for Fe, tremendous work has been
focused either on the development of alloys or modification of the microstructure by

heat [82] mechanical 82 or solution treatment [95]. Another limitation for Fe stents comes
from the large volume of potentially hazardous iron oxide products, which may not degrade
easily in the human body [9¢]. Table 7 lists the mechanical and degradation properties of Fe
and Fe alloys tested for cardiovascular stent applications. Stainless steel 316 L (SS 316L) is
included as the gold standard metal for clinical stent applications. Alloying with manganese
(Mn) [78] or electro casting [7°] was shown to increase the strength and degradation rate of
pure Fe [76]. Fe-Mn alloys [76-77. 80. 95, 97] exhibited similar mechanical properties to those
of SS 316L. The as-formed austenitic phase decreased the magnetic susceptibility which
enhanced compatibility with the magnetic resonance imaging (MRI). From biological facts,
the presence of Mn is more appropriate than nickel (used for the SS 316L), which is more
toxic and carcinogenic [98]. Electron casting and annealing at 550°C produced a fine grain
structure with an average grain size of 4 um, resulting in a superior ductility and ultimate
tensile strength (UTS) [791,

Mg has been considered to be another attractive base-metal candidate because of its good
biocompatibility and low thrombogenicity [882. 991, Table 7 lists the mechanical and
degradation properties of Mg and its alloys tested for cardiovascular stent applications. Mg
alloys have a large range of UTS and elongation, from 86 to 280 MPa and from 3% to 20%,
respectively. However, pure Mg usually corrodes too fast in aggressive chloride
environments including body fluid [%9¢]. This fast degradation could not only make a Mg
stent lose mechanical integrity in a short time, but also overload the tissue with degradation
products that may lead to neointimal formation [67]. Many attempts have been conducted to
improve the performance of Mg by alloying [190] and advanced processing

techniques [99¢. 1011 For example, it was demonstrated that alloying Mg with Li can change
the crystal structure from hexagonal to body-centered cubic (bcc), producing an increase in
ductility, but in exchange the UTS dropped to 132 MPa [192] much too low a value for a
cardiovascular stent.

Biocompatibility and corrosion facts of degradable alloys and polymers are listed in Table 8.
For biodegradable metals, the released metallic ions may induce local and systemic toxicity
to host cells. Therefore, the overall amount of the element used to design a final device and
the local release rate for each ion during degradation should be carefully examined. The
degradation mode for polymers seems less harmful, but its /7 vivo long term overdose
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effects should not be neglected. A possible cause for concern for polymers is a recent report
that a degraded Igaki-Tamai polymer stent was replaced with proteoglycans.[47] This may
indicate poor extracellular matrix regeneration within the footprint of a PLLA stent. Poor
matrix regeneration may be a consequence of the mode of polymer degradation vs. that of
metals, which proceeds by a bulk degradation that may produce voids inside the material vs.
surface corrosion taking place directly at the tissue-metal interface, which allows for an
expansion of the tissue front directly into the degrading implant footprint.

6 Emergence of Zinc as a Bioabsorbable Metal

Pure Zn exhibits an elongation to failure of 60-80% (exceptional) and a tensile strength of
~120 MPa (unacceptable). However, minor alloying additions to improve ductility, strength,
and corrosion uniformity could very well pave the way to a fully bioabsorbable Zn-based
stent. This is one of the primary objectives of current research activities in the area of
material development. By using Zn and its alloys, many of the core engineering problems
associated with Mg and Fe could be avoided. As discussed previously, the native corrosion
rate of pure Mg is known to extend into the hundreds of micrometers per year in the arterial
environment, while high-purity Zn implants exhibited a native corrosion rate in the tens of
micrometers per year.[13] Not only does the lower intrinsic biocorrosion rate of Zn afford
greater freedom for metallurgical manipulation vis-a-vis strengthening and enhanced arterial
biocompatibility, but slower degradation also allows for the engineering of lower-profile
stents due to the improved material longevity. With respect to degradable ferrous biometals,
Zn appears to avoid many of the pitfalls associated with nominally non-resorbable Fe oxides
that have been observed in the course of arterial biocorrosion at longer times [22]. The full
extent of the mechanical range, corrosion behavior, and host response to Zn-based stent
materials is only now starting to be realized. Material development efforts are truly in their
infancy. A more detailed comparative discussion of Zn-based material strength and corrosion
properties is undertaken later in the section entitled “Progress towards Zn Stents.”

6.1 Tolerance and Biological Significance of Zinc

In human physiology, zinc is considered to be an essential trace element and plays an
indispensable role in human health [104], Figure 2 illustrates the major biological roles zinc
plays within the cell, and throughout the human body. As seen in the figure, Zn is closely
regulated via channels within the cell wall. Once Zn has entered the cytoplasm, it plays
many different roles such as regulation of DNA replication, apoptosis coordination, and
metal-based enzymes- as described in detail below.

Zn is also relatively nontoxic, especially when compared with the other elements of group
b of the periodic table- cadmium and mercury which are 10 and 50 times more toxic [105],
The recommended dietary allowance (RDA) for Zn is 11 mg/day for men and 8 mg/day for
women 11061, This is much lower than the median lethal dose (LDsp) value of 27 g of
zinc/day [1971. There are three main modes of Zn exposure in the human body which
includes inhalation, dermal contact, or ingestion [108],

Inhalation effects are primarily caused by industrial processes with Zn-containing smoke.
The usual effect of inhalation of this smoke is what is called metal fume fever (MFF). This
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disease is the result of inhaling fresh metal fumes and symptoms include muscle soreness,
nausea, fatigue, fever and adverse respiratory problems [109]. When patients develop MFF, it
is unknown whether the symptoms are caused by the exposure level of metal fumes and
small particles (<1um) or zinc exposure levels [110]. Acute oral exposure to zinc is not a
large concern, due to the emetic dose of 225-400 mg zinc being much lower than the LDsgg
value of 27 g of zinc/day [111]. When dosages of supplemental zinc are taken over large
periods of time, copper deficiency can be the result{}12] . This is the result of the competitive
binding of zinc and copper to metallothioneins. High dietary zinc levels will upregulate
MTs, and these MTs in turn have a higher affinity for copper over zinc [113]. Free copper
ions are bound to the MTs present within enterocytes, and this complex is then excreted. The
symptoms of copper deficiency include anemia, leukopenia, and increased low-density
lipoprotein to high-density lipoprotein (LDL:HDL) cholesterol levels [114]. It has also been
shown that the excess zinc/copper deficiency can lead to a neurotoxic syndrome [115]. The
exact pathogenesis of nervous system deficiencies is poorly understood, whether the primary
factor is the excess zinc or the resultant copper shortage is an open question [116],

Dermal exposure is another route of exposure for zinc, but there are a limited number of
studies on this route and the mechanism is not clear. Zinc chloride (ZnCl,) has been shown
to be a severe irritant in levels of 10 g/L when dried topically and led to ulceration of the
skin, but this does not necessarily demonstrate that zinc per seis producing a toxic effect as
the native pH of the ZnCl, solution is approximately 5.6 [1171. It appears that other forms of
Zn compounds, such as zinc oxide and zinc sulfate, produce no irritating effects [118]. zn is a
common supplement for treatment of dermatological conditions and wound healing, which
demonstrates dermal Zn exposure should not be a major concern [118b. 119],

Due to zinc’s role as an essential trace element in the human body, Zn deficiency can lead to
many more problems as opposed to systemic Zn toxicity. The frequency of Zn deficiency
worldwide is higher than 20%, and largely affects people in developing countries and the
elderly [1201, Zn deficiency can lead to growth retardation, hypogonadism in males, skin
changes, poor appetite, and thymic atrophy [121],

As mentioned above, Zn is an essential trace element in the human body. It plays important
roles in many enzymes and proteins, both structurally and regulatory. Zn has even been
shown to have a direct signaling function at different cellular signal transduction levels [122],
Zn is a completely intracellular element within the body, with 40% in the nucleus, 50%
cytoplasmic, and the remainder is found within the cell membrane (1231, In terms of
locations throughout the body, 85% of Zn is located in muscle and bone, 11% in the skin and
liver, with the remaining located throughout the rest of the tissues [124].

Zn has three main roles within the cell, including catalytic, structural, and regulatory. Zn is
required for the function of over 300 enzymes, and therefore essential to the catalysis and
co-catalysis performed by these enzymes, including wound healing, brain development, and
membrane stability [125], Zn is essential to the structural integrity of many proteins,
especially metalloproteins and membrane proteins [123]. Zn can also act in a direct
regulatory role via both and activator or inhibitor role and regulate the stability of proteins
and the activity of enzymes [125]. It is also closely regulated via cellular mechanisms.
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Because Zn ions are hydrophilic, they cannot cross the cell membrane by passive
diffusion [123], Instead, the metallothionein/thionein pair of proteins can bind and unbind the
free Zn ions at pico- to nanomolar levels [126],

There are many specialized roles of Zn throughout the body that have been studied. Zn is
linked intimately to gene expression within the cell. Not only is Zn essential to the structure
of chromatin, but it plays a role in DNA replication and RNA transcription, as well as DNA
repair [1271. Zn also plays an important role as an antioxidant within the cells. There are
several ways in which Zn will act indirectly as an antioxidant. Instead of directly interacting
with the free radical reaction, Zn will stabilize cell membranes and DNA, maintain
metallothionein levels (which are free radical scavengers), and are an essential component of
superoxide dismutases [123: 1281 7n has also been shown to have possible antiatherogenic
effects due to its membrane stabilizing abilities. Polyunsaturated lipids and inflammatory
cytokines can destabilize vascular endothelial membranes, and Zn can prevent this
destabilization while also interfering with pathways involved in apoptosis, leading to higher
endothelium integrity and lower levels of atherosclerosis [129],

As mentioned above, Zn can play a role in different pathways linked to cellular apoptosis.
When the cells are deprived of Zn, or Zn is chelated, the mode of cell death is commonly
apoptosis [122]. Two well-known triggers of apoptosis are DNA damage and activation of the
p53 gene [130], Zn stabilizes the tertiary structure of the DNA-binding domain of p53 and
modulation of this binding may be a regulatory mechanism of apoptosis [1311. Zn is also
linked to inhibiting apoptosis by keeping caspase-3 inactivated and preventing the initiation
of the caspase cascade [132]. When intracellular Zn is in excess it has been shown to be pro-
apoptotic, it can activate p38 and potassium channels and inhibit energy metabolism 133,
Overall, it has been shown that Zn plays a very complex role in apoptosis and it is difficult to
show consistently if apoptosis is activated or inhibited depending on the Zn

concentration [134],

6.2 Zinc Physiological Degradation

Given the overall good tolerance of most tissues to excess Zn2* and the tight control over
free Zn2* via metallic ion buffering systems, it seems that low doses of Zn2* would be well
tolerated systemically and locally in many locales /n vivo. However, it is not currently
known in what quantities Zn2* or complexed variants thereof are released from the surface
of corroding metallic Zn implants. A useful exercise is to consider the equilibrium Pourbaix
(E-pH) diagrams for aqueous systems containing physiological ions. Zn-H,0 and Zn-X-
H,0 diagrams are shown for X = {C, CI, P, and S} and [Zn?*] = {1076, 1073, and 1 M} at
37°C in Figure 3. Physiological concentrations of each “X” were adopted from Black [135],
It appears from Figure 3 that the equilibrium behavior of Zn at pH = 7.3 in solutions
containing Cl, P, and S will tend to be largely the same, with [Zn2*] reaching stability at
concentrations around 100 uM in equilibrium with solid ZnO. In contrast, C (in the form of
CO032~ and HCO3") limits the equilibrium concentration of [Zn%*] to a relatively low value
on the order of 10 uM. The Zn-C-H,0 system also appears to arrive at equilibrium with
ZnCO3 as the solid product instead of ZnO. These calculated diagrams may help explain the
previous observation of a ZnO-like phase forming alongside a zinc carbonate (or, more
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generally, a Zn-O-C) phase after 4.5 months’ residence in the murine artery [136], The

relatively low equilibrium [Zn2*] would correspond to a local free Zn?* release easily

mitigated by the previously discussed Zn2* buffering mechanisms [137], This may help
explain the lack of necrosis observed for Zn implants /n vivo (631,

The series of diagrams in Figure 3 is largely consistent with published Pourbaix diagrams
for the Zn-H,0 system, though some examples suggest that Zn(OH), and variants thereof
dominate instead of ZnO [138], This appears to be a result of so-called atmospheric
“carbonate-hydroxide” Zn corrosion theories formulated prior to 1970 [139]. Zn(OH), is a
poorly-investigated phase that is difficult to synthesize outside of high-pH environments (i.e.
ammonia or NaOH) 1401, Thus, its long-term existence is dubious in biocorrosion. It is also
worth noting that, Figure 3 lacks the equilibrium phase Zn3(PQO,)2-:2H,0 phase at pH ~ 7.1-
8.0 calculated by Zberg et a/. for Zn in a simulated body fluid [241]. The slow, uniform
corrosion behavior of Mg-Zn-Ca metallic glasses was previously attributed to the selective
dissolution of Mg and subsequent formation of a phase similar to Zn3(PO4)2:2H50. It is also
possible that a quasi-apatitic phase containing Zn may have formed on those metallic glasses
in a conversion reaction similar to that which has been observed to occur on Mg [142],

The Pourbaix diagrams are interesting in interpreting long-term /7 vivo results, but one must
be cognizant of the fact that they simply display conditions of thermodynamic equilibrium.
They can be grossly misleading when employed in making mechanistic or kinetic
predictions. With respect to surface interactions, however, some guidance may be found in
the modern conventional corrosion literature. An exhaustive review of corrosion literature
for zinc corrosion behavior in the presence of CI~, SO42~, CO32-/HCO3~, HPO,42~, and
metallic cations (Mg2*, Ca?*, Na*, and K*) is beyond the scope of the present contribution.
However, some recent work has revealed new interesting aspects of Zn corrosion and
electrochemistry should be mentioned. For instance, Thomas et a/. [143] examined the
formation and destabilization of passive ZnO surface layers, which may be useful in the
future formulation of physiological corrosion mechanisms. Such an example of this is the
pH-dependence of Zn corrosion studied by Thomas et a/. [144] that was able to connect
corrosion kinetics and thermodynamics in chloride solutions. At pH ~ 7.3, it is shown that
the aqueous species ZnCI* and ZnOH?* participate in the corrosion reaction in addition to the
thermodynamically predicted Zn2*. Importantly, the authors outline conditions under which
acidification arising from Zn anodic dissolution at pH ~ 7-10 may disrupt passive surface
layers that were previously formed. In a separate study, Thomas et a/. [143] also performed
electrochemical experiments on Zn in both active and passive states while measuring
dissolved O, content adjacent to the metallic surface. Their results pointed to a strong
dependence of corrosion on the dissolved O, concentration due to the dominance of the
cathodic oxygen reduction reaction, which varied greatly depending on the activity or
passivity of the metallic Zn. These recent results demonstrate that relatively little is still
known about Zn corrosion, let alone its degradation within the arterial environment.

6.3 Observed Microscale Toxicity and Biocompatibility for a Model Stent Material

The success of zinc-based stent materials will depend a great deal upon whether they
provoke a biocompatible response from blood borne and tissue specific cells near the
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implant. Given the anticipated sustained, yet potentially time dependent flux of zinc ions and
zinc-bearing corrosion products towards the cells and tissue surrounding a zinc-based
implant in combination with the multitude of interactions between zinc corrosion products
and numerous proteins and biological processes inside the cell, clarifying specific cellular
responses to a corroding zinc based material is likely to be a challenging endeavor. This
challenge will be exacerbated in alloyed materials that introduce new corrosion product
phases, which can alter the overall biocompatibility of the material. Simplified in vitro cell
culture systems that expose cells to zinc corrosion products will be helpful to investigate cell
tolerances and specific functional changes and protein modifications that take place within
the different vascular cell types. However, the complex interaction of zinc-bearing corrosion
products with local vascular cells, inflammatory cell recruitment/activation and the activity
of their secreted agents, fibrous capsule formation or its absence, coupled with the
challenges in recapitulating physiological corrosion in an in vitro setting will make long
term in vivo evaluations absolutely essential.

It should be noted that metallic zinc (Zn), although one of the few physiologically relevant
metals, had not received much research attention for application in a bioabsorbable stent
prior to 2013. The interest in Zn as a bioabsorbable metal was cultivated by a recent
publication[3] in which it was shown that Zn degradation proceeds in rat arteries at a rate of
10-20 pum/year, nearly identical to the 20 um/year benchmark value for ideal bioabsorbable
materials. This first /n vivo study with Zn relied upon an established rat-based model
wherein a wire sample (0.25mm nominal diameter) is lead into the arterial media layer to
simulate the environment of an encapsulated stent, or is lead into the rat artery lumen in
contact with the endothelium.[%6] The usefulness of the wire model is that it allows for
simplified investigations at the interface between the candidate metal and the arterial
environment that are more realistic than standard in vitro approaches, yet are without the
high cost, time, and materials processing complications associated with a stent-based
approach in large animals. In fact, the traditional reliance upon expensive and complex stent-
based approaches for preliminary investigations related to materials selection and
characterization, in conjunction with in vitro models that do not adequately simulate the
physiological environment has hindered the discovery and development of new materials.
We introduced and have been using the wire implantation model to characterize and
prescreen candidate stent materials prior to proceeding along the more complicated path to
stent manufacturing and large animal studies, where questions specific to the performance of
actual stents can be addressed.

As stents are initially placed in contact with flowing blood, the evaluation of a candidate
stent material’s biocompatibility should include whether or not the material provokes a
robust platelet or inflammatory cell activation within the first several days to weeks. Such a
response is thought to largely depend upon the candidate material’s intrinsic properties
rather than its geometrical form (eg. wire vs. stent). Here we show preliminary observations
related to zinc hemocompatibilty, assessed by implanting a high purity (99.99%) zinc wire
into the rat arterial lumen (Figure 4). The exposed wire surface shown in this image depicts a
passivation layer partially covered with healthy red blood cells, without any evidence of
excessive thrombosis or a harmful inflammatory response. The same approach can be used
to evaluate the evolution of early inflammation and thrombogenesis to the surface, by merely
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extending the time of wire incubation in the rat artery (Figure 5). A low thrombus thickness
and lack of inflammatory cell infiltration is evident from this set of images, depicting the
positive biocompatibility of pure zinc at early times. Because each unique alloy composition
and set of processing conditions will produce a different surface, it will be necessary to
evaluate the hemo and immuno compatibility of each candidate material in a similar manner
as was shown here for pure zinc. The simplicity and effectiveness of the wire implant
approach demonstrates its value as a prescreening tool.

Although wire implantations of several days to weeks are useful for evaluating the hemo and
immuno compatibility of surface layers or coatings, substantially longer implantation
durations are necessary for evaluating the biocompatibility of cells to corrosion products.
Initial results with our rat-based /n vivo model showed that the pure zinc wire did not elicit a
negative inflammatory response or smooth muscle cell proliferation for implant durations of
up to 6 months.[245] Additionally, the corrosion product experienced a considerable amount
of tissue regeneration within the original footprint of the implant, a feature rarely seen after
magnesium degradation, and remains unreported in iron implants. As a sample of this work,
Figure 6 shows an H&E stained cross section of a pure Zn wire explanted from the
abdominal aortic wall after a four month residence.

A thin neo-intima surrounding the wire without cellular hyperplasia or harmful
inflammation is evident from the images shown in Figure 6. Taken together with our recent
report, [14°] these images indicate that (i) a continuous neo-endothelium is present around
the zinc wire encapsulating tissue; (ii) several layers of smooth muscle cells are present, but
not in numbers that constitute hyperplasia; and (iii) microphages occupy the corrosion
region up to the metallic interface. Good neointimal tissue compatibility and the vigorous
presence of cells in and around the corrosion layer further establish the biocompatibility of
the zinc biometal.[146]

Further investigation into metallic zinc is needed to unravel the underlying mechanisms
behind the positive biocompatibility response we observed. The current work of assessing
compatibility focuses heavily on histomorphometric features of tissue sections, and luminal
cross-section area loss. Many studies have failed to perform an in-depth characterization of
the cellular response to degrading bio-metals, and the activity of their interfaces. The near-
ideal physiological corrosion rate of zinc coupled with nominally positive arterial
biocompatibility results suggests zinc as an excellent candidate for alloying and degradable
vascular scaffolding devices. The presented approaches for evaluating the properties of pure
zinc as an arterial implant material can be readily adopted to evaluate novel zinc alloys and
processing conditions prior to proceeding along the more complicated path to stent
manufacturing and large animal implantations.

7 Progress towards Zn Stents

7.1 Mechanical Properties Relative to General Requirements

The aforementioned mechanical and corrosion requirements (Table 5) adopted from
Werkhoven et al. [147] and other sources [70: 148] are a useful lens through which the state-of-
the-art in zinc alloy development may be viewed. It is informative to use an Ashby-style
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materials selection chart [24%] to visualize two of the more basic mechanical requirements—
UTS and elongation to failure. Figure 7 shows elongation to failure versus UTS for two
families of Zn-based materials: conventional cast and wrought alloys [230] (Figure 7 (A));
and experimental biometals [151] (Figure 7 (B)). A full accounting of mechanical and
compositional information may be found in the Supplementary Data.

Figure 7 (A) shows that conventional Zn alloys tend to exhibit relatively high elongations to
failure in the wrought state (10-65%) and a wide UTS range (130-440 MPa).
Unsurprisingly, high ductilities are observed in alloys with lower strengths and vice versa.
Cast alloys display a similar UTS range (175-425 MPa), but much lower elongations to
failure (< 13%). When the approximate stent material mechanical benchmarks of 18-20%
elongation to failure and 300 MPa UTS are overlaid on Figure 8(A), it is seen that a portion
of the conventional Zn alloy elongation-UTS property space is included. This suggests that
conventional alloy families and processing methods are capable of producing a Zn-based
material with the requisite UTS and elongation to failure for stent application.

While the handbook data paint a favorable picture for the applicability of Zn in
bioabsorbable stents, experimental alloys have failed to reach the 18-20% elongation/300
MPa UTS benchmarks. Figure 7(B) shows that Zn-based biometals reported to date—
including Zn-Mg, Zn-Ca, Zn-Sr, several ternary alloys thereof, a single Zn-Al-Cu alloy, and
pure Zn—have by-and-large exhibited poor elongations (< 20%) and only moderate UTS
values (20-265 MPa). When compared to benchmark values, it is clear that the entire family
of current experimental Zn biometals falls short of the target values. The apparent emphasis
on alloying Zn with alkaline earth metal biological trace elements (Mg, Ca, and Sr) may be
contributing to the systemic under-performance of these experimental Zn biometals relative
to conventional Zn alloys. While advances in material processing may be able to increase the
strengths and ductilities of Zn-alkaline earth metal alloys, it seems clear that other alloying
routes should be pursued. Perhaps an appropriate starting point would be the more
successful conventional alloys that do not contain systemically toxic alloying additions (i.e.
Pb and Cd).

As observed from this analysis, a wide array of strength and elongation values have been
reported for absorbable Zn-based materials. In contrast, determination of Young’s modulus
for experimental zinc alloys has heretofore been unsatisfactory. Precise ultrasonic
measurements are required to predict the potential for elastic recoil via the ratio of tensile
strength to modulus, as well as to assist in comparative modeling investigations that may
help uncover performance differences in the biodegradable metals /n sifico.

7.2 Biodegradation Rates in Comparison to Other Materials

Given the early stage of research on degradable Zn, broad statements regarding corrosion
rates for Zn-based materials are difficult to make. However, the authors have conducted
separate studies of 99.9%+ pure Mg and 99.99% Zn using the arterial implant method [1]
mentioned before and the same method of analysis. Mg biocorrosion measurements yielded
rates in the hundreds of micrometers per year (300-600 pm/year), and the 250 um diameter
implant became fragmented after 32 days /n vivo [152]. In contrast, pure Zn exhibited
corrosion rates a full order of magnitude lower, ranging from 15 to 50 um/year over the
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course of six months in the murine arterial wall [136]. Zn implants (also 250 um diameter)
remained intact after 6 months’ residence in the artery. These directly comparable results
indicate that Zn is an intrinsically slower-corroding material than Mg.

The in vitro corrosion susceptibility of experimental Zn alloys is a difficult issue that is
distinct from the comparison of /n vivo studies. Corrosion rate measurements can now be
found in the literature for both electrochemical and weight-loss measurements, primarily in
Hank’s solution [1519-f1 This solution selection is justified by referencing ASTM standard
G31 72 from 2004, titled “Standard practice for laboratory immersion corrosion testing of
metals.” The suitability of ASTM standard corrosion techniques for magnesium-based
biomaterials was debunked by Witte er a/. in 2006,[612] was the topic of a focused ASTM-
FDA workshop in 2012 [153] and the “correct” corrosion methodology is still a matter of
contention. Sufficed to say, invocation of an ASTM standard is not appropriate practice for
testing the biocorrosion of Mg- or Zn- based biometals. Some attention was recently called
to this issue by Torne et a/. [154], who attempted to address the divergence in corrosion rates
between conventional /n vitroimmersion mediums by evaluating the behavior of Zn in PBS,
Ringer’s solution, human plasma, and whole blood. Few concrete recommendations were
offered by Tdrne and coauthors, but Ringer’s solution appeared to induce corrosion that was
nominally similar to blood and plasma. While corrosion data for Zn in PBS, Hank’s
solution, blood plasma, etc. are now available, the direct comparison of /in vitro corrosion
rates gleaned from disparate methods is fallacious, and will be avoided in this review.

That being said, electrochemical and immersion (/n vitro) and long-term ex post (in vivo)
corrosion data are absolutely needed to understand the basic corrosion processes
underpinning Zn bioabsorption. Due to their importance and the ease with which misleading
results may be obtained, such experiments should be approached with great caution. Some
of the lessons learned from Mg biocorrosion studies [15%] may be applied to the in vitro
evaluation of candidate biometals and help investigators avoid fundamental mistakes. Such
important considerations include:

» the careful selection and consistent formulation of a pseudophysiological solution
that successfully replicates /n vivo biocorrosion for a particular environment (ionic
composition and buffering system should be carefully considered);

» use of a large volume-to-surface area ratio used in Zn corrosion studies, particularly
due to the lower equilibrium [Zn?*] according to Figure 3; and

e proper temperature, atmospheric composition, gas exchange conditions, and buffer
equilibration to pH ~ 7.3 before and during /n vitro corrosion.

After the development of an /n vitro corrosion experiment, it is also important to compare
the results with a published in vivo reference to ensure the same patterns of corrosion
initiation and product generation are realized. The authors’ work mentioned previously [13¢]
could provide a useful /n vivo touchstone for absorbable stent materials. However,
benchmark behavior for Zn in an orthopedic setting is not available. It therefore currently
impossible to validate an /n vitrotest for Zn-based orthopedic implants.
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7.3 MRI Compatibility

Magnetic resonance imaging (MRI) is a noninvasive imaging alternative to x-ray,
angiography, and computed tomography for diagnosing diseases of the heart and blood
vessels. Real-time MRI provides safe and accurate navigation, positioning and deployment
of stents during endovascular interventions.[156] As a diagnostic tool in the clinic, it provides
a post-procedural anatomic and hemodynamic assessment, capable of early recognition of
significant complications after stenting. The permanent stents currently in use, such as 316L
stainless steel, Co—Cr alloys and Ni-Ti alloys exhibit an unsatisfactory MRI compatibility.
This is due to the presence of constituents with high magnetic susceptibility values, which
produce void artifacts during imaging that are several orders of magnitude greater than their
geometrical dimensions [ref]. Zinc (and most likely many of its alloys) with magnetic
(volume) susceptibility of (- 15.7 x 109) is one of only a few metals with a high MRI
compatibility, which is close to that of polymers and ceramics and much lower than that of
stainless steel (+(3.5 to 6.7) x 109), iron (+0.2 x 10%), and magnesium (+11.7 x 106).[157]
The high MRI compatibility of zinc adds an extra advantage to this promising new metallic
candidate for biodegradable stents over both iron- and magnesium-based stent materials
presently under development.

8 Summary and Future Challenges

In this review, the need for a degradable metal vascular scaffold has been clarified, as have
the published corrosion and mechanical benchmarks required of a material considered for
this application. The strengths and limitations of existing polymeric and metallic (Fe, Mg)
stent material candidates have been reviewed at length. In view of a decade of metallurgical
endeavors in magnesium and iron processing that have failed to produce a suitable material,
new directions should be considered.

At this stage, it appears that a carefully formulated Zn-based biometal may exhibit
mechanical properties, corrosion rate, and bioactivity that are suitable for a bioabsorbable
endovascular stent. Corrosion rates in the tens of micrometers per year and elongations to
failure in excess of 70% for pure Zn leave ample room for creative alloying and processing
routes to be applied to obtain an appropriate mechanical profile. Furthermore, the residence
of Zn in the arterial environment appears to mitigate the factors associated with smooth
muscle cell hyperplasia and, ultimately, restenosis. Per literature review, it is unlikely that
Zn-based stents will contribute to substantial systemic or local toxicity, and indications are
good that bespoke Zn alloys will be able to meet mechanical benchmarks.

Moving forward, the challenges facing Zn-based stent development are largely the same as
those facing Mg-based stents. Primarily, a material has not yet been reproducibly shown to
possess both the mechanical and corrosion properties that will enable stenting with
degradable biometals. This is the grand pursuit in the study of degradable biometals for
stents, but straightforward “melt-and-corrode” methodologies currently pervasive in the
literature are not sufficient to advance the field towards this end goal. Issues that commonly
hinder material development and have been discussed in this review include:
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»  cytotoxicity studies performed according to published standards with little critical
thought or understanding of relevant biochemical interactions,

» the measurement of corrosion rates using inappropriate /n vitro methods without an

in vivo reference,

» alack of methods detail regarding material processing and pre- and post-corrosion
material characterization; and

» arelatively poor understanding of the long-term /i vivo corrosion mechanism that
underpins loss of function and ultimately clears the corrosion products.

Moving forward, we must remain cognizant of these challenges and discourage work that
does not address these issues of process reproducibility, cytotoxicity and corrosion
methodology. With a regrouped effort on developing Zn-based materials and processes for
bioabsorbables, a degradable biometal stent may be realized in the near future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ECL
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Fe
FDA
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Mg magnesium

PBS phosphate-buffered saline

PCI percutaneous coronary intervention
PCL poly-caprolactone

PDLLA poly-d,l-lactic acid

PGA polyglycolide acid

PLLA poly-I-lactic acid

PTD-PC poly-tyrosine-derived polycarbonate
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repair/regeneration proliferation and metal caging

Future biodegradable metal stents

Figure 1.
Pathophysiological impact of stents and possible benefits of biodegradable metallic stents

(VSMC = vascular smooth muscle cell).
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Biological roles of zinc.
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Figure 3.

Zn-H,0 and Zn-H,0-X Pourbaix diagrams for physiological concentrations of X = {C, ClI,
P, and S} at 37°C. Aqueous species have a light blue background, concentration-dependent
regions between [Zn2*] = 1 uM and 1 M are white, and solid species are shown with green
backgrounds. Physiological pH = 7.3 is shown by a red line. (Calculated using FactSage

software.)
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Figure 4.
SEM image of a pure Zn wire implanted into the arterial lumen of a rat for 1 day, showing

crystallization of surface and intact attached red blood cells, at this particular region of the
wire.
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A

1 day-
covered

Figure 5.
SEM images of a pure Zn wire implanted into the arterial lumen of a rat for 1 — 10 days.

Shown for the one day sample are wire surfaces with (bottom left) and without full coverage
of a thrombus layer (top left) and close-up images of these regions (middle column —
showing bare region at top and covered region at bottom). The surfaces of separate wires are
shown at 3 (top right) and 10 (bottom right) days.
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Figure 6.
Hematoxylin and Eosin stained images from an excised zinc wire after residence in the

arterial lumen for four months. White arrow in A identifies encapsulating tissue surrounding
the wire, which is the region that is magnified in B. Please note that the wire cross section
was originally present within the encapsulating tissue and detached during staining.
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Figure 7.
Materials selection plots of elongation to failure versus ultimate tensile strength. Data for

conventional cast and wrought alloys from the ASM Handbook 1501 are shown in (A). A
comparable presentation is given in (B) for experimental Zn-based biodegradable metals
from the following literature sources: “2011 Vojtech” [1518] “2015 Dambatta™ [151P] 2015
Gong” [151c] 2015 Li (SR)” [151d] «2015 Li (M&D)” [152€] and “2015 Liu” [151f], Red
lines denote approximate mechanical benchmarks, the green shaded area denotes a region in
which both requirements are satisfied, and the dashed black line shows apparent limits in
strength and ductility for each group of materials. Note the difference in ultimate tensile
strength (x-axis) scales.
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Table 1

Major historical milestones in interventional cardiology (based on references [31] and the web site: http:/
ptca.org/history_timeline.html)

Year/Time Inventor or Agency/Country Landmark event

3000B.C.  Egypt Bladder catheterization performed using metal (bronze, gold, silver) pipes

400 B.C. Greece Function of cardiac valves is studied in cadavers using catheters made from hollow
reeds and pipes

1711 Hales The first cardiac catheterization of a horse using brass pipes, glass tube and goose
trachea

1844 Bernard/France Catheters are used to record intracardiac pressure in animals; term “cardiac
catheterization” is defined

1929 Forssmann/Germany First documented human cardiac catheterization

1941 Cournand and Richards/USA Cardiac catheter used as a diagnostic tool

1956 Forssmann, Cournand and Nobel Prize awarded to pioneers in cardiac catheterization

Richards/USA

1964 Dotter/USA Introduction of concept of remodeling the artery — transluminal angioplasty

1967 Favaloro/USA First saphenous vein graft (bypass) surgery

1967 Judkins/USA Introducing the catheter via groin puncture: “Judkins technique”

1974 Gruentzig/Switzerland The first experimentation with peripheral human balloon angioplasty

1977 Gruentzig/Switzerland The first percutaneous transluminal coronary angioplasty on conscious patient

1979 Hartzler/USA Balloon angioplasty was used to treat an acute myocardial infarction

1986 Jacques Puel and Sigwart/France The implantation of a stent in a human coronary artery

1987 Schatz/USA First FDA-approved stent in USA

1991 Cannon and Roubin/USA First treatment of acute myocardial infarction with coronary stenting

1994 FDA/USA Approval of the use of stents to treat acute and threatened vessel closure for cases of
failed balloon angioplasty

1999 Sousa Implantation of the first drug-eluting stent in human coronary artery

2002/2003  EME and FDA Approval of the first drug-eluting stent (Cypher, Johnson & Johnson/Cordis) in
Europe and USA

2011 EME Approval of bioresorbable vascular scaffold in Europe

FDA = Food and Dug Administration; EME = European Medicines Agency
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Table 2

Examples of stents of different strut dimensions (after O’Brien and CarrolI[33])

Stent name/manufacturer Material | 0.2% Yield strength [MPa] | Strut thickness [um]
BX Velocity®/Johnson & Johnson 316L 340 140
Express®/Boston Sci. 316L 340 132
Driver®/Medtronic CoCr (MP35N) 415 91
Vision™/Abbott CoCr (L605) 510 81
TriMaxx™/Abbott 316L/Ta/316L N/A 74
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Table 3

Examples of pre-clinical and clinical tests on biodegradable polymers and metals.

Implant

Implant Site and Time

Major Test Results

PLLA lgaki-Tamai stent (with ST638
or ST494) [48]

Porcine coronary arteries,
21d

Neointimal formation and geometric remodeling were significantly
less at the ST638-loaded stent site than at the ST494 site.

lgaki-Tamai stent [4°]

Human patient artery, 6
months to 10 years

No stent thrombosis and no major cardiac event occurred within 30
days. No major cardiac event, except for repeat angioplasty,
developed within 6 months. Long-term (>10 years) clinical
outcomes showed acceptable major adverse cardiac events and
scaffold thrombosis rates without stent recoil and vessel remodeling.

PLLA stent[0

Porcine Coronary Artery,
16 weeks

Histological examination revealed no inflammation and minimal
neointimal hyperplasia

Copolymeric polylactide stent(5!]

Rabbit aorta, 34 months

No inflammatory reaction observed after 6 months and it was
completely degraded by 24 months.

Paclitaxel-eluting PDLLAZ

Porcine coronary arteries,
3 months

The histomorphometric analysis at 3 weeks demonstrated inhibition
of neointimal formation by 53% with the paclitaxel-loaded PDLLA

when compared to the PDLLA stent, and by 44% when compared to
metal stents.

Pure Fe stent [40]

Rabbits (descending
aorta), 6-18 months

No thrombogenicity, no significant neointimal proliferation and
systemic toxicity, faster degradation at junctions of the stent

Pure Fe stent [53]

Porcine (descending
aorta), 360 d

Degradation product adjacent to the stent struts and within adventitia
accompanied by macrophages; no sign of toxicity

Pure Fe stent (54

Pig coronary artery, 28d

Fe stent is very safe

Pure Fe wire [12]

Rat (artery lumen or
artery matrix), 1-9
months

Fe wire experienced substantial corrosion within artery matrix,
whereas it experienced minimal biocorrosion in blood-contacting
environment

AE21[4 (Mg alloy)

Pig (coronary artery), 56d

Mg alloy is satisfactory; 40% loss of perfused lumen diameter due to
neointima formation; degradation time needs to be extended

WE43 58] (Mg alloy)

Minipig (coronary artery),
56d

Mg alloy stents are safe and reliable; the struts are covered by
neointima after 6 d; higher minimal lumen diameter on week 4 and
12 than the 316L stent group

WE 43 [56] Domestic (28d) or Degradation after 28 d post-surgery; less neointima compare to 316L
minipigs Pig (coronary stent; stenosis increased from 28 d to 3 months; decreased lumen
artery, 3 months) area

WEA43 [57] Domestic pig coronary Reduced endothelial proliferation, presence of gas pockets

artery,28d

Mg stent (8]

Left pulmonary artery of a
preterm baby patient, 5
months

Complete degradation occurred during 5 months; no in-stent
obstruction or neointimal hypertrophy was observed; the degradation
level was tolerated and the stent secured reperfusion of the
previously occluded left pulmonary artery.
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Table 5

Summary of material criteria and constraints for a bioabsorbable stent — based on Ref.[68] — with a few

additions.

Criterion

Constraints

Bioabsorption

Mechanical integrity for 3-6 months; Full absorption in 12-24 months

Biocompatibility

Non-toxic and non-inflammatory; No allergenic potential; No harmful release or retention of particles

Mechanical properties

Yield strength > 200 MPa; Ultimate tensile strength > 300 MPa; Yield strength/elastic modulus ratio >0.16;
Elongation to failure > 15-18%; Elastic recoil on expansion < 4%; Resistance to cyclic fatigue >10-20 million cycles
before failure

Microstructure

Homogenous and approximately isotropic;
Small grain size (< 30um)

Corrosion rate

Penetration rate < 0.02 mm/year(®°]
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Key properties and aspects of potential biodegradable metals and polymers for cardiovascular stent

applications [103]

Fe-alloys Mg-alloys Polymers
Essential trace element Yes Yes No
Recommended daily intake 6-20 mg 375-500 mg -
Blood serum level 5.0-17.6 g/l 0.73-1.06 mM -

In vivo long term overdose effects

Damage of lipid membranes,
proteins and DNA,;

Stimulus for inflammations;
Increase of free radicals.

Excessive Mg leads to nausea;
Reduction of the excitability of
neuromuscular, smooth muscular
and cardiac regions.

Adverse tissue
reactions;
Inflammatory tissue
reactions, necrosis and
aneurysms.

Effect on local pH during
degradation

Alkalescent

Alkalescent

Acidic

Corrosion mode

Localized corrosion

Mostly localized and pitting

Hydrolytic (volume)
or enzymatic (surface)

Expected gaseous corrosion
products

None

Hydrogen

None

Expected solid corrosion products

Fe(OH),, a-FeO(OH), Fe;0,

Mg(OH)z, MgO, MgCl,,
(Ca1.xMgy)10(PO4)OH,

Water soluble and
non-soluble oligomers
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