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ARTICLE INFO ABSTRACT
Article history: In the present study, a novel biodegradable Zn-0.8Cu coronary artery stent was fabricated and implanted
Received 25 March 2019 into porcine coronary arteries for up to 24 months. Micro-CT analysis showed that the implanted stent
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was able to maintain structural integrity after 6 months, while its disintegration occurred after 9 months
of implantation. After 24 months of implantation, approximately 28 + 13 vol% of the stent remained.
Optical coherence tomography and histological analysis showed that the endothelialization process could
be completed within the first month after implantation, and no inflammation responses or thrombosis
formation was observed within 24 months. Cross-section analysis indicated that the subsequent degra-
Coronary artery stent dation products had been removed in the abluminal direction, guaranteeing that the strut could be
Biodegradation performance replaced by normal tissue without the risk of contaminating the circulatory system, causing neither
In vivo evaluation thrombosis nor inflammation response. The present work demonstrates that the Zn-0.8Cu stent has pro-
Medical device performance vided sufficient structural supporting and exhibited an appropriate degradation rate during 24 months of
implantation without degradation product accumulation, thrombosis, or inflammation response. The
results indicate that the Zn-0.8Cu coronary artery stent is promising for further clinical applications.

Keywords:
Zn-based biodegradable stent

Statement of Significance

Although Zn and its alloys have been considered to be potential candidates of biodegradable metals for
vascular stent use, by far, no Zn-based stent with appropriate medical device performance has been
reported because of the low mechanical properties of zinc. The present work presents promising results
of a Zn-Cu biodegradable vascular stent in porcine coronary arteries. The Zn-Cu stent fabricated in this
work demonstrated adequate medical device performance both in vitro and in vivo and degraded at a
proper rate without safety problems induced. Furthermore, large animal models have more cardiovascu-
lar similarities as humans. Results of this study may provide further information of the Zn-based stents
for translational medicine research.
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1. Introduction

Coronary artery stenting (CAS) is currently the most reliable
therapy to treat coronary artery disease [1]. Patients who were
implanted with permanent coronary stents have to bear them for
the rest of their life. Late-stage thrombosis [2] and chronic inflam-
mation [3] related to the permanent stented segment continue to
accrue. Evidence suggests that atherosclerosis accelerated by the
permanent stent is an important underlying mechanism of these
late adverse events [4]. Additionally, the existing permanent stents
restrain the target vessel and impair the coronary vasomotion. The
stent embedded in the vessel acts as a “cage,” which may impede
bypass grafting operation [5].

Zinc (Zn) has been recently listed as a novel bioabsorbable stent
candidate material owing to its near-ideal degradation rate and
acceptable biocompatibility [6]. Zn is the second most abundant
trace metal in higher animals and affects major metabolic pro-
cesses, as well as regulation of the cell cycle [7]. It also plays pos-
itive roles in the prevention of heart disease, such as maintaining
the integrity of endothelial cells (EC) [8], stimulating the prolifera-
tion of EC through increasing the levels of endogenous basic fibrob-
last growth factor [9], and improving cardiac function, as well as
preventing further damage such as that caused by ischemia and
infarction [10].

Recent in vivo studies of pure zinc stent (rabbit abdominal
aorta) [6] show considerable promise of the zinc-based stents as
fully biodegradable coronary stent candidates (with no severe
signs of inflammation, intimal hyperplasia, and thrombosis
formation).

Nevertheless, the poor mechanical properties of the pure Zn are
far below the requirements of a potential biodegradable metal for
vascular stent use. Adding alloying elements is one of the most
effective methods for improving the poor mechanical properties
of pure Zn. Elements such as Mg, Ca, Sr, Ge, Ag, and Mn have
already been chosen as alloying elements for developing
biodegradable Zn-based alloys with enhanced mechanical proper-
ties [11-15].

Copper, which is an important essential element to the
body [16], can induce vascular endothelial growth factor (VEGF)
expression [17] and positively influence the re-endothelialization
of vascular endothelium and the maintenance of endothelial
function. The intact endothelium is considered to be important
for reducing the risks of coronary endothelial dysfunction distal
to the stent [18], which is an independent predictor of
atherosclerotic disease progression and cardiovascular event
rates [19]. Additionally, previous studies have investigated the
practice of adding copper in medical devices for antibacterial
and angiogenesis functions [20-24]. Several Zn-Cu alloy systems
have also been developed as potential biomedical materials
[25,26].

However, these previous studies focused only on the in vitro
material characterization of the alloys, and neither in vitro nor
in vivo medical device performance of the Zn-Cu alloys has been
reported. In the present work, a novel biodegradable Zn-0.8Cu
(wt.%) coronary stent was fabricated and implanted into porcine
coronary arteries for 24 months. Characterization of mechanical
properties and quantitative coronary angiography (QCA) were
carried out to evaluate the in vitro and in vivo performance of
the medical device. Optical coherence tomography (OCT),
micro-computed tomography (Micro-CT), histopathological
observations, scanning electron microscopy (SEM), and energy-
dispersive spectrometry (EDS) were performed to investigate
the degradation behavior and biocompatibility of the Zn-0.8Cu
stents.

2. Materials and methods
2.1. Preparation of the Zn-0.8Cu stent

Micro-tubes with an outer diameter of 1.575 mm and wall
thickness of 127 um were used to fabricate the Zn-Cu stent (for
detailed information about the stent fabrication processes, refer
to S1). The Cu content of the micro-tube was evaluated using an
inductively coupled plasma atomic emission spectrometer (ICP-
AES; iCAP7600, Thermo Fisher Scientificc USA), showing
(0.80 £ 0.01) wt%, which is close to the nominal composition. Phase
composition analysis of the stent was carried out on the micro-
tubes using an X-ray diffractometer (XRD, Rigaku, SmartLab, Japan)
with Cu Ko radiation with 20 ranging from 10° to 90° at a 1°/min
scanning rate.

After femtosecond laser cutting (S1.2, Fig. S2a), the acid pickling
process was carried out in 2% H,SO4 solution for 20 s in an ultra-
sonic cleaner; afterwards, the stents were cleaned with distilled
water and dried in a vacuum oven (Fig. S2b). The polishing solvent
for chemical polishing processes is mainly composed of 100 ml/L
67% HNOs, 20 ml/L glycerol, 20 ml/L H,SO,4, and a small amount
of CrOs. Stents were then immersed in the polishing solvent for
approximately 1 min to obtain the final wall thickness of
(0.10+£0.01) mm and immediately transferred to distilled water
to terminate the reaction. Finally, the Zn-Cu stents were washed
twice in the ultrasonic cleaner using distilled water (each time
for 20s), dried, and stored in a vacuum oven (Fig. S2c and
Fig. 1a). Crimping (Fig. 1b), packaging, and ethylene oxide steriliza-
tion were carried out subsequently. All processes mentioned above
were supported by Rientech MedTec Co., Ltd.

2.2. Medical device performance of the Zn-Cu stent

2.2.1. Integrity and crossing profile of the Zn-Cu stent

After chemical polishing, crimping, and expanding processes
were carried out under human body temperature condition
(37 °C). The micro-morphology of the Zn-Cu stent was recorded
using a stereomicroscope (Leica, S4 E, Germany) to evaluate the
integrity of the Zn-Cu stents during the process of chemical polish-
ing, crimping, inflation to a nominal diameter, and further balloon
burst. The outer diameter of the stent, when crimped onto a stent
delivery system (SDS), was evaluated as the crossing profile of the
stent.

2.2.2. Radial strength of the Zn-Cu stent

Zn-Cu stents (n = 3) were first inflated to the nominal diameter
(3.0 mm of the balloon) by the SDS and released under human
body temperature. Then the curves of radial load vs. compressive
diameter were constructed at a compression rate of 0.1 mm/s
using a radial strength tester (Blockwise, TTE2, USA). The radial
strength (kPa) of the stents was defined as the strength at 10%
compression of the initial compression diameter (Dy).

2.2.3. Radiopacity of the Zn-Cu stent

The radiopacity of the stents was evaluated by the visibility of
angiographic images. The angiographic images of the Zn-Cu stent
during the implantation and repeated QCA (GE Medical, Innova
2000, USA) processes were recorded (see 2.3 and 2.4).

2.3. Implantation process

Animal experiments were approved by the Animal Ethics
Committee of the Zhongshan Hospital, Fudan University (Permit
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Fig. 1. Surface morphology of the Zn-Cu stent (a) after chemical polishing; (b) after crimping; (c¢) inflated to nominal pressure; (d) inflated to balloon-burst. The insert of (a) is

the XRD pattern of the Zn-Cu stent.

Number: 16-0406), and carried out under the National Institutes of
Health Guide for Care and Use of Laboratory Animals.

Sixteen healthy female Shanghai white pigs (purchased from
Shanghai Jiagan Biotechnology Co. Ltd., 6 months old, weighing
40-50 kg) were used in this study. Two or three stents were
implanted in each of the pigs in the left anterior descending artery
(LAD), left circumflex artery (LCX), or right coronary artery (RCA).
Finally, 40 Zn-Cu stents were implanted. For each time point,
desired numbers of stented vessels (6 vessels in 2-3 pigs) under-
went repeated QCA process (GE Medical, Innova 2000, USA), and
the animals were then sacrificed if sampling processes were
needed. 3 samples were used for the micro-CT and histology anal-
ysis, 3 samples used for SEM and EDS analysis at each time point.

Aspirin (100 mg/day) and clopidogrel (75 mg/day) intake was
started 3 days before angioplasty and continued until sacrifice.
All pigs fasted overnight before the stent implantation procedure.
Then they were sedated by an intramuscular injection of 20 mg/
kg ketamine, 2 mg/kg xylazine, and 0.05 mg/kg atropine. After
intubation, general anesthesia was induced and maintained with
isoflurane (2.5%).

The implantation procedure was carried out using the endovas-
cular stent puncture technology through the femoral artery. The
coronary segments were selected from LAD, LCX, or RCA to obtain
a stent/artery ratio of 1.1. Additional inflations were performed
based on the target site diameter. In each group, two or three
stents were positioned in one pig and only one stent was placed
in a single artery. The electrocardiogram and blood pressure were
monitored during the operation.

The diameter of reference vessel, instant diameter (when the
balloon was inflated), and post-implantation diameter (immedi-
ately after the deployment system was removed) on target vessel
were measured using the internal digital calipers of the fluoro-
scope with the guiding catheter serving as a reference for calibra-

tion (QCA, GE Medical, Innova 2000, USA). Compression hemostasis
was adopted to prevent hematoma formation at the puncture site
after implantation.

2.4. Micro-CT analysis

Euthanization of pigs was immediately followed by perfusion
and fixation of the stented coronary artery with 10% buffered for-
malin. Micro-CT (Bruker, SkyScan 1172, Belgium) 3D reconstruc-
tion was performed by N-Recon after the fixation process to
evaluate the degradation properties of the stents implanted in
the porcine coronary arteries. For each time interval (3, 6, 9, 12,
18, and 24 months), three Zn-0.8Cu stents with vessel tissue were
examined (spatial resolution of pixel size 35 pum; X-ray tube volt-
age of 65 kV; anode current of 370 mA; 1 mm Al filter; and 0.70°
rotation step over 180°). Reconstruction and volume analysis of
the stent residuals were performed using CT-Vox Software (Bruker,
SkyScan, Belgium).

The micro-CT volume analysis is grayscale-based. Different den-
sities of materials are observed as different grayscales: the residual
of the Zn-0.8Cu struts was observed with a grayscale of 80-250,
the tissues were observed with a grayscale of 0-20, and the degra-
dation products were observed with a grayscale of 20-80.

2.5. QCA and OCT test

The pigs underwent repeated QCA (GE Medical, Innova 2000,
USA) after 1, 3, 6,9, 12, 18, and 24 months of implantation to mea-
sure the minimal lumen diameter (MLD) of target vessels (with
heparin as an anticoagulant). Late lumen loss (LLL) was then calcu-
lated using the MLD (LLL = MLD - (post-implantation instant diam-
eter)). After the follow-up, angiographic observation, optical
coherence tomography (OCT, St. Jude Medical, C7 XR LightLab
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Imaging, USA) was carried out to investigate the neointima and
thrombosis post-stenting. After repeated QCA and OCT tests, pigs
were euthanized at sacrifice time points.

2.6. Cross-sectional analysis

For cross-sectional analysis, the stented artery segments were
embedded with methyl methacrylate (MMA). Sections of 50 um
thickness were cut in the coronal plane using a Leica SP1600 saw
microtome (Leica Microsystems, SP1600, Canada) for
hematoxylin-eosin (H&E) staining. The stained cross-sections were
observed using a Leica DM LB2 bright-field microscope (Leica, DM
LB2, Germany). The morphology of the cross-sections was
observed using a SEM (Hitachi, SU8010, Japan). Analysis for ele-
mental composition determination in local areas, line analysis,
and mapping analysis of the stent-tissue interface were performed
using EDS (Horiba, EMAX 6853-H, Japan).

2.7. Zn element accumulation analysis

At time points of 6, 12, and 24 months, a desired volume of the
apex cordis was sampled at the distal and proximal ends 5 mm
away from the stented artery segments, and the wet weight was
immediately weighed. Samples were liquid nitrogen-preserved
before the Zn element was analyzed using an inductively coupled
plasma atomic emission spectrometer (ICP-AES, Thermo Fisher Sci-
entific, iCAP7600, USA).

2.8. Statistical analysis

Statistical analysis was performed with the SPSS 18.0 software
package (SPSS Inc., Chicago, USA). Group means were calculated
and compared by the analysis of variance and the t-test. Results
were reported as “mean value” + SD. Differences among groups
were significant with the p-value <0.05 (two-tailed).

3. Results
3.1. Intraoperative and postoperative monitoring

Forty Zn-Cu stents were implanted in 16 pigs. Neither abnormal
electrocardiogram nor abnormal blood pressure was observed dur-
ing the operation. The anesthesia was maintained steadily. Perfora-
tion of coronary sinus, cardiac tamponade, or thrombus formation
did not occur. Hematoma had been avoided by the adoption of
compression hemostasis (more than 30 min). The pigs woke up
from the anesthetic state 2-3 h postsurgery. On the day immedi-
ately after the operation, the pigs were fed with water when they
returned to the feeding room, and they were allowed to have reg-
ular food in the next few days.

3.2. Medical device performance of the Zn-Cu stent

3.2.1. Integrity and crossing profile of the Zn-Cu stent

Fig. 1a shows a representative surface morphology image of the
Zn-Cu stent after chemical polishing. The insert of Fig. 1a shows an
XRD pattern of the Zn-Cu stent, which shows that the phase com-
position of the Zn-Cu stent is a Zn matrix and a metastable sec-
ondary ¢ phase (e-CuZny). Fig. 1b-d show that the Zn-Cu stent
can retain its integrity during (b) the crimping process, (c) inflating
process, and even when inflated to (d) balloon burst. The Zn-Cu
stent possesses a crossing profile value of 0.8-1.0 mm.

3.2.2. Radial strength of the Zn-Cu stent
Fig. 2 shows the radial compression curves of the Zn-Cu stent.
The radial strength the Zn-Cu stents is (114 + 3) kPa.

3.2.3. Radiopacity

Fig. 3 shows the angiographic images of (a) the Zn-Cu stent dur-
ing the stenting procedure and (b) the Zn-Cu stent after 18 months
of implantation. Fig. 3a shows that the radiopacity of the Zn-Cu
stent is quite clear during the implantation process. Fig. 3b shows
that the Zn-Cu stent becomes invisible under X-ray during the
repeated QCA of 18 months, which was contributed by the degra-
dation of the material.

3.3. Degradation process observation by micro-CT

Micro-CT images at each time point are shown in Fig. 4. Fig. 4a
shows the 3D Micro-CT image of the Zn-Cu stent before implanta-
tion. Fig. 4b indicates that the degradation of the stent is quite uni-
form with no localized accumulation of degradation products after
implantation for 3 months. A compact and continuous corrosion
layer is observed in Fig. 4b-4d, which indicates that the dominant
corrosion type is still uniform corrosion after 9 months of implan-
tation. As shown in Fig. 4c, the Zn-Cu stent can maintain the
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Fig. 2. Radial strength of the Zn-Cu stent. RS (radial strength) is defined as the
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Fig. 3. Radiopacity of the Zn-Cu stent (highlighted by white circles): (a) Zn-Cu stent
in a porcine coronary artery during the stenting procedure; (b) Zn-Cu stent in a
porcine coronary artery after 18 months of implantation.
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(b) 3 months

(d) 9 months

(c) 6 months

(e) 122months

(g) 24 months

Fig. 4. (a) 3D Micro-CT image of the Zn-Cu stent before implantation; selected 3D micro-CT images after (b) 3, (c) 6, (d) 9, (e) 12, (f) 18, and (g) 24 months of implantation.
Each time point is composed of three images: the green one represents degradation products (front view); the white ones are combinations of residual zinc and degradation
products (front views in the middle and top views in the right). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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mechanical integrity for at least 6 months post-implantation. A
few localized corrosion positions in the struts can be found at this
time point. As shown in Fig. 4d, fractures in the curved places of
the struts occurred. Severe disintegration of the stent structure
occurred at 12 months (Fig. 4e), at which point there were almost
no integrated support units found. Fig. 5 shows the volume change
of the stent residuals. The residual volume of the Zn-Cu stent at 3,
6, 9 12, 18, and 24 months is (92 +1)%, (79 +4)%, (77 +4)%,
(74 £12)%, (56 £ 19)%, and (28 + 13)%, respectively.

3.4. H&GE analysis

H&E-stained cross-sections at time points of 1, 3, 9, and
24 months are shown in Fig. 6. As shown in Fig. 6a and Fig. 6al,
the endothelialization process completes within the first month
of the post-surgery process, and the struts are tightly integrated
with the neointima and surrounding tissues. Accumulation of the
macrophages around the struts is found after 3 months of implan-
tation, as shown in Fig. 6b and Fig. 6b1. Macrophage infiltration
decreased after the 9 months of implantation and turned into a
mild inflammation, as observed in Fig. 6¢ and Fig. 6¢1. Fig. 6¢1

shows a part-degraded strut, which has been partially replaced
by smooth muscle cells (SMC) similar to native ones.

The area highlighted by the green square in Fig. 6d1 is the for-
mer position of a partially degraded strut, which has been mostly
replaced by SMC, without serious inflammation. Degradation prod-
ucts are observed near the former place, which can be seen to be
diffused in the abluminal direction. Fig. 6d2 was obtained by over-
exposure, in which the black arrows marked the strut residuals and
the degradation products’ debris around the struts. The green circle
in Fig. 6d3 highlights a multinucleated giant cell that carried one
part of the degradation products.

3.5. Results of QCA

All stented vessel segments in this study were statistically ana-
lyzed to evaluate the acute recoil (40 stented segments), which
was thought to be an important factor for stent medical device per-
formance. The rate of acute recoil for Zn-Cu stents ((4+3) %) is
listed in Table 1.

The MLD directly reflects the ability of blood to pass through
the vessel (smaller MLD represents poorer capacity); therefore, it
is an important parameter to evaluate the reconstruction of blood
flow for the stented vessel. LLL, which is calculated using the MLD
(LLL = MLD - (post-implantation instant diameter)), is an impor-
tant mechanistic observation to characterize the behavior of the
stent [27,28]. Fig. 7 shows the MLD results evaluated by QCA. Rel-
ative MLD and LLL data are listed in Table 2. The inserts of Fig. 7
(a)-(c) are 3D images of the stent residuals at time points of 0,
12, and 24 months of reconstruction through micro-CT,
respectively.

3.6. OCT results

Fig. 8a-f are section images of the stented vessel segments. The
bright points distributed on the circumference with black shadows
behind are the stent struts. Inside the struts is the newborn
endomembrane. Fig. 8(a) shows that there is a complete newborn
endomembrane inside the stent, which means the endothelializa-
tion process has completed within 1 month after implantation.
The struts observed by OCT have become increasingly obscure with
the degradation of the Zn-Cu stents, and at the endpoint of this
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Fig. 6. H&E-stained cross-sections of the selected segments at time points of (a) 1 month, (b) 3 months, (c) 9 months, and (d) 24 months; (a1), (b1), and (c1) are the partially
enlarged images of (a), (b), and (c), respectively; (d1), (d2), and (d3) are the partially enlarged images of (d); (d1) Green square marks the former position of a strut, which has
been replaced by smooth muscle cells; (d2) the image obtained by overexposure, in which the strut residuals and the degradation products (marked by black arrows) can be
clearly seen; (d3) white arrows mark the epithelioid cells, green arrow marks lymphocytes, green circle highlights a foreign body-type giant cell with degradation products of
the 10-15 um size. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1 3.7. SEM and EDS analyses

Acute recoil of the Zn-Cu stent (sample number: 40).
Reference vessel  Instant vessel Instant diameter after  Acute lumen Fig. 9 shows the line analysis results of the selected cross-
diameter (mm)  diameter (mm) implantation (mm) loss (recoil) sections at time points of 1, 3, 9, and 18 months. At each time
2.8+03 3.1+02 3.0+02 (4£3)% point, three representative regions could be recognized in the

SEM images. The first one was the Zn-Cu strut, and only Zn and
Cu signals were found in this region. The second one was the
degradation product, which was observed around the Zn-Cu struts
and had a remarkable Zn, Cu, O, Ca, and P enrichment. The third
one was tissue, which showed an evident signal of C, without Zn

study, the struts became almost invisible in the OCT images
(Fig. 8f). The newborn endomembrane was smooth, and no throm-
bosis was observed until the end of the study period (Fig. 8¢g).

4.5} —=— MLD of the Zn-Cu stent implanted vessels
\\\‘l \.‘ | —
- - 72
'g /(a)Zn-Cu stent 0 month > ‘ffb){n-cu stent 12 months 5 (9 Zn-Cu stent 24 months
g T Rt '
e
— T I//’I
= 254 T ‘ - — 1 J
I O S
J\I// =N J
2.0t ! !
............................... P=0.04%
1.5} 1
0 3 6 9 12 15 18 21 24

Implantation time (months)

Fig. 7. MLD of Zn-Cu stented vessels at each time point (n = 6). The insets are Micro-CT 3D images (top view) of (a) the Zn-Cu stent before implantation; (b) the Zn-Cu stent
residuals after 12 months; and (c) the Zn-Cu stent residuals after 24 months. The symbol “*” indicates that the difference between the MLD value at 9 and 24 months is
significant.
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Table 2

Minimal lumen diameter (MLD) and late lumen loss (LLL) of the Zn-Cu stented vessels (sample number: 6).
Time points 1 month 3 months 6 months 9 months 12 months 18 months 24 months
MLD at each time point (mm) 23+0.33 2.1+0.2 24+09 22+04 24+03 26+0.2 27+03
Late lumen loss (mm) 0.7+04 09+0.3 0.8+0.2 0.5+0.3 0.6+0.6 0.6 £0.5 03+04

(a) 1 month (b) 3 months

(¢) 18'months "= [(f) 24 months

Fig. 8. OCT images of Zn-Cu stented vessels at each time point. Sectional images of the Zn-Cu stent-implanted vessel segments acquired at time points (a) 1, (b) 3, (c) 6, (d) 9,
(e) 18, and (f) 24 months. (g) Shows the 3D image (top view) of the newborn endomembrane of the Zn-Cu stent-implanted vessel segment at 24 month time point.
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Fig. 9. SEM images of the cross-section at (a) 1, (b) 3, (c) 9, and (d) 18 months; (al), (b1), (c1), and (d1) are the partial enlarged images of (a), (b), (c), and (d), respectively.
Yellow bars in the SEM images mark the scanning area of the line analysis. Yellow points in SEM images (b) and (d) mark the analyzed points. Black arrows in the SEM images
mark the abluminal direction. White arrow in (c1) marks the tissue between the strut and the degradation products. The curves below the SEM images show the elemental
distribution of C, O, Zn, Cu, P, and Ca along the line scan shown in each figure. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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and Cu peaks. The white arrow in Fig. 9c1 marks a place where the
degraded struts were replaced by normal tissues. Fig. 9d shows a
fully degraded Zn-Cu strut area with only degradation products
remained in situ.

Fig. 10 shows SEM images and elemental mapping of the
selected segments. A uniform thin corrosion product layer with
remarkable P enrichment could be observed around the strut in
Fig. 10a. As shown in Fig. 10b, the corrosion product layer became
thicker in the abluminal direction, and the Ca signal in the layer
could be observed more clearly. The white arrow in Fig. 10c marks
a place where the degraded struts were replaced by normal tissues.
Fig. 10d shows that the degradation products have diffused into
the nearby tissues after 18 months of implantation.

Table 3 lists the elemental analysis results of the yellow points
in Fig. 9b and Fig. 9d. Points 1 and 4 represent the stent residuals
and tissues, respectively. Analysis results of points 2, 3, 5, 6, and
7 show the element content of the degradation products. Point 2
represents the initial degradation products around the struts,
which had a lower Ca and P content and a higher Zn and Cu con-
tent. Point 7 may be a typical sequential degradation product,
which has a higher Ca and P content and a lower Zn and Cu con-
tent. The ratio of Zn/Ca in the degradation products can change
in a wide range from 321.2 at point 2 to 2.80 at point 7. These
results suggest a replacement of the calcium phosphate to zinc
phosphate with the degradation process progressing. The ratio of

Zn Lal 2 Cu Lal_2

Ca/P in the most Ca-enriched degradation products (observed at
point 7) is 0.61.

3.8. Accumulation analysis of Zn

The concentration of Zn in apex cordis, which is 5 mm away
from the distal and proximal ends of the stented artery segments,
is listed in Table 4. No significant difference was found between the
Zn-Cu group and the negative control group.

4. Discussion
4.1. Medical device performance of the Zn-Cu stent

Surface roughness is an important factor of thrombogenicity
and tissue reaction, and a smooth surface can help to prevent the
activation and aggregation of platelets [29,30]. Fig. 1a indicates
that the Zn-Cu stents developed in this work can be polished to
an acceptable level (R, = 160 nm, described in S2.1) which is com-
parable to the commercialized stents (77-188 nm) [31].

As the premise of a balloon-expandable stent, the Zn-Cu stent
has to withstand large-scale plastic deformations. This guarantees
the stent can remain its integrity during the production and
implantation processes. We can observe in Fig. 1b and 1c that

C Kal 2 P Kal Ca Kal

Fig. 10. Elemental mapping of the selected segments at time points of (a) 1 month; (b) 3, (c) 9, and (d) 18 months. Yellow points in SEM images (b) and (d) mark the analyzed
points with the results shown in Table 3. Black arrows in the SEM images mark the abluminal direction. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Table 3

Elemental analysis results of selected points in Fig. 9b and Fig. 9d.
Points analyzed Zn (At%) Cu (At%) O (At%) P (At%) Ca (At%) Ratio of Ratio of

Zn/Ca Ca/P

1: Stent residual 98.51 1.49 - - - - -
2: Degradation products 32.12 1.21 66.16 0.40 0.10 321.20 0.25
3: Degradation products 9.71 0.50 86.25 2.52 1.01 9.61 0.40
4: Tissue 2.54 - 95.03 2.21 0.22 - -
5: Degradation products 37.30 0.91 60.47 1.12 0.20 186.50 0.18
6: Degradation products 33.68 0.63 61.05 3.37 1.26 26.73 0.38
7: Degradation products 21.11 0.70 58.35 12.30 7.54 2.80 0.61
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Table 4
Zn accumulation in nearby tissues.
Group 6 months 12 months 24 months
Proximal Distal Apex cordis  Proximal Distal Apex cordis  Proximal Distal Apex cordis
nl1=6,n2=5 nl=6,n2=5 nl=n2=2 nl=n2=6 nl=n2=6 nl=n2=2 nl=n2=5 nl=n2=5 nl=n2=2
Zn-Cu stented group (ng/g) 53+7 43 +15 31+£2 51+5 53+6 27 +2 52+7 48 +10 28+3
P1 0.2 0.5 0.6
Negative control group (ug/g) 45+6 44 +13 27+3 54+2 52+4 307 50+8 53+3 30t4
P2 0.1 0.7 0.4 0.3 0.9 0.8 0.6 0.9 0.7

ny: samples of the Zn-Cu group, n,: samples of the negative control group.
p1: p values between the proximal and distal groups.
p2: p values between the Zn-Cu and negative control groups.

the Zn-Cu stent can retain its integrity during crimping, inflation to
nominal pressure, or even inflation to balloon burst. Additionally,
no breakage or cracks were found on stents under these deforma-
tion processes.

The minimum radial strength of a stent should be is 175 mmHg
(23.33 kPa) or 300 mmHg (40.00 kPa) with a safety factor [32].
With a radial strength of (114 +3) kPa (Fig. 2), the Zn-Cu stent
can offer enough supporting force in the initial stage of post-
implantation. The acute recoil of the Zn-Cu stent in porcine coro-
nary arteries is also lower than that of the first commercialized
biodegradable metal stent ((5.57 £ 0.72)% [33]) made of WE43 (a
commercialized Mg-based alloy consisting of 93% Mg and 7% rare
earth elements), which means the comprehensive mechanical per-
formance of the Zn-Cu stent is acceptable for clinical use.

In this study, sixteen healthy female Shanghai white pigs were
implanted with 40 Zn-Cu stents. The device success rate was 100%.
No abnormal situation was observed during the operation (with
electrocardiogram and blood pressure monitored), and no dissec-
tion, perforation, cardiac tamponade, or thrombus formation
occurred early after implantation (within one month). Thus, the
device usability and the acute safety of the Zn-Cu stent can be
confirmed.

4.2. In vivo degradation properties of the Zn-Cu stents

Among the three candidates of biodegradable metals (Mg, Fe,
and Zn), Mg and its alloys are extremely active and corrode too fast
[34,35], whereas Fe and its alloys corrode too slow [36,37]. Zinc
possesses a standard corrosion potential of —0.76 V vs. standard
hydrogen electrode (SHE), which is intermediate between Fe
(-0.44V vs. SHE) and Mg (—2.37 V vs. SHE), intuitively enabling
it to provide an intermediate degradation rate [38]| between Fe
and Mg. The near-ideal degradation rate has been considered one
of the main advantages of the Zn-based stent [39].

The first commercialized Mg-based biodegradable metal stent
AMS-1 was largely bio-absorbed into inorganic ions within 60 days
of implantation in the porcine coronary artery [40] and fully
degraded after 4 months of implantation in the human body [41].
As mechanical integrity is needed for at least 3-6 months [42],
modifications of the Mg-based stent characteristics with prolonged
degradation are still in development.

In the present work, the Zn-Cu stent retained its original integ-
rity at the first 3 months of implantation in a porcine coronary
artery (Fig. 4b), without any localized accumulations of degrada-
tion products. The degradation rate calculated from the (92 + 1)%
residual volume after the 3 months of implantation is approxi-
mately 0.016 mm/y. This is quite close to the benchmark [43] of
an ideal degradation rate of 0.02 mm/y. The supporting units
(Fig. S1, described in S1.2) of the Zn-Cu stent retained integrity
at 6 months (Fig. 4c), which suggests that the Zn-Cu stent devel-
oped in this work can provide a long-enough supporting period
for the arterial remodeling and healing.

Another major concern during the stent degradation process is
the corrosion mode. Nonuniform corrosion may lead to the rapid
loss of scaffolding function or the stent fracture at the early period
of implantation. The stent fracture was usually associated with
clinical target lesion revascularization [44], which may be a chal-
lenge for the biodegradable metal stents. In this study, the Zn-Cu
stents maintained their mechanical integrity at 6 months without
finding severe localized corrosion (Fig. 4c). Additionally, compact
and continuous corrosion layers are observed in Fig. 4b and
Fig. 4c, which means that the dominant corrosion type is still uni-
form corrosion after 6 months of implantation. As the endothelial-
ization process could be completed during the first month post-
surgery (shown in Fig. 6a and Fig. 8a), the stent fracture induced
by the degradation process could not adversely affect the stented
vessels.

Localized corrosion accumulation points were observed at
9 months (Fig. 4d). This indeed leads to a release of the stented ves-
sel restriction. As a result, the MLD of the Zn-Cu stented vessels
showed a gradually increased trend (positive reconstruction) from
this time point (Fig. 7 and Table 2). A similar positive reconstruc-
tion of the PLLA stent implanted vessels has been reported in the
porcine model [45]. At the endpoint of our test, the difference
between the end point (24 months) and the 9 months’ time point
was significant (Fig. 7, p < 0.05).

Moreover, the restoration of pulsatility was believed to occur
with the release of restriction to vessels [45]. The pulsatility
restoration can recover important vessel functions such as the
unimpeded vasomotion, which is critical to control blood flow
and pressure [46]. The impairment of coronary vasomotion
induced by the implantation of the permanent stent will last for
a lifetime. The pulsatility restoration is a remarkable advantage
of the biodegradable stent compared with that of the permanent
stent. By contrast, the degradation products of iron appear to be
stable in the physiological environment [47] and thus result in a
long-term retention of the stented vessels like the permanent
stent. Results of this study suggest that this disadvantage of the
iron-based stent has been overcome by the Zn-Cu stent.

At the end of the test (24 months), the residue volume of the
implanted Zn-Cu stent is only (28 £ 13)%. The degradation of the
stent makes it invisible in the coronary angiography images
(Fig. 3b) and OCT images (Fig. 8d-f). Evidence gathered in this
study indicates that the Zn-Cu stent has the potential of being
completely degraded after a longer time.

4.3. Biocompatibility of the Zn-Cu stent

4.3.1. Effects of the element accumulation in the vascular vessel

The dietary allowance of Zn ranges from 2 mg/day for infants to
14 mg/day for adults [16], and the blood content of Zn is 32.3 mg/
kg [48], which indicates that the amount of Zn induced by Zn-Cu
stent implantation (approximately 25 mg) is too low to be accu-
mulated in far-away organs. As shown in Table 4, Zn seems unli-
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kely to accumulate in the apex cordis, located distal or proximal of
stented artery segments. The rapid transfer rate of the ionic zinc in
living tissue [49] may be the explanation of this result. The bio-
compatibility of the pure Zn implanted in arteries has also been
proved in previous studies [6,50]. The dietary allowance of Cu
ranges from 0.2 mg/day for infants to 1.3 mg/day for adults [16],
and the LDsq of Cu®* is 5.6 mg/kg (intraperitoneal injection, mice)
[51]. Similar to the content of Zn, the content of Cu (0.2 mg) in a
Zn-Cu stent is also far below the amount that can bring in systemic
toxicity. Tang et al. [25] studied the cytocompatibility of Zn-xCu
(x=1, 2, 3, and 4 wt%), in which the Zn-3Cu shows a similar cell
viability as that of pure Zn. The addition of 0.4 wt% Cu in the Zn-
0.8Mn alloy can even significantly improve the L929 cell viability
[12]. Many kinds of Cu-content alloys have been developed and
studied in vivo for their antibacterial activity, while none of the
biocompatibility issues have been found in these studies ([52,53]).

In our present work, normal tissues are observed around the
strut residuals and the degradation products during the whole
implantation period (Fig. 8 and Fig. 6, respectively), which suggests
their good biocompatibility. On the contrary, adverse conse-
quences were observed in an early study of iron-based implants,
which generated a layered corrosion product and pushed away
any biological matter to a distance >750 um from the original
implant surface after 9 months with little-to-no tissue integration
[50]. Additionally, the rapid-re-endothelization process (within
one month, Fig. 6a and Fig. 8a) also indicates that the existence
of Cu has not brought in new biocompatibility problems.

Calcium phosphate crystals in the form of hydroxyapatite (HA)
is an indicator of the atherosclerotic plaque [54], which is deeply
unappealing after stenting. For the Mg-based stent, the average
Ca/P ratio of the high Ca-containing degradation products after 4
and 12 months of implantation was close to 5/3 (the Ca/P ratio of
HA) [55], which is a potential risk that cannot be ignored. In this
study, even in the sequential degradation products of 18 months,
the observed Ca/P ratio is only 0.61 (Table 3), which is still much
lower than that of HA (1.67). Additionally, neither osteoblast-like
SMC nor matrix vesicles were observed when the struts replaced
by normal tissue (Fig. 6¢-d3), which are indicators of the extracel-
lular (ECM) mineralization and the SMC calcification [56]. This con-
firms that the Zn ions can decrease the crystallinity of the HA in the
physiological environment [57], which might be another natural
advantage in addition to the ideal degradation rate compared with
Mg-based stents.

4.3.2. Transport of the degradation products

The degradation mechanism of zinc was proposed by Yang et al.
using a rabbit abdominal aorta model [6]. A precipitate containing
Ca and P was found in the sequential degradation products, which
is confirmed by the Ca and P peaks shown in Fig. 9. However, this is
unlikely to induce accumulation of a large volume of undissolved
degradation products in situ (Fig. 6d1-d3 and Fig. 8c-d). Addition-
ally, Fig. 10d shows that the degradation products have diffused
into the tissues nearby after 18 months of implantation. As
described before, Zn ions can decrease the crystallinity of HA in
the physiological environment. Zn can also prevent further growth
of Ca-P phases by adsorbing onto their surfaces [57]. This may be
the reason why the leaving parts of the degradation products have
a quite small size (<20 wm) (Fig. 6d2). Thus, the degradation prod-
ucts are more likely to be moved. The co-occurrence of Zn and Cu
peaks can be observed both in the strut and in the degradation pro-
duct area (Fig. 9), which indicates the co-diffusion of the two
elements.

The green circle shown in Fig. 6d3 highlighted one part of the
degradation product with more than 10 cell nuclei around, which
is the morphological characteristics of foreign body macrophages
and foreign body giant cells. This result provides evidence for the

cellular path of the degradation products’ moving pathway. As
shown in Fig. 6 and Fig. 9, the main moving direction of the degra-
dation products is abluminal. This guaranteed that the strut is
replaced by normal tissue during this process without the risk of
entering the blood circulatory system and causing thrombosis or
inflammation responses. The observed newborn endomembrane
is smooth, and no thrombosis or severe inflammation response
was found (Fig. 6 and Fig. 8). These results suggested that the
transport of Zn-Cu stent degradation products is safe for the
stented model.

4.4. Comprehensive comparison of recently reported biodegradable
stents

We summarize the biodegradable behavior and the main med-
ical device performance of different stents from previous reports
on biodegradable stents in Table 5.

The wall thickness of the Zn-Cu stent is 100 pm, which is thin-
ner than that of the biodegradable BVS (150 pm, made of PLLA)
[39] and DREAMS 2G (140 pm, the clinically used Mg-based stent)
[33]. A thinner wall is associated with the lower crossing profile
(better deliverability) and lower rates of restenosis [58]. The lower
acute recoil in vivo and the thinner wall together leads to a higher
acute lumen gain, which is a key performance of the coronary stent
[45,58].

As observed in Fig. 3a, the radiopacity of the Zn-Cu stent is clear
enough for the stenting procedures. In contrast, Mg-based stents
were almost invisible in the angiographic images [39]. Locating
the Mg-based stent relied on radiopaque markers on the balloon.
These markers, along with radiopaque iodinated contrast agents,
enable the precise placement of the stent within the artery. How-
ever, once the deployment system was removed and the contrast
agent dissipates, a stent with low radiopacity presents a problem
if the stent later requires additional dilation [59]. Good radiopacity
has a positive impact on the application prospect of zinc as a
degradable stent.

The first clinical trial of the Mg-based stent (AMS-1, without
drug-elution) was reported in The Lancet [41] in 2007. The faster
degradation rate of the AMS-1 than the clinical requirement would
induce restenosis and further reoperation rate [60]. During the last
decade, two generations of commercialized drug-eluting Mg-based
stents (DREAMS 1G and DREAMS 2G) have been developed to solve
the problem. Positive clinical outcomes have been reported, and
long-term observation of the DREAMS 2G is still ongoing. Further,
because of their ultra-low radiopacity, the Mg-based stents cannot
provide enough visibility when additional dilations are required
during the stenting procedure [59]. This may remain as another
major limitation for clinical use of the Mg-based stents.

On the other hand, far lower degradation rate than the clinical
requirement was observed when the biodegradable iron stent
was implanted into the native descending aorta of rabbit in 2001
[61]. The long-term existence of the iron stent in the blood vessel
may further cause tissue inflammation and impairment. Recently,
researchers developed ultrathin struts iron-based stents with
appropriate mechanical properties to shorten degradation time.
The zinc barrier layer makes it possible to maintain adequate scaf-
folding after 3 months and corrode after 13 months in rabbit mod-
els. However, complete bio-resorption of the degradation products
has not been observed in their work, and the “gap” between the
struts and the tissues, mentioned above, has also been observed
after 3 months of implantation. Iron ions are easy to precipitate;
thus, the elimination of the remaining degradation products is very
slow [36]. This may be the reason why the restoration of the vessel
vasomotion has been reported in the study of Mg-based stents [62]
and PLLA stents [45] but not for the iron-based stents by far.
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Synthetic polymer is another branch of materials to fabricate
the biodegradable (bioabsorbable) coronary stents [63]. The first
commercialized polymer coronary stent is “Absorb GT1 BVS”
(PLLA, approved by the FDA in July 2016). However, the FDA issued
a safety alert for BVS in March 2017, and Abbott Vascular called a
halt to the sale of this device only 18 months after approval. The
main challenge for the PLLA stent is the very late scaffold thrombo-
sis, which is beyond 1 year [64], and the most frightening aspect of
very late scaffold thrombosis is the possible etiology linked to the
intraluminal dismantling of the PLLA stent [65]. Furthermore, the
thick wall of the PLLA stent is also associated with the device suc-
cess rate, bringing in the limitation in case of device overlapping
and side branch selection [66]. It has been found that BVS stents
bring in more device thrombosis risks in small vessels [66]. Thus,
reducing the scope of indications (such as the selection of appro-
priate target vessel diameter) may be a way out for the PLLA stents.
Han et al. reported a 1-year randomized clinical trial in 2018, in
which the PLLA stents had diameters ranging from 2.5 to 3.5 mm
[67]. The device used (NeoVas, Lepu Medical, China) in this study
has been approved by the China Food and Drug Administration
on February 26, 2019, and long-term outcomes of the PLLA stents
are expected.

As a newcomer, pure zinc was first considered to be a candidate
biodegradable material for cardiovascular applications in 2013
[50]. However, the study just simply put the pure zinc wire in
the rat abdominal aorta, without considering the actual stent
structure and suitable large animal models.

The present work was carried out on a large animal model (i.e.,
pig). The stent, which was fabricated using a standardized stent
production technique, was deployed in porcine coronary arteries.
Large animal models have more cardiovascular similarities in
terms of anatomy, physiology, and size to humans than to rodent
species [54]. The results demonstrated that the Zn-Cu stent has
sufficient mechanical properties and excellent radiopacity and
degrades with a proper degradation rate without causing degrada-
tion product accumulation, thrombosis, or inflammatory responses
after implantation up to 24 months; therefore, it has a great poten-
tial for further clinical applications.

5. Conclusions

The Zn-Cu stent degrades with a proper degradation rate, and
after 24 months of implantation, it was approximately 28 + 13 vol
% of the stent remained. Degradation products can be moved in
the abluminal direction by multinucleated giant cells, and the strut
can be replaced by normal tissue during this process, without the
risk of entering the circulatory system and causing other unfore-
seeable problems. The endothelialization process can complete
within the first month of post-surgery, while thrombosis, localized
necrosis, or serious inflammatory responses are not found even
after implantation of up to 24 months. The addition of copper did
not induce new risks associated with stent implantation. Results
of the long-term in vivo study show that the Zn-0.8Cu coronary
artery stent is promising for further clinical applications.
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