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Statement of Significance

Statement of significance

In the present study, a Mg-8.5Li (wt.%) alloy (RE- and Al-free) with an excellent
ductility was processed into mini-tubes, and further fabricated into finished stent
through laser cutting and electropolishing. In-vitro and in-vivo degradation behaviors
and biocompatibility of the stent were evaluated by performing implantation in iliac
artery of minipigs. The stent exhibited a decent degradation rate (0.15 mm/y) in vitro,
but divergent result (> 0.6 mm/y) was found in vivo. The stent did not induce possible
thrombus, and it was tolerable by surrounding tissues. Moreover, fast endothelial
coverage in 1 month was achieved. Apparently, Mg-Li based biodegradable stent shows

virtue from the criteria of elemental biocompatibility.
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Abstract

Biodegradable stents can provide scaffolding and anti-restenosis benefits in the short
term and then gradually disappear over time to free the vessel, among which the Mg-
based biodegradable stents (BDS) have been prosperously developed. In the present
study, a Mg-8.5Li (wt.%) alloy (RE- and Al-free) with an excellent ductility was
processed into mini-tubes, and further fabricated into finished stent through laser
cutting and electropolishing. In-vitro degradation test was performed to evaluate the
durability of this stent before and after balloon dilation. The influence of plastic
deformation and residual stress (derived from the dilation process) on the degradation
was checked with the assistance of finite element analysis. In addition, in-vivo
degradation behaviors and biocompatibility of the stent were evaluated by performing
implantation in iliac artery of minipigs. The balloon dilation process did not lead to
deteriorated degradation, and this stent exhibited a decent degradation rate (0.15 mm/y)
in vitro, but divergent result (> 0.6 mm/y) was found in vivo. The stent was almost
completely degraded in 3 months, revealing an insufficient scaffolding time.
Meanwhile, it did not induce possible thrombus, and it was tolerable by surrounding
tissues. Besides, fast endothelial coverage in 1 month was achieved. In the end, the
feasibility of this stent for treatment of benign vascular stenosis was generally discussed,

and perspectives on future improvement of Mg-Li-based stents were proposed.

Keywords: biodegradable stent; Mg-Li alloy; degradation behavior; biocompatibility;

iliac artery



OCoO~NOUAWNE

1. Introduction

Since the first implantation of a coronary artery stent (bare metallic stent) in 1986 [1,
2], stent has become a dominant medical apparatus in the treatment of vascular stenosis
[3, 4]. Up to now, the stent has experienced mainly three generations of innovation:
bare metallic stent (BMS), drug-eluting stent (DES) and biodegradable stent (BDS) [5-
7]. The restenosis rate has been well controlled (< 5%) with current DESs [8, 9].
Nonetheless, complications such as risks of late stent thrombosis and impaired
endothelial function still remained a concern as the lifelong existing of DES [10-14].
There are few reasons for the permanent remaining of the stent when remodeling of the
stented vessel is completed [15]. Spontaneously, BDS seems to be the next generation
and the ideal stent in the treatment of vascular stenosis.

Lately, magnesium-based (Mg-based) stents have attracted great attention as a
revolutionized generation of BDS [6, 16]. In 2016, the Mg-based drug-eluting stent
Magmaris (BIOTRONIK, Germany) received the CE mark approval [17, 18]. This new
type of metallic BDS is expected to provide a temporary opening to a narrowed arterial
vessel until the vessel remodeling is done, and to disappear progressively thereafter
[19]. It opens a new horizon in the development of metallic BDSs, and also in the
treatment of narrowed vessels. The promising results with good clinical and safety
outcomes up to 3 years’ follow-up support the use of Magmaris in simple coronary
artery disease [20].

Owing to the unique biodegradability and excellent biocompatibility of Mg [21, 22],
concerns with traditional BMSs or DESs, such as late thrombosis, long-term endothelial
dysfunction, permanent physical irritation, chronic inflammatory local reactions,

restricted vasoreactivity, etc., could possibly be avoided in Mg-based BDSs. Blood
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vessels are set free from the metallic cage after full degradation of Mg-based BDSs [23].
This is particularly important in pediatrics as blood vessels of children and adolescents
are immature, and they continue to grow. In addition, full degradation makes the re-
stenting possible, and it also ameliorates the vessel wall quality. Due to the metallic
nature, mechanical properties (radial strength, deformability, deliverability, etc.) of Mg-
based BDSs are superior to their polymeric competitors. The body’s ability to quickly
resorb Mg leads to a faster and therefore more desirable resorption time than the
polymer-based BDSs. Mg-based BDSs could emerge as a strong alternative to currently
available polymeric BDSs.

In the past decades, some magnesium alloys have been developed as potential BDS
materials, but only limited ones were fabricated into stents and performed animal trials,
which include WE43 [24], AE21 [25], AZ31B [26], AZ91 [27], Mg-Nd-Zn-Zr [28], etc.
Among them, only the WE43-based one entered the clinical trial and finally received
CE mark approval [20]. The vast majority of those alloys were aluminum (Al)
containing or rare earth (RE) containing alloys. However, Al in biomedical applications
is discouraged because of its possible toxicity [29]. Rare earth elements are not essential
to human, and the long-term effect of RE on blood vessels needs further research [30,
31]. From the perspective of biological safety, the ideal alloying elements in Mg-based
BDSs should be those which are essential to or naturally presented in human body [16].
Lithium (Li) is naturally presented in human body, and it is a possibly essential element
to human health. Lithium salts have been used in the treatment of bipolar disorder for
a long time [16, 32]. It is one of the two known elements (the other one is rare earth
element scandium) which can change the hexagonal close-packed structure (hcp) of
magnesium into body-centered cubic type (bcc), in this way improving ductility [33].
Just in time, good deformability is crucial for balloon expandable stent. So, Li is a
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proper alloying element for magnesium alloys developed for BDSs. The good
biocompatibility of Mg-Li based alloys have already been proved in bones [34, 35].
However, no intravascular implantation of the Mg-Li alloy system has been reported
yet.

In our previous study [36], a Mg-8.5Li (wt.%) alloy composed of duplex a+f phases
was found to exhibit an excellent ductility (> 40%), and this was particularly attractive
for radially expandable stent applications. Cytotoxicity tests confirmed that the Mg-
8.5Li alloy was compatible with human umbilical vein endothelial cells (ECV304),
while it significantly inhibited the proliferation of rodent vascular smooth muscle cells
(VSMC). This property might be favorable for promoting endothelialization and

inhibiting excessive VSMC hyperplasia.

Based on the previous results, the Mg-8.5Li alloy was processed into mini-tube, and
further fabricated into finished stent through laser cutting, acid pickling and
electropolishing, respectively. The structural integrity of the Mg-8.5Li stent after
balloon dilation was simulated through finite element analysis (FEA), and was also
verified through experimental observation. The in-vitro degradation behaviors before
and after balloon dilation were compared. Furthermore, the stent was deployed into
iliac artery in minipigs, and in-vivo performances were evaluated through micro-CT
scanning and histopathological examination. The feasibility of this stent to be used in
stenosed vessels was generally discussed. In the end, outlooks on the future

development of Mg-L.i alloy based BDSs were proposed.
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2. Material and methods

2.1 Preparation of Mg-Li mini-tube and stent fabrication

The preparation of Mg-Li mini-tubes was performed in Delft University of Technology.
Abinary Mg-8.5L.i alloy was supplied in as-cast form and was machined into extrusion
billets with a diameter of 48 mm and a length of 200 mm. The Li content of the Mg-
8.5Li billets, determined by using inductively coupled plasma optical emission
spectrometry (ICP-OES, Prodigy 7, Leeman), was 8.48 wt.%. Those billets were
preheated at 250 °C for 1 h, and then extruded at a reduction ratio of 20 and at a ram
speed of 1 mm/s into bars with a diameter of 11.2 mm by using a 250 MT direct
extrusion press. The extruded bars were machined into hollow billets with an outside
diameter (OD) of 11 mm and a length of 26 mm. Then, they were indirectly extruded
at 250 °C into mini-tubes with an OD of 3.2 mm, an insider diameter (ID) of 2.5 mm.
Mg-Li stents were laser cut from those mini-tubes, and followed by acid pickling and
electropolishing in Jiangyin Fasten-PLT Materials Science Co. Ltd. Pattern design of
the stent was illustrated in Figure 1 (a). The stent for animal test was pre-mounted on a
self-designed delivery balloon-catheter system, individually encapsulated, and

sterilized under Co60 radiation before use.

2.2 Finite element analysis (FEA) of the stent

All the material parameters of the stent were obtained through experimental
measurement. Figure 1 (c) displays the true stress-strain curve of the extruded Mg-8.5L.i
alloy. A homogeneous, isotropic, elasto-plastic material model was used. The 2D
geometry model of the stent was created in SolidWorks 2014, as shown in Figure 1 (a).
Then it was imported into Pro/E 5.0 to form the 3D model. The mesh generation was

carried out in HyperMesh 12.0. The mesh density was studied, and a proper mesh
7
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density was used in all the simulations in this work. Abaqus 2016 was used to run the
simulations. The FEA model was composed of two parts, i.e. a Mg-8.5Li stent and one
cylinder, as depicted in Figure 1 (b). The length of the cylinder is slightly longer than
that of the stent. After the stent was dilated/expanded to a certain size by means of
expanding the inner cylinder, it recoiled after removing the cylinder. The mirror
symmetry along the generatrix allows to simulate only half of the stent in order to
reduce the model size. A static analysis was performed with nonlinear geometry option
to better simulate the dilation and recoil processes. All the contact frictions were
ignored in the analysis for simplicity.

In these simulations, cylindrical coordinates were used. A cylinder was introduced to
control the dilation and recoil processes. The stent with the element type of C3D8R and
the cylinder with the element type of SFM3D4R were coaxial. For the half stent, the
axial degree of freedom was fixed at the open ends, and the circumferential degree of
freedom was fixed at one node to prevent the rigid body rotation. For the cylinder, both
circumferential and axial degrees of freedom are fixed. A radial displacement was
applied to the nodes of the cylinder to increase the inner radius to 1.75mm. Then, a -
0.35mm radial displacement was applied to the nodes of the cylinder to let the stent
gradually recoil. The stress and strain distributions on the stent during dilation and

recoil were analyzed.

2.3 In-vitro degradation characterization

Eight stents were used for in-vitro degradation test, and four of them were balloon
dilated by using a balloon-catheter system (®3.5x20 mm, Boston Scientific) at the
nominal pressure (NP, 8 atm) for 30 s. The surface integrity of the dilated stent was

examined under a scanning electron microscope (SEM, HITACHI S-4800, Japan),
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equipped with an energy dispersive spectrometer (EDS). Immersion test was carried
out in Hank’s solution (H1025, Solarbio) at 37£0.5 °C with an exposure ratio of 20
mL/cm?, according to ASTM-G31-72 [37]. During immersion, pH value of the Hank’s
solution was monitored by using a pH meter (PB-10, Sartorius), with normal Hank’s
solution as control. Concentrations of Mg, Li, Ca and P in the solution after immersion
were measured by ICP-OES (iCAP 6000, Thermo). The macro-morphology of the stent
after immersion was captured under a digital camera (Canon EOS 70D, Japan). The
surface was characterized by a Fourier transform infrared spectrometer (FTIR, Nicolet
iS 50, Thermo Scientific) and an imaging X-ray photoelectron spectrometer (XPS, Axis
Ultra, Kratos Analytical Ltd.). The FTIR spectrum was recorded over a range of 4000-
500 cm ™! to identify functional groups in the sample surface. High resolution narrow
scanning of XPS was performed to determine the binding states of Mg 2p, O 1s, Ca 2p,
P 2p, C 1s, and Na 1s, by using Al Ka radiation. Constituent phases in the degradation
product layer were identified by using an X-ray diffractometer (XRD, X'Pert Pro MPD).
Considering the small and irregular testing area on the stent, XRD test was performed
by using a Mono-Capillary PreFix Module operating at 45 kV and 40 mA with Cu Ka,
radiation, at a step size of 0.017° over a range of 10-90°. The structural integrity of
stents was examined under a micro-CT scanner (Latheta LCT 200, Hitachi-Aloka) at a
spatial resolution of 24 um. The 3D reconstruction was performed in Amira software
(Amira 6.0.1, Visage Imaging). One unexpanded stent along with an expanded stent
was embedded in cold mounting resin (BUBBLEFREE, TRUER) for cross-section
analysis. Samples were also observed under SEM before and after removing the
degradation products in chromic acid (200 g CrOs in 1000 mL H»O), according to

ASTM-G1-90 [38]. The degradation rate was calculated according to the following

equation, CR=3-65AW/p [39], where AW is the metal weight loss rate (mg/cm?/d) and

9
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p is the metal density (g/cm?).

2.4 In-vivo degradation and biocompatibility

2.4.1 Animal model and surgery

Animals were supplied by Beijing Ke Xing Experimental Animal Cultivation Center

(animal use permit No.: SCXK ( jing ) 2012-0005). Six laboratory minipigs were fed

with aspirin 3 days before operation at a dosage of 100 mg/d. The surgery was
performed under general anesthesia by intravenous injection of 2% pentobarbital at the
dosage of 30 mg/kg. Animals were placed abdomen-up and limbs fixed. Bilateral iliac
arteries were isolated after opening the abdomen. Lumen diameter was measured
through ultrasonography (GE Logic E), and it was in the range of 3.0-3.3 mm. A sheath
(6Fr, TERUMO) was punched into the artery along the blood descending direction.
After administration of unfractionated heparin through peripheral vein (systemic
anticoagulation, 1 mg/kg), a Mg-8.5Li stent was delivered into the iliac artery (either
left or right) and balloon dilated at 8 atm (NP, a nominal diameter of 3.5 mm) for 30 s
to deploy the stent, under the guidance of a guide wire (0.014 inch). The contralateral
iliac artery without implantation was set as normal control. Position of the stent was
marked by two stitches at the adjacent tissues on both ends of the stented section (a
total marked vessel length of 5 cm), in much convenience for recycling samples. The
artery patency was confirmed by intraoperative ultrasonography. Finally, the wound
was well sutured (7-0 Prolene) and patched with aseptic dressing. Antiplatelet therapy
was performed by giving 100 mg aspirin daily after the implantation. Two animals were
sacrificed at 1, 2 and 3 months post-operation, respectively. The patency of the iliac
artery was confirmed through ultrasonography during the dissection. The stented iliac

artery and the normal iliac artery were both retrieved for follow-up analysis. The
10
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anesthetic, surgical and post-operative care protocols were examined by and fulfilled

the requirements of the Ethics Committee of Peking University People's Hospital.

2.4.2 In-vivo degradation and histological evaluation

Retrieved iliac arteries were immediately examined under a micro-CT scanner
(Skyscan1076, Bruker) at a spatial resolution of 9 um. The 3D reconstruction of the
remaining stent was performed in Mimics software (Mimics 10.01, Materialise
Mimics®). Pathological examination of the stented vessel and the normal vessel was
performed by using conventional paraffin-embedded sectioning and staining with
hematoxylin-eosin (H&E, Guge Biological Technology Co., Ltd.). Specifically, one
sample at 1 month was longitudinally cut open and separated into two parts. One part
was fixed in 2.5% glutaraldehyde solutions followed by dehydration in gradient
ethanol/distilled water mixtures (50%, 60%, 70%, 80%, 90% and 100%, 10 min for
each). The endothelialization condition of the stent was observed under SEM after
spraying with Au. For the other part, the remaining stent was directly extracted from

the vessel tissues and examined under SEM.

2.5 Statistical analysis

Data in this work were expressed as means + standard deviation. Statistical analysis
was performed with SPSS 18.0 software (SPSS Inc., Chicago, USA). Differences
between groups were analyzed by using one-way analysis of variance (ANOVA)

followed by Tukey test. The statistical significance was defined as ® p < 0.05.

11
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3. Results

3.1 FEA result

Figure 2 shows the distribution of principal strain and stress on the stent after it was
dilated and naturally recoiled. The maximum principal strain after dilation was mainly
concentrated at the crown (typical position of each part on the stent is indicated in
Figure 1 (a)), with tension strain at the inner surface and compression strain at the other
side, i.e. the outer surface of the crown. The maximum principal strain after dilation
(similar to balloon dilation to 3.5 mm) was 3.12%, which was well below the fracture
limit of Mg-8.5Li alloy (> 40%). The bridge between two crowns alleviated the
principal strains at both neighboring crowns, as indicated by blue arrows in Figure 2 (b)
(compared with the red arrow indicated sites). The distribution of the maximum
principal stress during dilation was similar to that of the maximum principal strain, all
concentrated at the crowns, as marked by red arrows in Figure 2 (c). A maximum
principal stress of 134.7 MPa and a radial recoil of 3.3% were found after dilation. The
distribution of residual stress after unloading was presented in the right side of Figure
2 (c). A maximum residual tension stress of 60.8 MPa appeared near the outside surface
of the crown (upper site, the orientation is illustrated in Figure 2 (a)) while the
maximum residual compression stress was found near the internal surface at the crown,
as shown in the enlarged images. Generally, the balloon dilation process would not

induce any damage to the stent, judging from the FEA results.

12
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3.2 In-vitro degradation behavior

Figure 3 shows the macroscopic morphologies of the stent before and after immersion
under an optical camera and under radioscopy. The original stent owned a smooth
surface and was shining with metallic luster. Balloon dilation (8 atm, expansion to ®3.5
mm) did not induce any visible fractures or defects on the stent. The dogboning effect
during dilation was not obvious. The deformation of Mg-8.5Li stent was generally
uniform in both axial and radial directions. After immersion for 7 days, the stent surface
became pale, and a greyish degradation product layer could be observed. A fracture
occurred casually at a strut section on one of the unexpanded stents, as indicated by red
arrows in Figure 3 (a). The stent integrity after immersion was examined under X-ray,
as depicted in Figure 3 (b). Generally, the structural integrity was mainly maintained
after immersion. However, at limited sites, low-density areas were found under X-ray,
showing the appearance of localized degradation. At those sites, the remaining stent
struts became much thinner, as revealed by the micro-CT results. The localized
degradation was suspected to be closely related to the componential (impurities) and
microstructural heterogeneity.

Figure 4 shows the microscopic morphologies of the stent before and after removing
the degradation products. Surface details could be revealed under SEM. Before
immersion, the original stent exhibited a smooth surface without sharp edges. After
balloon dilation, the stent surface kept intact without any fractures/cracks, indicating
the good deformability. After immersion, the strut surface was covered with a
degradation product layer with some white deposits on top of it. This layer was mainly
composed of Mg, O, Ca, P, C and Na, as revealed by EDS analysis. Degradation of the
stent was generally uniform. However, a few localized degradation sites were also

found on the stents whether they were dilated or not, as marked by red arrows.
13
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Degradation products accumulated on those sites and they were in a loose condition.
The sites where localized degradation happened seemed to be irregular and random, not
appearing at a specific site. After removing the degradation products, the actual
morphology of the strut was exposed. Except for the limited local degradation sites, the
stent exhibited a generally uniform degradation morphology. At severely localized
degradation sites, deep holes were revealed. The degradation seemed to be
preferentially occurred at specific directions, maybe along specific lattice planes, as
revealed in the inserts in Figure 4 (b). On the microscopic level, the stent is susceptible
to pitting, as shown in the enlarged SEM images. Clear and intact grain boundaries
could still be observed after removing the degradation products, as shown in inserts of
Figure 4 (b). The degradation at the grain boundaries was not severe than the
degradation in the interior of the grains, suggesting that grain boundaries were not the
vulnerable sites during degradation.

Figure 5 (a) displays the cross-sectional morphologies of the stents and corresponding
EDS element mapping (red: Mg, green: O, blue: Ca, cyan: P, purple: C). The stent strut
was covered by a thin degradation product layer. In areas where degradation was more
severe, this layer was much thicker. Ca and P were found to be enriched in the surface
of the degradation products, indicating Ca/P deposits on the degradation product layer.
Figure 5 (b) and (c) shows the pH variation during a 7-day-immersion and element
concentrations after immersion, respectively. At the beginning, there was a certain pH
increase of the Hank’s solution, suggesting a fast stent degradation during this period.
Afterwards, the pH value increased slowly and finally reached a relatively stable value
around 8.8 in the experimental groups. During the whole immersion period, pH value
of the dilated stent group was always slightly higher than that of the unexpanded group
(stent without dilation). However, there was no significant difference. There was almost

14
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no difference in the Mg and Li concentrations between those two groups, as shown in
Figure 5 (c). Compared to the blank control group, reduced Ca and P were detected
after immersion in the experimental groups with Mg-8.5L.i stents. Deposition of Ca and
P on the degraded stent should be responsible for their decrease in the medium.
Degradation rates (calculated from weight loss) of the stents before dilation and after
dilation were 0.113+0.028 mm/y and 0.145+0.031 mm/y, respectively. A little higher
degradation rate was found in the balloon dilated group. However, no significant
difference was detected.

Figure 6 shows the XPS, FTIR and XRD results of the Mg-8.5L.i stent after immersion.
XPS result revealed that elements including Mg, O, Ca, P, C and minor Na were
detected on the sample surface. High resolution narrow scanning confirmed the possible
presence of calcium phosphate or hydroxyapatite on the surface, as indicated by the Ca
2p peak at 350.90 eV, along with P 2p peak at 133.36 eV and O 1s peak at 531.17 eV
[40, 41]. The O 1s peak at 532.65 eV and C 1s peak at 284.87 eV could be attributed to
the COs? [40]. The Na 1s peak at 1071.82 eV is assigned to a small amount of NaCl,
which precipitated from the Hank’s solution. FTIR spectrum indicated the presence of
possible functional groups including H.0, OH", COs", PO4* and possible HoPO4?> [42,
43], as shown in Figure 6 (b). The mainly crystalline degradation products could be
directly identified through XRD analysis, and they were mainly composed of Mg(OH)2,
MgCO3z-2H20 and CaMgs(CO3)(PO4)4(OH), as depicted in Figure 6 (c). Weak peaks

from the B-Li phase could also be detected through XRD analysis.

3.3 In-vivo degradation and biocompatibility
Figure 7 (a) shows the stent implantation process and retrieval of the target vessels.

After the laparotomy, patency of the stented vessels was verified through ultrasonic

15
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examination, and all the implanted vessels showed unobstructed blood flow. There was
no noticeable difference between the stented vessels and the normal control vessels
through gross examination. The stent could be felt through gentle touch along the
stented vessels after 1 month. In the next month, the stent could be barely felt, implying
serious degradation by this time (2-month post-operation). The stented vessels
exhibited good vascular adaptability as they could be easily curled and twisted without
sensation of foreign matter at month 3. No thrombosis or blood clotting was found in
the stented section or far from the stent through general observation.

Figure 7 (b) displays the 3D reconstruction of the remaining stent in the iliac arteries.
The major part of the stent still existed, and the remaining stent kept as a whole after 1
month. Even though some struts fractured, the structure and shape of the stent could
still be distinguished. The remaining part maintained most of its structural integrity.
After 2 months, the stent was seriously degraded as the remaining part has fractured
into small pieces, and the stent units were no longer interconnected. The stent strut has
become much thinner and rougher compared to that at 1 month. After 3 months, only
some residual particles in limited size and limited amount could be detected. No
substances with density higher than the vessel wall could be found in the normal control
vessels. Generally, the Mg-8.5Li stent exhibited an over-quick degradation in vivo, and
it was almost fully degraded after 3 months (in-vivo degradation rate > 0.6 mm/y).
Histological images of the stented iliac arteries at different time points were listed in
Figure 7 (c), with normal iliac artery as control. The voids where the stent struts
previously occupied before slicing and staining could be clearly seen, as indicated by
black triangles. Fast endothelial coverage in the first month could be found as the struts
were covered by a monolayer of cells. Due to the mechanical mismatch between the
stent platform and paraffin permeated tissues, some of the tissues were torn away from

16
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their original positions during slicing procedure, as indicated by the long red arrow in
Figure 7 (c). Only limited stent remnants were observed after 2 months, and the
surrounding tissues penetrated into the spaces where the stent struts held before. At
month 2, the stent struts were embedded in the middle layer of the vascular membrane,
well beneath the intima. A certain degree of inflammatory response was observed. The
adjacent tissues surrounding the struts appeared to be a little bit loose and irregular at
month 2, when compared to the normal control or tissues at month 3. It was probably
caused by the fast stent degradation and the by-products (hydrogen, degradation
products) which were generated during stent degradation.

During stent degradation, some debris or degradation products could also be observed
in the tissues adjacent to the stent struts, as illustrated by red arrows in Figure 7 (c).
After implantation for 3 months, no obvious stent debris or residues could be found
through histological examination, implying that the Mg-8.5Li stent could be fully
absorbed soon after. The tiny particles observed under micro-CT at month 3 (Figure 7
(b)) were not easily found in the histological images (Figure 7 (c)), since they were in
limited size and were not easy to be exactly sliced. The recovered artery tissues at month
3 exhibited no microscopic difference to the normal iliac artery. However, unfortunately,
the intima-medial thickness was thicker than the normal control.

Figure 8 (a) depicts the endothelial coverage status of the Mg-8.5L.i stent after 1 month.
The corresponding morphology of the stent after directly extracted from the vascular
tissues was shown in Figure 8 (b). Endothelial cells could migrate across the
protuberant struts, and then covered the whole stent. After 1 month, a monolayer of
fusiform endothelial cells was formed on the stent struts, showing a fast
endothelialization, consistent with the histological results at 1 month. The fast
endothelialization is favorable for lowering possible adverse reactions, such as

17
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restenosis and thrombus. As for the stent itself, a degradation product layer was formed.
This layer was ruptured and peeled off due to dissociation (separation from the tissue)
and dehydration. Elements of Mg, O, Ca, P, C, Na were detected in the degradation
product layer through EDS characterization. In the peeling-off areas, such as area B,
contents of Ca and P were less than those in the intact areas (area A). Meanwhile, higher
contents of O and C were found in peeling-off areas. This suggested that Ca and P
tended to be enriched on the surface of the degradation product layer. Similar results
were also observed during the in-vitro degradation of Mg-8.5L.i stent. Elements in the
degradation products were similar both in vitro and in vivo, so as the XPS results. So,

the major constituent phases in the degradation product layer should also be alike.

4. Discussion

4.1 The feasibility of Mg-8.5Li alloy stent for treatment of benign luminal diseases

One of the most crucial problems for Mg-based BDSs is that they degraded too fast,
and premature loss of radial force before vascular remodeling might lead to restenosis.
Erinc et al. [44] proposed that degradation rate of magnesium alloys should be lower
than 0.5 mm/y to satisfy the requirement for BDS. According to recent research, Mg-
based BDS should maintain mechanical support for 3-4 months to help the vessel
remodeling [16, 45]. Therefore, for a BDS with a strut thickness of 150 um, the
degradation rate should be lower than 0.23 mm/y. The in-vitro degradation rate of our
Mg-Li stent was encouraging as it was as low as < 0.15 mm/y (0.113+0.028 mm/y
before dilation and 0.145+0.031 mm/y after dilation, no statistical difference). The
balloon dilation process did not make much difference to the degradation behaviors.
Plastic deformation and residual stress resulted from the dilation process did not lead

to deteriorated degradation, as depicted in Figure 4. This is what we expected as the
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stent degraded uniformly, and avoided prematurely partial collapse.

However, the Mg-8.5Li stent has demonstrated swift degradation within 3 months in
the iliac artery of minipigs. In-vivo degradation rate (> 0.6 mm/y) of this stent was
significantly higher than the in-vitro result (0.145+0.031 mm/y). The disparity could be
ascribed to the big differences between in-vitro and in-vivo environments (huge gaps in
chemical, mechanical, fluidic, cellular and tissular aspects, etc.). Such rapid
degradation may result in early recoil because of the lack of radial force exerted by the
stent at this early stage of healing (showing insufficient mechanical support at 1 month).
The short scaffolding duration is insufficient for coronary or peripheral applications.
Nonetheless, the Mg-8.5Li stent still could be tolerated by surrounding tissues even
under this intense degradation condition. In addition, only moderate tissue hyperplasia
occurred, and that was not such bad, as already shown in Figure 7. Basically,
components and degradation products of the Mg-8.5Li stent were tolerable in iliac
artery of minipigs. Tissue responses might be further improved if the degradation was

well controlled.

4.2 Comparison with other Mg-based BDSs

For in-depth understanding of the Mg-8.5Li stent performance, key performances
(mainly focusing on the degradation behaviors and biocompatibility) of previously
reported Mg-based BDSs were listed in Table 1 for comparison. A vast majority of
those BDSs were fabricated from the AZ-based (Al-containing) or RE-containing alloy
series. Except for one WEA43 stent, which was reported to be associated with occluded
and thrombosed artery (suspected to be related to rare-earth elements) according to the
research of Bornapour et al.[46], the remaining Mg-based BDSs exhibited proper or
good biocompatibility. The strut thickness of currently developed Mg-based BDSs was

in the range of 80-250 pum, usually to be 150 pm. In-vitro degradation rate of our Mg-
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8.5Li stent was smaller than that of other bare Mg-based BDSs, and the in-vivo
degradation rate was comparable to its counterparts without coatings. Apparently, Mg-

Li based BDS shows virtue from the criteria of elemental biocompatibility.

4.3 Perspectives on future development of Mg-Li alloy based BDS

4.3.1 Stronger platform material and thinner stent strut

The strut thickness is a crucial parameter for both permanent stents and biodegradable
stents, as it is associated with local flow pattern and endothelialization, which have been
shown to influence local inflammation, rate of restenosis, and thrombogenicity [47].
Thinner strut leads to better clinical performances as proved through the evolution of
DESs [48, 49]. The strut thickness of Mg-based BDSs is substantially larger than that
in currently available durable DESs. The next generation (DREAMS 3G) of Magmaris
(also known as DREAMS 2G, a strut thickness of 150 um) is being developed with
thinner strut thickness (99-150 um) and prolonged scaffolding time. A robust platform
material favors for the design of thinner strut, without compensation of radial strength.
Alloying with Li provides with excellent ductility, the basis for balloon expandable
BDS. However, the strength of binary Mg-Li alloys is generally less than satisfactory.
Another supplementary alloying element can be helpful in enhancing mechanical

strength, and Zn might be a proper choice herein [50].

4.3.2 Deal with the fast degradation of Mg-Li BDS

Figure 9 compared the in-vitro degradation rates and in-vivo full degradation periods of
various Mg-based BDSs with or without protective coatings. Generally, excessive
degradation is a prevalent problem faced by bare Mg-based BDSs, and the degradation

duration ranges from several days to a few months among different BDS platform
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materials [6, 27, 51]. Surface coating is an effective way which can substantially
improve corrosion resistance [52]. It helps maintain the mechanical integrity for a
longer time, and improves Mg-based BDS performance. Even for the precursor of
Magmaris, i.e. the first generation of absorbable metallic stent AMS in Biotronik, the
durability was only 3-4 months in porcine coronaries or in human coronary arteries [51,
53]. Polymeric coating was adopted on the next two generations (DREAMS 1G and
DREAM 2G), along with refined platform material, the scaffolding time was prolonged
to 3 months, and the whole degradation period was improved up to 12 months [20]. The
clinical experience with DESs by using limus-type (sirolimus, everolimus) anti-
proliferative drugs to lower hyperplasia should also be considered in R&D of Mg-based
BDSs.

As we mentioned before, dilation/expansion of Mg-based BDSs is through plastic
deformation. The maximum strain during stent deployment should not exceed the
fracture limit of the platform material. A certain extent of plastic deformation and
residual stress have been shown to affect the degradation behavior [54, 55]. The
maximum strain and maximum residual stress induced during the deployment process
should be strictly controlled. Otherwise, severely localized degradation could happen
at those sites, leading to non-uniform degradation and premature fracture. Proper
pattern design and shape optimization through FEA method is practicable in improving

the performance of Mg-based BDSs [56].

5. Conclusions
In the present study, the feasibility of a novel Mg-8.5L.i stent to be used in the treatment
of stenosed vessels was preliminarily evaluated, mainly focusing on the degradation

behaviors and in-vivo biocompatibility. Plastic deformation and residual stress derived
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from the balloon dilation process did not lead to deteriorated degradation. This stent
exhibited a decent degradation rate of < 0.15 mm/y in vitro, showing possibility to
maintain for a long scaffolding period in vivo. However, its implantation in iliac artery
of minipigs revealed divergent results (degradation rate > 0.6 mm/y), showing an
insufficient scaffolding time. The basic thing, though, is that this stent did not induce
possible thrombus, and it was tolerable in surrounding arterial tissues. Besides, fast
endothelial coverage of the stent was achieved within 1 month even under this radical
degradation condition. The degradation needs to be well controlled to improve in-vivo

performance in future work.
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Figure captions

Figure 1 (a) Schematic pattern design of the Mg-8.5Li stent, (b) the FEA model

composed of a stent and one cylinder, (c) typical tensile curve of the Mg-8.5L.i alloy.

Figure 2 (a) The distribution of principal strain and stress on the stent during balloon

dilation and natural recoil, with typical positions indicated.

Figure 3 Macroscopic morphologies of the stent (either dilated or not) before and after
immersion under an optical camera (upper) and under a micro-CT scanner (lower, after

immersion), with red arrows indicating the localized degradation sites.

Figure 4 Microscopic morphologies of the stent before and after removing the

degradation products under SEM, with enlargement of typical areas.

Figure 5 (a) Cross-sectional morphologies of the degraded stents and corresponding
EDS element mapping (red: Mg, green: O, blue: Ca, cyan: P, purple: C), (b) pH
variation during a 7-day immersion in Hank’s solution at 37 °C, (c) element
concentrations (Mg, Li, Ca, P) in Hank’s solution after immersion for 7 days, normal

Hank’s solution as control, « p < 0.05, * p < 0.01.

Figure 6 (a) XPS spectrum, (b) FTIR spectrum, (c) XRD pattern, and (d) high resolution

narrow XPS scanning of the stent (after 7-day immersion in Hank’s solution).
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Figure 7 (a) The implantation surgery and retrieval of stented vessels (al: exposure of
the iliac artery, a2: stent deployment process, a3: laparotomy during sample retrieval,
ad: the retrieved iliac artery), (b) 3D reconstruction of the remaining stent from micro-
CT analysis, (c) typical histological images of the stented iliac arteries at different time
points, with normal iliac artery as control. Black triangles indicate the positions of the
stent struts, and possible absence of the struts was caused by the slicing process or H&E
staining procedure. Red arrows indicate the presence of debris or degradation products.
The long red arrow shows some of the tissues surrounding the struts were torn away

from their original positions during slicing procedure.

Figure 8 (a) The status of endothelial coverage on Mg-8.5L.i stent after 1 month in iliac
artery of minipigs characterized by SEM (typical areas on the strut and in the
intermediate spaces of the struts were displayed, tiny particles were salt deposits
derived from the tissue fixation and dehydration process.), (b) typical in-vivo corrosion

morphology of the stent and corresponding EDS analysis at regions of interest.

Figure 9 (a) In-vitro degradation rates of previously reported Mg-based BDSs (with or
without coating, the columns of stents with coatings were in magenta) in different
mediums, data were from Refs.[57-59] (b) the in-vivo degradation periods of various
Mg-based BDSs in different animal models, data were collected from Refs.[25-27, 51,

60-65].
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Table caption

Table 1 In-vitro and in-vivo performances of previously reported Mg-based BDSs for intravascular applications

Stent platform _Strut _ In-vitro performance In-vivo performance
material th'(ﬂ;q)ess Coating Dilation D%‘;:}adciijzlon S?;bcrfgg?é?]lc delgjr]r;a\lc;;;?on Animal model In-vivo degradation | In vivo biocompatibility Reference
Broken into
D-Hanks’ separi[ledpieces in
AZ31B 150 NA Yes solution, for 14 Static ays NA NA NA 2013[57]
days (characterized by
a stereo
microscope)
DMEM+10%
FBS+1%
Yes (from penicillin- 0.37+0.07 mm/y
AZ31 200 NA 45 mmto [streptomycin, in a Static (characterized by NA NA NA 2014[58]
6.3 mm) | bioreactor (5% micro-CT)
COg2, 95% RH)
for 7 days
DMEM+10%
FBSHL% | namic (with | 1.21 +0.27
Yes (from penicillin- How-induced mmly
AZ31 200 NA 45 mmto [streptomycin, in a ; NA NA NA 2014[58]
: shear stress of |(characterized by
6.3 mm) | bioreactor (5% 0.05Pa) micro-CT)
COg2, 95% RH) ’
for 7 days
éf:(lelsr?irégf H_ank’s solution . 45% weight loss
AZ31 140 . NA without Mg and Static NA NA NA 2019[59]
conver_snonal Ca after 28 days
coating
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34
35
36
37
38
39
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41
42
43
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46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

A fluoride
chemical Hank’s solution <10% weidht
AZ31 140 conversional NA without Mg and Static 0 WEelg NA NA NA 2019[59]
. loss after 28 days
coating + Ca
PDLLA coating
Yes (a Fully degraded in less |  Significant narrowing
stent/arter than 90 days (neointima formation) of
AE21 150-200 NA ( diametergl NA NA NA Pig coronary artery|  (characterized by lumen between days 10 |2003[25]
- measuring the strut | and 35 caused by a short-
ratio of 1.3) : . .
cross-sectional area) period scaffolding
AP(LA-TMC) Yes (@ Full degradation in 6 | Reduced neointimal area,
coating ste.nt/artery Rabbit infrarenal | months (characterized but delayed
AZ31B 155 L (diameter) NA NA NA . - A 2011[26]
containing ratio of abdominal aorta by measuring strut endothelialization
sirolimus 1.1-1.3) sectional area) compared to uncoated stent|
Completely disappeared]  No thrombosis, and
Coronary/femoral after 7 days moderate intimal
AZ91 80-120 NA es NA NA NA artery of dogs (characterized by X- hyperplasia was found 2015[27]
ray) after 14 days
. More than 50% struts | Completely embraced by
A fluo.nde Yes (a fractured (at the neointima after 1 month
chemical stent/artery Porcine coronary | maximum stress site) and a slightly thicker
AZ31B 140 | conversional | (diameter) NA NA NA y na a stghtly 2020[66]
. - artery after 1 month intima, good blood
coating + ratio of (characterized by X-ra compatibility and
PDLLA coating| 1.1~1.2) y A-ray omp yar
tomography) histocompatibility
; Stent strut mainly S -
AAPTES sﬂgne Yes (a remained after 3 Benign tissue compatibility
physical barrier . as well as re-
Mg-2.0Zn- layer + a ste_nt/artery Porcine coronary monthg, only limited endothelialization without
i 150-180 . (diameter) NA NA NA strut residues was found S 2016[60]
0.5Y-0.5Nd rapamycin- - artery thrombogenesis or in-stent
. ratio of 1.0- after 6 months : .
eluting PLGA - restenosis during 6-month
- 1.1) (characterized through
coating - followup
histology)
Mg-2.5Nd- Without the tube wall
0.217n-0447r| 150 NA Yes NA NA NA Rabbit abdominal [fractured afte_r 4 months _ Excelle_nt_ _ 2017[61]
(JDBM) artery (chargcterlzed by biocompatibility
micro-CT)
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Some stent strut

Good safety and efficacy

Mg-2.1Nd- st;ifa(rigry _ fractures after 1 mgnth, with a'cqmp.lete re-
0217n-052r | 150 NA (diameter) NA NA NA Rabblt_ common | stent struts broke into endothellallzathn within 2018[67]
(JDBM) ratio of carotid artery pieces after 4 months 28 days_, low risks of
1.1~1.2) (characterized by possible vessel
T micro-CT) calcification
Integrated stent
structure was found Disappearance of the
A bare stent _ after 2 weeks. The aneurysms_and patency of
Mg-2.1Nd- (covered by an Rabtt)'lcti cotmmczn bcontour of the s],cttent6 the ((tjal‘?tl(: artery. (;I’?eb
carotid artery (a ecame vague after 6 |covered stents proved to be
Oz(ﬁé%&‘;’zr 150 EXpa;.?Ege & es NA NA NA lateral aneurysm months, ar_ld could not | an effecti\_/e approach for 2016[62]
membrane) model) be visualized after 1 occlusion of lateral
year (characterized by | aneurysm in the rabbit
molybdenum target common carotid artery
examination)
A remarkably lower
A protective degradation rate Favorable safety with no
Mg-2.5Nd- MgF: layer + Yes (a _ compared to bare stent,|  occurrence of adverse
0.2Zn-0.4Zr 150 |PDLLA coating stent/artery NA NA NA Porcine coronary | integral structure with | - complications, similar 2017[68]
(IDBM ) containing (d_|ameter) artery only occasional neointima prollferatlop
sirolimus ratio of 1.1) fractures after 2 months|compared to a commercial
(characterized by Firebird 2 DES
micro-CT)
A protective
MgF2 layer +
Mg-2.1Nd- ccljal_t-irnza:r? d A Vgﬁgzlomssn(z;?% No thrombus or early
0.2Zn-0.5Zr 150 PLGA top Yes NA NA NA Rabbit iliac artery (characterized by restenosis, suitable 2019[56]
(JDBM) . - biocompatibility
coating micro-CT)
containing
sirolimus
AMS, Porcine coronary Irjn?nr?hd'tei?nzvsgr?os;- A progressive degradation
Biotronik 165 NA Yes NA NA NA - of the stents, no significant| 2008[63]
artery (characterized by OCT |. . s
(WEA43) increase in neointimal area.

and histology)
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Nearly complete

AMS, Human coronary |degradation at 4 months Early recoil as a main
Biotronik 165 NA Yes NA NA NA y [0eg h ized b contributor for restenosis at| 2009[51]
(WE43) artery (characterized by 4 months
IVUS)
DREAMS-1G Resorption A faster than expected stent
Biotronik 120 A F_’IF]GA (I:_oatlnlg Yes NA NA NA Human coronary tlmﬁ waﬁ W|th|n_6 ] dfgraditlog_mlnlzh an ea:jly 2013[64]
(WE43) with paclitaxe artery months (characterize oss of radial force anc
by OCT and IVUS) | consequent vessel recoil.
Scaffolding time up to 3
DREAMS- 222:2332%:2: 2016-
ZGéMagmgrls, 150 APLLA coating Yes NA NA NA Human coronary prolonged Clinical eV|der_1ce of safety 2020[20,
iotronik with sirolimus artery 12 h and efficacy 65
(WE43) to 12 months ]
(characterized by OCT
and IVUS)
The wall thickness : :
No sign of occlusion, no
Mg-0.3Sr- Femoral artery of decreased from 250 pm thr%mbosis in situ
g 250 NA Yes NA NA NA to ~200 pm after 5 - ' - 2016[46]
0.3Ca Beagle dog . formation of Sr-substituted
weeks (characterized by
. HA on the stent surface
histology)
The wall thl_ckr]e_ss did Artery was extensively
Femoral artery of not change significantly occluded and thrombosed
WE43 250 NA Yes NA NA NA after 5 weeks "1 2016[46]
Beagle dog . Suspected to be related to
(characterized by
) rare-earth elements
hlsFology)
stntarery [Hanks soluton a 0.145:0031 iy, seafoaing time 0 posile hrombus, fast|
Mg-8.5Li# 150 NA (diameter) |37+0.5 [IC for 7 Static Y Porcine iliac artery| less than 1 month, g
. (characterized by month, acceptable work
ratio of 1.06- days weight loss) almost fully degraded histocompatibilit
1.17) g in 3 months P y

PDLLA: poly(D,L-lactide), P(LA-TMC): poly(lactic acid-co-trimethylene carbonate), APTES: cross-linked 3-amino-propyltrimethoxysilane, PLGA: poly

lactic-co-glycolic acid, PTFE: polytetrafluoroethylene, PLT: poly (I-lactide-co-trimethylene carbonate), PLLA: poly-I-lactide. #: rare earth-free and aluminum-

free.
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