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Abstract

Today, stent designs consist of permanent metal alloy scaffolds
which hold arteries open after percutaneous coronary intervention
(PCI) to maintain arterial blood flow. Bioabsorbable stents are
being investigated as an alternate for permanent stents, that
disintegrate and dissolve in the body. In this article, we profile
magnesium (Mg) alloy as a candidate for bioabsorbable stent
material, and discuss aspects of its properties and challenges.
Experimental data are generated in effort to draw correlations
between in vivo vessel absorption and in vitro degradation, and to
provide an overview of alloy mechanical properties, stent designs,
and electrochemical behaviors. Preclinical porcine coronary
model test results exhibit early on-set and rapid corrosion
presenting a challenge to researchers to establish material design
concepts that balance degradation time, duration for need of
scaffolding, and healing.

Introduction

Cardiovascular disease is the leading cause of death in the world.
Millions of people undergo PCI every year to treat the many varieties
of vascular disease. Most often, the therapies utilized include the
placement of a permanent stent implant to keep arteries open after
the procedure. Over the past several years, many researchers in
industry and academia have been exploring the concept of an
absorbable stent that goes away over time [1-6].

Potential benefits of absorbable stents include cessation or
elimination of antiplatelet therapies that complicate the necessity for
the treatment of other medical conditions the patients require -
adding risk to the overall health. Other benefits are possible
including restoration of vessel properties such as vasomotion which
is the ability for the vessel to expand and contract as the body
attempts to modulate blood flow between times of rest and exercise.
Additionally, absorbable stents would likely create the ability to
more efficiently treat a previously stented site, or to enable the option
of a bypass graft without the hindrance of an existing implant.
Absorbable stents may also be used successfully as a way to deliver
anti-restenosis drugs such as Everolimus or Paclitaxel.

Metal stents made of magnesium alloy have been studied for several
years in animals [7-10] and humans [11-13] with reportedly
encouraging results in terms of strength and degradation time.
However there are many complexities associated with engineering
the stent that range from its basic strength, biocompatibility, healing
response, and rate of absorption. Of fundamental concern are the
many interactive biological, chemical, and metallurgical mechanisms
that dictate how these metal stents dissolve in the body and the yet to
be discovered pathways of how the body responds to the material
and its corrosion induced by-products.
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Scope of this study was the evaluation of different magnesium atloys
and coatings to gain knowledge about their corrosion rates and
modes in animals and its predictability through bench tests.

Assessments

Design of absorbable stent

Magnesium alloys have generated a significant increase in interest
from researchers in the search for biodegradable implant materials
[14-30]. The design criteria for a magnesium stent challenge
conventional permanent stent implant thinking due to its relatively
low modulus, low ductility, and high corrosion rate. The stent
must function mechanically for basic design performance such as
radial strength and deliverability, and must compete in the
marketplace not just with current stents available, but with next
generation stents in the next 5-10 years. Starting a priori from a
thin design (less than 100 micrometer strut thickness) in
combination with a minimum corrosion period of at least 3-
6 months so as to allow encapsulation in the neointima while
providing sufficient radial force against elastic recoil, leads to the
realization that many commercially available magnesium alloys
are not compatible with stent design criteria, forces one to
consider new alloys and a protective coating to be used in the
design. The protective coating itself should be thin, pinhole free
and robust, not only to avoid adding overall stent thickness, but
also to withstand deformations occurring during assembly,
delivery, and expansion of the stent. Figure 1 demonstrates the
technical feasibility of such a coating.

Figure 1. A thin coated magnesium alloy stent immersed
in simulated body fluid for 4 weeks at 37°C showed little
corrosion and remained intact, while uncoated stents
only remained intact for a few days.

Additionally, the stent must be biocompatible, and the luminal
surface should permit rapid endothelialization and should be
compatible with anti-restenotic drugs eluting from the stent. A too
rapid corrosion process in later phases can result in a deposition of
large amounts of magnesium phosphate as shown in the left of
Figure 2. The magnesium phosphate may in fact simply replace



the initial magnesium volume, beating the overall

biodegradability. The right image in Figure 2 is a slow corroding
MZX, a non-commercial alloy covered by magnesium hydroxide
coating and tissue.

Figure 2. Explanted bare magnesium rods (left-WE43,
right-MZX, a non commercial alloy) from mouse
subcutaneous implant in 1- month.

Mechanical properties

Tensile test data was generated for each of the magnesium alloys
evaluated utilizing samples of annealed stent-sized tubing. Tensile
tests were performed using parameters in general accordance with
ASTM ES8, “Standard Test Methods for Tensile Testing of
Metallic Materials”. Mandrels were inserted into the tube at the
sample ends to aid gripping during the test which was performed
on a Sintech 1 G load frame, with a grip separation of 76.2 mm
and elongation to fracture was measured over 50.8 mm. Test
speeds were ranged from 0.254-5.08 mm/min. A 50.8 mm gage
length extensometer was used for measuring strain.

Table 1 presents average tensile test data for the annealed
magnesium alloy tubing. The materials evaluated have a relatively
narrow range in strength and ductility at levels which represent a
challenge for stent design and performance. No significant strain
rate effect was observed for any of the materials over the range of
rates tested.

Table 1. Tensile test data of annealed Mg alloy and
316L stainless steel tubing.

Elastic 02% Yield  Tensile  Elongation
Material  Modulus Strength Strength (%)

(GPa) (MPa) (MPa)
316L SS 193 275 595 50
WE43B 43 169 254 18
ZK31 45 223 287 13
AZ80 43 163 255 7
MZX* 43-46 165-203 265-308 8-23

* MZX is a series of non commercial alloy which contains
magnesium, zinc, and other elements.

Electrochemical properties

A survey of magnesium alloy bio-corrosion rates was published in
reference [31]. Static simple immersion test shows the effect of
time on the degradation rate. Bare MZX magnesium alloy
demonstrated very low corrosion resistance in simulated body
fluid (SBF) solution as shown in Figure 3. Surface oxidizing
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treatment increased corrosion resistance by nearly a factor of 6.
However, it still corrodes too fast from an absorbable stent point
of view. Biodegradable polymer coated magnesium alloy showed
a reasonable corrosion rate. It seems that a thin layer of ceramic
coating could be protecting the corrosion in a period of time as an
example in Figure 1.
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Figure 3. Mass loss of bare and surface coated
magnesium alloy stents in SBF solution at 37 °C.

Potentiodynamic polarization curve gives an idea about corrosion
behavior and a rapid estimation of initial corrosion rate. The
polarization testing was performed in general accordance with
ASTM F2129 “Standard Test Method for Conducting Cyclic
Potentiodynamic Polarization Measurements to Determine the
Corrosion Susceptibility of Small Implant Devices”. One aim of
electrochemical testing is to identify the similarity of body fluids
in order to understand the correlation between in vitro and in vivo
magnesium degradation. Potentiodynamic polarization of bare
magnesium stents in different media are exhibited in Figure 4.
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Figure 4. Potentiodynamic polarization measurements
of magnesium alloy stents in different media with SCE
reference electrode in Saline and PBS, and Ag/AgCl
reference electrode for the other media.



Surface passivation was observed in both phosphate buffered
saline (PBS) and SBF solution due to the formation of a
phosphate layer. The rest potentials were higher in swine fluids
than in simulated body fluids. This indicates that in vitro
degradation tests in SBF are significantly different from the real
degradation condition in swine fluids and perhaps in vivo. A
much lower degradation rate is expected for in vivo tests than in
vitro tests.

Pre-clinical results analysis

The stent implantation investigations conform to the “Guide for the
Care and Use of Laboratory Animals published by the US National
Institutes of Health” (NIH Publication 85-23, revised 1996). Both
bare magnesium (MZX) bioabsorbable stent and platinum chromium
bare metal stents (BMS) (12-mm length, 3.0-mm diameter) were
implanted in. the left anterior descending (LAD), left circumflex
(LCX), right coronary (RCA), intemnal thoracic (ITA), renal and iliac
arteries of female crossbred swine (Genetiporc, LLC, Alexandria,
Minn). The stents were implanted at a targeted ratio of stent to artery
diameter of 1.1:1.0 in the coronary arteries and 1.3:1.0 in the
peripheral arteries as assessed by quantitative coronary angiography.
Animals were euthanized after implant durations of 30 and 120 days.

For histology, randomly selected explanted coronary arteries were
dehydrated; embedded in plastic; imaged using micro computed
tomography (micro-CT); sectioned at proximal, mid, and distal
stented locations and proximal and distal to the stented segment,
and stained with hematoxylin and eosin and elastic trichrome
stains. In selected cases, von Kossa staining was performed to
confirm the presence of calcium. Morphological analysis of the
in-stent sections (proximal, mid, distal) by light microscopy was
performed with ordinal grading assessments of the following
parameters: mural thrombus, endothelialization, strut tissue
coverage, para-strut leukocytes, disruption of the internal elastic
lamina (IEL), disruption of the external elastic lamina (EEL), and
medial smooth muscle cell (SMC) loss.

At 30 days, neointimal thickness and percent stenosis were higher
in all arteries implanted with MZX when compared to the single
BMS device. Additional observations included an irregular
distribution/distortion/cramping of struts in the neointima,
irregularity of neointima thickness, and arterial wall calcifications
in all arteries implanted with MZX devices. These findings were
not observed in the control BMS stent (Figure 5). At 120 days,
near complete absorption of the MZX was observed; any
remaining fragments were well incorporated and covered by
neointima. These fragments were surrounded either by cells
(macrophages, monocytes or multinucleated giant cells) or by
matrix with some calcifications (Figure 6).

Figure 5. 30-day follow-up. Left - Histopathology of
MZX vessel. Right - Histopathology of BMS vessel.
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Figure 6. 120-day follow-up. Left - Histopathology of
MZX vessel. Right - Histopathology of BMS vessel.

Magnesium stents demonstrated limited parastrut inflammation,
absence of thrombi, and complete endothelial cell coverage
similar to the bare metal control at 30 days. Lumen surface
irregularities, late strut malaposition/staggering, mineralization,
and reduced EEL area were observed in almost all magnesium
stents in all vessel types at 30 days. These observations indicate
the stents are exhibiting weakened radial strength by 30 days. All
above mentioned changes may be related to the fragility of stents
due to fast degradation. The discontinuity of struts can cause
arterial wall damage and consequent dystrophic calcification. The
fact that distortion of the stent struts coexists with mineralization
suggests that it is not a result of the stents “handling” during
explantation at necropsy but, most likely, the result of degradation
of MZX which was quite prominent at 30 days. Arteries stented
with magnesium stents have been reported in the literatures to
have smaller diameters at follow-up; reduced diameters been
attributed to negative remodeling [8] or recoil due to loss in radial
strength [10].

Analysis of explanted stents

Conventional analytical methods can be used to characterize the
condition of the magnesium stent implant after it has been
harvested from the animal. It is of interest to examine the
transformation of the stent metal to its by-products during
degradation and to see how those products are distributed within
the arterial wall. A method used to qualitatively characterize the
progression of degradation is to make light microscopy
examinations of stented arteries in cross-sections. Explanted
stented arteries are cast in a translucent epoxy resin. Transverse
sections are cut from in-stent regions (e.g., proximal, middle,
distal). The wafer sections are cast in translucent metallography
epoxy resin within molds to make sample configurations that can
be ground and polished to prepare a metallographically smooth
surface. The prepared planes are imaged with an optical
stereozoom microscope and optical metallography microscope.

This technique allows for observations to be made with regard to
the condition of stent struts within the artery wall and the
distribution of metal degradation products. The cross-sections are
first examined at relatively low magnification with an optical
stereozoom microscope to see the entire stent strut ring and artery
wall (Figure 7). An optical metallograph is used to examine
individual struts in more details (Figures 8).



Figure 7. Optical stereozoom digital image of
transverse cross section through a magnesium-stented
artery. At 30 days time point, the stent struts are still
present and there are degradation products adjacent to
the struts.

Figure 8. Optical metallograph image of a transverse
cross-section through a magnesium-stented artery. The
stent lumen and artery wall are visible in the top
image. The remaining metal struts (white) and
degradation products (grey around metal struts) can be
seen in a higher magnification in the bottom. The strut
next to it appears to be nearly completely degraded
(dark grey).

The prepared cross-sections can then be imaged in the scanning
electron microscope (SEM) in order to further resolve degraded
strut features (Figure 9). The SEM image grey-scale contrast is
related to the atomic number of the elements present in the
features in the strut and tissue, so the degradation product can be
more readily distinguished from the strut metal than with the
optical microscopes. Energy dispersive spectroscopy analysis
(EDS) can be used to qualitatively identify the elements that are
present in the strut and degradation products. The EDS results can
be mapped on the SEM image to show the distribution of
elements.
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Figure 9. SEM-EDS elemental maps for magnesium
(Mg, top) and oxygen (O, bottom) from two struts and
their degradation products in a transverse cross-section
through a magnesium-stented artery. The grey image
(middle) is the SEM image that corresponds to the
metal (light grey) and degradation product (dark grey).

Correlation in vivo and in vitro

The aim of a correlation is to predict in vivo outcomes through in
vitro testing. Instead of running various costly animal studies, in
vitro degradation studies can be used to preselect concepts ideally
in a more timely manner. The experimental work included a
comparison of measured mass loss values on explants (vessel
containing implanted stent) with in vitro mass loss results from
corrosion tests on stents. A non-destructive test procedure was
developed using epoxy resin embedded vessel explants as test
material and x-ray micro computed tomography (micro-CT) as
analyzing method. The mass loss can be derived from the known
magnesium alloy density and the micro-CT measured volume of
the non-corroded stent metal. The deviation of the method
depends from various parameters but mostly from pixel
resolution, signal-to-noise ratio, bit depth of reconstructed image
slices, strut position to beam line and polychromatic x-ray
spectrum related artifacts (beam hardening).

Qualitative micro-CT assessment of magnesium stents, explanted
from an animal internal thoracic artery (ITA) after 30 days,
demonstrates advanced material corrosion which leads to low



stent radial strength. The magnesium stent illustrated in the top of
Figure 10 has numerous discontinuous struts which have led to the
stent radially collapsing from vascular motion. Qualitative micro-
CT assessment also shows magnesium stents do not corrode
uniformly but rather focally, with corrosion generally initiating in
high-strain regions. Quantitative mass loss measurements can be
made by imaging stents of known mass (Figure 10 bottom) along
with stents implanted during an in vivo study. The purpose of
imaging stents of known mass is to determine an appropriate
micro-CT threshold factor signifying the difference between
magnesium and epoxy resin/tissue.

Figure 10. A magnesium alloy stent explanted from ITA
after 30 days (top). A known mass stent implanted in
epoxy resin (bottom).

Since the in vitro mass loss test is accelerated compared to in vivo
mass loss, a more complex approach has to be used to determine
corrosion as shown in Figure 11. Relative mass loss determined
through in vitro test is fitted into a curve over different time
points. The relative mass loss determined through measurement
on explants is then found in this curve and related to a time point
on the in vitro time axis. This is done for every time point from
explants that creates a correlation curve between in vitro and in
vivo time points as shown in the upper right part of Figure 11.
Detailed correlation experiments are ongoing and will be
published elsewhere.

Conglusion

Magnesium alloys have reduced mechanical strength relative to
conventional metal stent materials, but the amount of strength
required and stent designs to maintain stent diameters over a
certain time frame is relatively unknown. Magnesium alloy stents
provide a suitable corrosion rate in the physiologic environment
with surface coating. Magnesium is an essential mineral for
human metabolism which is a plus for bioabsorbable stent
material.
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Figure 11: In-vitro / in-vivo correlation.

Intravascular ultrasound analysis at the termination of the 120-day
animal provided no evidence of remaining stent material in the
treated area of the vessels; histology confirmed nearly complete
absorption within 120 days of implantation. At both 30 and 120
days post implantation, vascular response of coronary and
peripheral arteries demonstrated absence of thrombi, complete
strut coverage and minimal parastrut inflammation in all arteries
implanted with either magnesium alloy or BMS devices. There
was no evidence of myocardial abnormalities of any kind at 30
and 120 days. Evidence of negative remodeling at 30 days and
positive at 120 days was noted by angiography and intervascular
ultrasound (IVUS) at termination.

Both in vitro and preclinical in vivo data suggest that delayed and
more uniform corrosion of the stent material is required. The
vessel requires strength for a longer period of time than 30 days to
allow for the completion of vessel healing. Therefore, new alloys
and corrosion protection schemes such as coatings may be
beneficial in generating a more complete understanding of the
design requirements of magnesium alloy stents. In vitro
experiments inherently exhibit a direct correlation to the real case,
whereas a direct simulation of the in vivo case seems feasible.
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