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a b s t r a c t

In the present study, pure zinc stents were implanted into the abdominal aorta of rabbits for 12 months.
Multiscale analysis including micro-CT, scanning electron microscopy (SEM), scanning transmission
electron microscopy (STEM) and histological stainings was performed to reveal the fundamental
degradation mechanism of the pure zinc stent and its biocompatibility. The pure zinc stent was able to
maintain mechanical integrity for 6 months and degraded 41.75 ± 29.72% of stent volume after 12
months implantation. No severe inflammation, platelet aggregation, thrombosis formation or obvious
intimal hyperplasia was observed at all time points after implantation. The degradation of the zinc stent
played a beneficial role in the artery remodeling and healing process. The evolution of the degradation
mechanism of pure zinc stents with time was revealed as follows: Before endothelialization, dynamic
blood flow dominated the degradation of pure zinc stent, creating a uniform corrosion mode; After
endothelialization, the degradation of pure zinc stent depended on the diffusion of water molecules,
hydrophilic solutes and ions which led to localized corrosion. Zinc phosphate generated in blood flow
transformed into zinc oxide and small amounts of calcium phosphate during the conversion of degra-
dation microenvironment. The favorable physiological degradation behavior makes zinc a promising
candidate for future stent applications.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Coronary artery disease (CAD) is the leading cause of death
worldwide, creating a major economic and resource burden on
patients' quality of life and public health systems [1]. Stenting is a
treatment commonly used to combat coronary artery disease.
Traditional coronary stents are made of inert metals such as
stainless steel or cobalt-chromium alloy. They remain inert in the
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human body and hence stay for many years, which causes long-
term health risks including impaired coronary vasomotion, devel-
opment of early neoatherosclerosis, long-term retention of a
metallic cage [2], late-stage thrombosis [3] and chronic inflam-
mation [4]. To improve the performance of stents, a newgeneration
of so called “biodegradable stents” is currently being developed.
Biodegradable stents are designed to corrode gradually in vivo
during the healing process and release corrosion products with an
appropriate host response. They dissolve completely upon fulfilling
the mission to help tissue healing with no implant residues [5]. For
more than a decade, the scientific community has focused on iron
and magnesium based stent materials. Animal tests have demon-
strated that iron stents have no local or systemic toxicity and are
thus safe to use [6e8]. Moreover, iron itself has high radial strength
and ductility which are important benchmarks for stents [9].
However, the iron stents have clear drawbacks, including: (1) a
degradation rate that is too slow [6,7], (2) voluminous corrosion
products that are hard to eliminate by the human body [10,11], and
(3) negative impacts of ferromagnetism on non-invasive imaging
devices like MRI [5]. Magnesium, as a more attractive candidate,
shows feasibility and a good safety profile in both animal and
clinical studies [12e15]. For example, the first clinically proven
magnesium stent e Magmaris bioresorbable stent received CE
(European Conformity) mark approval in 2016 [16]. However, the
magnesium stents also have major disadvantages, including: (1) a
degradation rate that is too fast to provide sufficient radial scaf-
folding force [15,17,18], and (2) relatively high restenosis rates
[15,19,20].

Zinc, as one of the most important essential trace elements for
human bodies, has diverse biological functions ranging from
enzymatic catalysis to a crucial role in cellular neuronal systems
[21]. For example, zinc is an antioxidant and has anti-inflammatory
actions. Decreased plasma zinc leads to increased plasma oxidative
stress markers in the elderly subjects. Moreover, zinc induces A20
which inhibits NF-kB activation resulting in decreased generation
of inflammatory cytokines [22]. The complex of zinc [Zn(mef)2]
shows anti-oxidant and anti-inflammatory effects as well [23]. Zinc
also plays an important role in immune function in human beings.
By activating NF-kB, zinc enhances the expression of interleukin-2
and interleukin-2 receptors in HUT-78 cells [24]. More importantly,
zinc shows protective effects in cardiomyopathy and CAD. Zinc can
improve cardiac function and prevent further damage like ischemia
and infarction by playing a critical role in redox signaling pathway
[25]. Zinc also plays a protective role in maintaining the integrity of
endothelial cells by regulating gene expression and decreasing
vessel susceptibility to atherosclerosis [26]. Zinc decreases C-
reactive protein, lipid peroxidation, and inflammatory cytokines in
elderly subjects which implies an atheroprotective role of zinc [27].
In addition, dietary zinc intake is reported inversely related to
subclinical atherosclerosis measured by carotid intima-media
thickness [28]. In a recent study, zinc stent was proved to be non-
cytotoxic to the 3T3 cells [29]. Commercial zinc alloys possess
tensile strengths of 232e328MPa and 13e34% elongation to failure
which are comparable to iron and magnesium alloys [30]. More-
over, the standard potential (versus SHE) of Zn (�0.762 V) is be-
tween iron (�0.037 V) andmagnesium (�2.372 V), implying a more
appropriate physiological degradation rate [31]. The favorable
physiological features and mechanical/chemical properties of zinc
prompt scientists to ask whether it would be possible to use zinc as
a biodegradable stent material [32]. A recent study researching the
potential of zinc for artery implants [33] has demonstrated the
feasibility of using zinc for biodegradable stent applications, how-
ever, study of zinc stent has not been reported yet.

In the present study, we report the animal testing results ob-
tained from pure zinc stents which were implanted into the
abdominal aorta of rabbits for 12 months. Multiscale analysis
including micro-CT, scanning electron microscopy (SEM), scanning
transmission electronmicroscopy (STEM) and histological stainings
were performed to reveal the fundamental degradationmechanism
of the zinc stent and its biocompatibility.

2. Materials and methods

2.1. Materials and surgical procedure

Stents (F3.0� 10mm, strut thickness 165 mm, Fig. S1) were laser
cut from pure zinc (99.995 wt %) micro-tube followed by cleaning
and electrochemical polishing. In the implantation experiment, 48
pure zinc stents (F3.0 � 10 mm) were deployed in the abdominal
aortas of 24 adult Japanese rabbits, with 2 stents implanted in each
rabbit. The right femoral artery was surgically exposed and a 4 F
guide catheter (Terumo, Japan) was introduced over a 0.014-in
microguidewire (Transcend, Boston Scientific). Then the stents
were introduced and positioned in the abdominal aorta under
angiography. Balloons were inflated with 8 atm (nominal pressure)
for 30s to deploy the stents. Placing the stents across the orifice of
major branches of the descending aortawas avoided. Aspirin (5mg/
kg$day) and Plavix (5 mg/kg$day) were started 3 days before an-
gioplasty and continued until sacrifice. 24 adult Japanese rabbits
with a mean mass 3e4 kg were provided by Department of Labo-
ratory Animal Science, Peking University Health Science Center. The
rabbits were housed in individual cages in a temperature- and
light-controlled room and given standard rabbit chow ad libitum
with free access to sterilized drinking water. After 3 days (n ¼ 4), 1
(n¼ 5), 3 (n¼ 5), 6 (n¼ 5) and 12 (n¼ 5) months, angiography was
performed again and then rabbits were euthanized and aortas
contained the stents were harvested for degradation and histo-
logical analysis. Quantitative vessel angiography (QVA) measure-
ments were obtained using GE AdvantageWorkstation. Meanwhile,
blood samples were collected for biochemical analysis and deter-
mination of Zn levels. All animal procedures were in accordance
with accepted institutional policies and under the approval of the
Animal Ethics Committee of Peking University.

2.2. Micro-CT analysis

3D analysis of stented arteries was made using Computer
Tomographic data obtained with a Skyscan 1172 micro-CT system
(Bruker micro-CT N.V., Kontich, Belgium). For each time point (0, 1,
6 and 12months), five zinc stents with vessel tissuewere examined
with a 6.7 mm resolution protocol (80 kV, 125 mA, Al 0.5 filter, 0.4�

rotation step, frame averaging of 2�). CT images were reconstructed
using Skyscan NRecon software (Bruker micro-CT N.V., Kontich,
Belgium). The volumes of metallic stents and corrosion products
were determined in CTAn software and their 3D images were yield
by CTVol software (Bruker micro-CT N.V., Kontich, Belgium). The
volume loss and volume ratio were calculated based on the 3D data
of reduction of the metallic volume. The surface morphologies of
corroded stents at each time point (1, 3, 6 and 12 months) were
observed under a scanning electron microscope (SEM, Hitachi S-
4800, Japan).

2.3. Crossesection analysis

The stented arteries were embedded in methyl methacrylate
(MMA) and the subsequent blocks were cut to create sections of
1e1.5 mm thickness. Crossesections were prepared by grinding the
exposed stents in a metallographic fashion with 1200, 2000 and
7000 grit SiC paper and then polishing with a water soluble 0.5 mm
diamond slurry on microfiber. Desired number of crossesections
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were produced from at least three different stented arteries at each
time point (3 days, 1, 3, 6 and 12 months). The polished stented
segments were coated with a thin layer of gold to improve con-
ductivity prior to imaging with a SEM (Hitachi S-4800, Japan). The
SEM equipped with an EDAX EDS system was operated at 10 kV
accelerating voltage. The acquired backscattered electron images
(BEIs) were analyzed using Image-Pro Plus 6.0 to provide cross-
esection measurements. The different portions of the image were
selected by thresholds and the areas of the corresponding regions
were measured. Based on the crossesection area measurements,
the penetration rate, crossesection area reduction, area ratio and
corrosion layer thickness were statistically analyzed and calculated
for each time point (1, 3, 6 and 12 months). The embedded sections
of stents were further analyzed by using EDS. Elemental mapping,
line analysis and selected area analysis were performed on repre-
sentative corrosion regions. Elemental analysis for carbon, oxygen,
phosphate, calcium and zinc based on Ka and La radiation were
captured at a 512 � 512 pixel resolution at 2000 � and
8000�magnification. For calculating the elemental composition of
corrosion products, three representative areas per section from at
least three crossesections were measured at each time point (3
days, 1, 3, 6 and 12 months).

2.4. STEM/EDS analysis

Specimens for scanning transmission electron microscopy
(STEM) observations were prepared by slicing polished cross-
esections into an approximately 50-nm-thick sample by using a
Leica EM UC6 ultramicrotome. High-resolution high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM), selected area electron diffraction (SAED) and EDS analysis
were performed in a FEI Titan G2 60e300 ChemiSTEM, equipped
with a Cs probe corrector and a Super-X EDS with four windowless
silicon-drift detectors and operated at 300 kV.

2.5. Characteristics of corrosion products

Stents were removed from arteries after 12 months implanta-
tion for corrosion products analysis. X-ray diffractometer (XRD,
PANalytical Empyrean) using Cu Ka radiation and scanning from 5�

to 120� for 5 h operated at 40 kV and 40 mA at room temperature
was employed for the identification of corrosion products. Same
samples were subjected to microscopic Fourier transform infrared
spectroscopy (mFTIR) at ambient temperature using a Spectrum
Spotlight 200 FT-IR microscope from Perkin Elmer Instruments
(Waltham, Massachusetts, USA). Bright-field microscopic image
using a 100 mm spot size was recorded to locate the representative
corroded areas. Then, spectra were recorded from the typical areas
to identify the major components of corrosion products. Each
spectrum is the result of the co-addition of 64 scans with 2 cm�1

resolution.

2.6. Histological analysis

The stented artery segments at each time point (3 days, 1, 3, 6
and 12 months) were divided into two groups. One group was
processed and embedded in methyl methacrylate (MMA). Desired
number of segments were cut and grinded into 5 mm thickness for
hematoxylin-eosin (H&E) staining. The other group was embedded
in paraffin, cut a 5-mm intervals. Subsequently, the sections were
stained with Masson's trichrome (collagen) and Verhoeffe-Van
Gieson (elastin). Endothelial cells and smooth muscle cells was
performed by immunohistochemistry with anti-CD31 (CD31, 1:100,
goodbio, China) and anti-alpha smooth muscle actin primary
antibody (a-SMA, 1:1000, goodbio, China). To visualize
macrophages, anti-macrophage antibody (Macrophage, 1:100,
Abcam, USA) was used for immunofluorescent staining. The
numbers of macrophages per struts were calculated from at least
three stented segments at each time point. Histological slides were
scanned using NanoZoomer Digital Pathology system and analyzed
using NPD scan 2.3.4 software (Hamamatsu). For immunofluores-
cent observation, a fluorescence microscope (Zeiss Axio Image Z1,
Germany) was used. Two stented artery segments at each time
points (1, 3, 6, 12 months) were longitudinally bisected to expose
the lumen surface and photographed. Specimens were rinsed in
0.1mmol/l sodium phosphate buffer (pH 7.2 ± 0.1) and then fixed in
2.5% glutaraldehyde solution for 2 h. They were then dehydrated in
a graded series of ethanol (50%, 60%, 70%, 80%, 90%, and 100%). After
they had been dried at the critical point, the tissue samples were
mounted, sputter-coated with gold and observed under an SEM
(Hitachi S-4800, Japan). For each implantation point investigated,
the internal organs were formalin-fixed and paraffin-embedded.
Tissue samples were cut and stained with hematoxylin-eosin
(H&E).

2.7. Statistical analysis

Statistical analysis was performed with SPSS 18.0 software
package (SPSS Inc. Chicago. USA). Statistical significance of differ-
ence between groups was assessed by one-way analysis of variance
(ANOVA) followed by post hoc Turkey's multiple comparison test. P
values less than 0.05 were considered statistically significant.

3. Results

3.1. In vivo degradation behavior of zinc stent

To understand the overall degradation trend of the zinc stent,
micro-CT was conducted to analyze its degradation behavior at
macron-scale level. The 2D and 3D reconstruction images of the
zinc stent at different implantation times are presented in Fig. 1a.
Before implantation, the structure and morphology of the stent
were clearly visible inmicro-CT. After 1 month in vivo, the stent was
almost intact covered by uniformly distributed corrosion products.
A relatively uniform corrosion mode was observed at this time
point. The image of the zinc stent at 6 months showed some
localized accumulations of corrosion products, which indicated a
progress of degradation. More importantly, the majority of the
stent was still composed of metallic zinc, indicating the mainte-
nance of mechanical integrity for at least 6 months. At 12 months,
the zinc stent became incomplete and partially degraded. More-
over, significant attenuated struts were observed in contrast to
those of 6months. Loss of mechanical integrity of the zinc stentwas
expected during this period. In contrast to that occurring at 1
month, localized corrosion mode was dominant at 12 months.
Corrosion morphologies of the zinc stent at 1 and 12 months are
shown in Fig. 1b. At the initial stage of degradation, a compact and
continuous corrosion layer was observed covering the zinc matrix.
Shallow pits were uniformly distributed on the corroded surface. At
higher magnifications, multi-sheet like corrosion morphology was
visible. At 12 months, severe localized corrosion was found on
struts and compact corrosion layer was invisible. Volume loss
(Fig. 1c) and volume ratio (Fig. 1d) were calculated based on the
micro-CT data. The volume loss of the zinc stent increased linearly
with implantation time. In addition, degradation of the stent vol-
ume was 20 ± 2.81% and 41.75 ± 29.72% at 6 and 12 months,
respectively. The volume ratio of corrosion products changed little
over time which implies a continuous absorption of them in vivo.

Cross sections were fabricated to gain more detailed insights
into the degradation behavior of the zinc stent. Representative



Fig. 1. (a) Selected 2D and 3D micro-CT images of zinc stents after 0, 1, 6 and 12 months implantation. Each time point is composed of three images: the left one is a 3D
reconstruction of the zinc stent, among which the white one is the residue zinc stent and the green one represents corrosion products. 2D and 3D images on top and bottom right
respectively show the rectangular area in the left 3D image. The magnified 3D image is a combination of residue zinc and corrosion products. (b) Corrosion morphologies of zinc
stents after 1 and 12 months in vivo. Insets show magnified rectangular areas in the stent surface. (c) Measured value for volume loss of zinc stents and d) volume ratio of residue
zinc stents and corrosion products calculated from 3D data. (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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images at 1, 3, 6 and 12 months are presented in Fig. 2a. The
metallic stent struts were visible as bright rectangular features
surrounded by light grey vascular wall. A thin layer of intima was
observed at 1 month. Inspection of higher magnification images of
the struts indicated a uniform corrosionmode. A compact corrosion
layer was seen surrounding the residue zinc. The remaining
metallic part of the strut still had relatively smooth and integrated
edge. At 3 months, most of struts had morphologies similar to that
of 1 month, however, the corrosion layer-metal interface became
rugged and signs of localized corrosion were observed. Localized
corrosion was dominant after 6 months in vivo. Local accumulation
of corrosion products was found in most of stent struts. Never-
theless, the metallic zinc remained the major part of the stent.
Significant degradation was found at 12 months, and the degra-
dation was inhomogeneous. Additionally, large amounts of corro-
sion product accumulation was absent, which indicated the
possibility of full degradation of the zinc stent. A quantitative
analysis of the degradation is presented in Fig. 2bee. The pene-
tration rate was relatively high at the onset of implantation but
decreased at 3 months. Thereafter, a slightly increased penetration
rate was seen from 3 to 12 months (Fig. 2b). The fluctuation of
average penetration rates was within the range of 10e30 mm/year.
The crossesection area reductions of stent struts were similar at 1
and 3 months (Fig. 2c) after which an obvious increase was
observed. The zinc stent maintained about 80.57 ± 19.3% of its
original crossesection area after 6 months implantation (Fig. 2d).
Degradation of the metallic zinc was 36.73 ± 31.19% at 12 months.
The thickness of corrosion products was around 3e5 mmat 1month
after which a decrease could be seen at 3 months (Fig. 2e). The data
Fig. 2. (a) Representative BEIs of zinc stent crossesections after 1, 3, 6 and 12 months im
representative struts in crossesection of stented segments. Regions surrounded by stent stru
results of (b) penetration rates, (c) crossesection area reduction, (d) area ratio of residue zin
crossesection areas at each time point (1, 3, 6 and 12 months). Parenthetic numbers indica
legend, the reader is referred to the web version of this article.)
distribution became more dispersed at 6 and 12 months. The re-
sults obtained by crossesection analysis are in good consistent with
that obtained from micro-CT and further confirm the degradation
behavior of the zinc stent observed in this study.

3.2. Multiscale analysis of corrosion products

A systematical investigation of the degradation process was
performed at hierarchical levels. Backscattered electron images
(BEIs) and EDS analysis corresponding to 1, 3, 6 and 12 months are
made to investigate the corrosion products at micronelevel. After 3
days of implantation, only Zn, O and C were detected in the stent
surface (Fig. S2). Afterwards, corrosion products showed distinctive
features over time. At 1 and 3 months, three representative regions
could be recognized at first glance (Fig. 3a). One was the zinc ma-
trix, which showed silver grey in BEIs and only the Zn signal was
found in this region. Another was corrosion products that had Zn, O
and P enrichment. The third one was tissue which showed an
evident signal of C. In addition, some local regions rich in Zn and O
were found occasionally at the bottom of the corrosion products
(Fig. S3). The thickness of corrosion layer became thinner at 3
months. At 6 and 12 months, the degradation of the zinc stent was
predominant by localized corrosion. The corrosion layer thickened
significantly at local regions and the composition of corrosion
products changed. The corrosion products were composed by two
different components. A Ca/P-rich surface layer was observed, in
addition to an inner layer comprising mainly Zn and O. Outer layer
thickened continuously over time. Relative intensities of key ele-
ments were quantitatively measured in the corrosion layer using
plantation. Stent struts are visible as bright rectangular features. Magnifications are
ts and marked by yellow lines are lumen and vascular walls, respectively. Quantitative
c stents and corrosion products and (e) thickness of corrosion products calculated from
te n value for each group. (For interpretation of the references to colour in this figure



Fig. 3. (a) Backscattered electron images (BEIs) and elemental (EDS) maps for representative corrosion interface at 1, 3, 6 and 12 months. BEIs are divided into three regions
composed by tissue, corrosion products and zinc. Maps of carbon, zinc, oxygen, phosphate and calcium are in green, red, blue, light blue and purple, respectively. (b) EDS line-scan
analysis for representative corrosion layers at 1 and 12 months. (c) Elemental compositions (atomic percentage) of inner and outer corrosion layers at 1, 3, 6 and 12 months. (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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line-scan analysis (Fig. 3b). At 1 month, the relative peak intensities
of Zn decreased sharply from the corrosion layer-metal interface
while peaks of O and P followed the opposite trend. The elemental
distribution displayed little fluctuation along the entire corrosion
layer. Peaks of C were only found in the tissue part. At 12 months,
the Zn peak was more intensified in the inner layer and sharply
decreased in interfaces of different layers. P and Ca peaks increased
from the interface of inner and outer layer. O peak showed little
fluctuation in the entire corrosion layer. The atomic percentages of
related elements were calculated by selected area analysis and are
shown in Fig. 3c. The chemical composition of corrosion products
was stable at the first three months. C, P, O and Zn accounted for
15%, 15%, 50% and 20% of corrosion products, respectively. At 6 and
12 months, the inner layer was mainly composed by Zn, O with a
1:1 ratio. As for the outer layer, proportion of Zn decreased as Ca
showed up.

To gain a more detailed understanding of the elemental distri-
bution, composition and crystallography of the corroded regions,
nanoscale observations were made by STEM equipped with EDS. At
1 month, a representative region comprising zinc matrix and
corrosion products is shown in Fig. 4a. Three regions were identi-
fied in the HADDF-STEM image. Region i exhibited a bright feature
and was identified as Zn according to selected area electron
diffraction (SAED) patterns (Fig. 4d) and EDS obtained from it. Re-
gion ii was partially corroded, it had an enrichment of Zn and O. Its
SAED pattern could be indexed according to those of Zn and ZnO.
The orientation relationship between ZnO and Zn matrix was such
that: ð1010)ZnO // ð1010)Zn, ½0001]ZnO // ½0001]Zn. Region iii was
completely corroded and consisted of Zn, O and P. This region was
typical in the corrosion products found at 1 and 3 months.
Diffraction patterns obtained from them indicated that they had a
mixture of polycrystalline and amorphous structures. It infers that
the initially formed corrosion products is amorphous Zn3(PO4)2 but
it crystallizes with time to form its hydrated phase Zn3(PO4)2$4H2O
that has an orthogonal structure [34]. At 12 months, three regions
with distinct features were found as well (Fig. 4b). Region iv was
indexed as Zn (Fig. 4d). Adjacent to the Znmatrix was region v with
a porous structure. The crossesection morphology in HADDF-STEM
image was in consistent with the surface morphology found by
SEM. A great amount of nano-scale pores were uniformly distrib-
uted on the corroded surface. This region was mainly composed of
Zn and O corresponding to the inner layer in Fig. 3a. Its magnifi-
cation (Fig. 4c) exhibited a partially corroded morphology. Residue
matrix with Zn enrichment distributed as a skeleton. Corrosion



Fig. 4. (a) HADDF-STEM image of corrosion products in crossesection of zinc strut and corresponding elemental maps at 1 month. Regioniis zinc, regionsiiand iii are corrosion
products. Maps of zinc, oxygen, phosphate and calcium are in red, blue, light blue and purple, respectively. (b) HADDFeSTEM image of corrosion products and corresponding
elemental maps at 12 months. Region iv is zinc, regions v and vi are corrosion products. Inset represents the representative surface corrosion morphology at 12 months. (c)
Magnified black square area in b) and corresponding elemental maps. (d) SAED patterns of regioniZn, regioniiZn and ZnO, region iii Zn3(PO4)2$4H2O, region iv Zn, regionvZn and
ZnO, region vi Ca/P in a) and b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

H. Yang et al. / Biomaterials 145 (2017) 92e10598
products contained Zn and O were observed in the corroded area
surrounding the zinc skeleton. The diffraction pattern indicated the
co-existence of Zn and ZnO in this region. The orientation rela-
tionship between ZnO and Zn matrix was identical to that found in
region ii. Region vi was rich in Ca and P that corresponding to the
outer corrosion layer. A mixture of polycrystalline and amorphous
structures was identified in this region.

XRD and micro-FTIR were also conducted in explanted stents at
12 months and shown in Fig. S4. According to the XRD analysis,
major peaks were attributed to the zinc matrix. In addition, weak
peaks of ZnO were found in the 2q range of 30e70�. The charac-
teristic peaks at 2q ¼ 31.8�, 34.4� and 36.3� were also found by
diffraction patterns (Fig. 4d), corresponding to theð1010), (0002)
and ð1011) planes of ZnO crystal (JCPDS No. 36e1451), respectively.
Therefore, ZnO was a major component in crystalline corrosion
products at 12 months. The micro-FTIR spectrum of corrosion
products showed featureless phosphate and carbonate bands. A
single intensive absorption band in the range of 1000e1140 cm�1

corresponded to v3 mode of PO4
3� groups. The broad band located at

1390-1500 cm�1 was attributed to v3 mode of CO3
2� groups [35].

The v1 mode of PO4
3� groups and v2 mode of CO3

2� groups or
presence of HPO4

2� groups produced two shoulders at 900-
960 cm�1 and 830-890 cm�1, respectively [36]. The protein Amide I
(peptide bond C¼O stretch) and Amide II (mixed CeN and NeH in-
plane bending) that arose mainly from collagen, resulting in two
bands near 1650 and 1550 cm�1 [37]. It should be noted that this
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two bands might also be associated with v3 mode of CO3
2� and

HeOeH bending of H2O [35]. The results of micro-FTIR may indi-
cate carbonate-substituted calcium phosphate in amorphous
structure [35], however, the precise stoichiometry of the calcium
phosphate is unknown at this time and needs further investigation.
3.3. Biocompatibility

Pathological evaluations were conducted to analyze the local
host response to the degradation of zinc stent and its biocompati-
bility. No significant platelets adhesion or membranous thrombus
formation was found at 3 days after implantation (Fig. S5). The
neointimal formation process with implantation time is demon-
strated by H&E staining (Fig. 5a). Neointimal coverage was
observed at 1 month which indicated a rapid endothelialization.
The brown staining areas around the strut at 3 months could be
corrosion products and neovascularization. The thickness of
Fig. 5. (a) Representative low- and high-magnification photomicrographs of hematoxylin-eo
of zinc stents. The asterisk marked region at 12 months indicates the neointima without sten
zinc stents. The stented segments are marked by red arrows. (c) Lumen diameter and (d) dia
from quantitative vessel angiography (QVA) measurements, control groups in (c) represent
point, *p < 0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to colour in
neointima showed a slowly increase over time. No intimal hyper-
plasia was observed even at 12 months when extensive degrada-
tion of the zinc stent happened. Moreover, no obvious
accumulation of corrosion products was found around the
degrading struts. A local complete degradation of stent strut can be
seen in the asterisk marked region with no corrosion products left
at 12 months. The brown staining areas in adventitia were
remaining blood cells which were not rinsed off after explantation.
It should be noted that the vessel lumen changed from round at 1
month to oval after 3 months and niches could be observed at 6 and
12 months. This is due to the contraction of the stented segments
after explantation caused by low mechanical property of pure zinc
stent and the gradually lost integrity after 6 months. Angiography
at 12 months showed complete patency of abdominal aortas in all
rabbits with no obstruction or thrombosis at the implantation sites
(Fig. 5b). No obvious intimal hyperplasia or lumen loss was found at
all time points. Lumen diameter (Fig. 5c) and diameter stenosis
sin (H&E) stained sections of abdominal aorta after 1, 3, 6, and 12 months implantation
t struts left. (b) Angiography of rabbit abdominal aorta after 12 months implantation of
meter stenosis of stented segments after 1, 3, 6 and 12 months implantation calculated
the mean ± SD of lumen diameters measured immediately after surgery at each time
this figure legend, the reader is referred to the web version of this article.)
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(Fig. 5d) were measured based on quantitative vessel angiography
(QVA) measurements. Lumen diameters of stent groups showed no
significant difference to those of control groups at all time points.
Importantly, the diameter stenosis was less than 10% even at 12
months, which was far from the definition of angiographic reste-
nosis [38]. The endothelial coverage observed by SEM and repre-
sentative histological stainings are displayed in Fig. 6. At 1 month, a
thin layer of neointimal was observed covering the zinc stent
(Fig. 6a). The neointima was thickened and the surface of the struts
was covered by smooth and oval shaped endothelial cells at 3
months. At 6 and 12 months, a confluent monolayer of elongated
endothelial cells was nicely organized along the direction of blood
flow and was similar to that of native arteries (Fig. S6). Immuno-
histochemistry staining with CD31 antibody further confirmed the
rapid formation of endothelium after 1 month (Fig. 6b). In order to
identify the major cell type in neointimal, immunohistochemistry
with a-SMA antibody was performed. A small amount of a-SMAþ

cells were found at 1 and 3 months which indicated a slow pro-
liferation of smooth muscle cells at early stage of implantation. At 6
and 12months, an increased amount of them, whichwas extremely
similar with native smoothmuscle cells, was observed. Masson and
VVG staining showed that these cells had a perfect function of
extracellular matrix secretion. Abundant collagen and well orga-
nized fibrous elastin were observed around the a-SMAþ cells at 6
and 12 months. To identify the inflammatory response, immuno-
fluorescence staining of macrophage antibody was performed
(Fig. 7). Macrophages were found mainly to accumulate around the
zinc struts. No acute inflammation was observed in 3 days after
implantation. The number of inflammatory cells around struts was
largest at 1 month due to the intensive degradation at this time
point. A decreasing trend of macrophage infiltration was observed
after 3 months. In order to assess the toxicity of degradation
products on the body, H&E staining of internal organs and zinc ion
concentrations in blood were measured and are shown in Fig. S7.
No infarction, histopathological changes or corrosion products
accumulation was found, and all organs showed a health histo-
logical morphology. Moreover, there was no significant difference
in blood zinc ion concentrations between zinc stent groups and
control groups. The results of blood biochemical analysis indicated
normal functions of internal organs, no statistic significance has
been found between stent and control groups (Table 1). In
conclusion, no severe inflammation, platelet aggregation, throm-
bosis formation or obvious intimal hyperplasia was observed at all
time points after implantation. Degradation of the zinc stent plays a
beneficial role in the artery remodeling and healing process.
4. Discussion

The evolution of the degradation mechanism of zinc stent with
healing process [39] is shown in Fig. 8. Before endothelialization,
dynamic blood flow dominates the degradation of zinc stent. In the
blood of pH 7.35e7.45, the anodic reaction is the dissolution of Zn
while the dominant cathodic reaction is the oxygen reduction re-
action [40] which displays as below:

Zn / Zn2þ þ 2e� (1)

O2 þ 2H2O þ 4e� / 4OH� (2)

The released OH� increases the local pH at the degrading
interface of Zn. Simultaneous increase in pH and Zn2þ concentra-
tions results in precipitation of ZnO and Zn(OH)2 once above their
equilibrium concentrations (Fig. 8a). Their formations can be rep-
resented as follows:
Zn2þ þ 2OH� ! Zn(OH)2 (3)

Zn2þ þ 2OH� ! ZnO þ H2O (4)

ZnO and Zn(OH)2 are common corrosion products of Zn in
aqueous solutions and have already been reported as initial
corrosion products in both in vitro and in vivo studies [33,41e43].
Their formation and solubility markedly depend on solution con-
ditions, such as pH, ionic strength, temperature and so on. In our
study, we have identified ZnO rather than Zn(OH)2 as the dominant
corrosion product (Fig. 4, Fig. S4). Similar results have also been
found in the in vivo test of zinc artery implants [33]. With the
degradation conditions being considered, three factors present
themselves to explain the results: (1) ZnO is the main thermody-
namically stable phase in the pH range from 7.7 to 11 [40], (2) the
body temperature around 37 �C favors the formation of ZnO over
Zn(OH)2 [31,44], (3) Zn(OH)2 can dehydrate progressively to ZnO at
37 �C [45]. But in the blood fluid, the physiological buffering system
is able to precisely regulate pH around 7.35e7.45 which is not a
stable zone for ZnO [46,47]. Moreover, aggressive ions like Cl� in
humanwhole blood is critically high (142 mM) [48]. Consequently,
ZnO is dissolved when exposing to blood fluid. Afterwards, HPO4

2�

from blood can react with released Zn2þ to form insoluble phos-
phate (Fig. 8b):

3Zn2þ þ 2HPO4
2� þ 2OH� þ 2H2O ! Zn3(PO4)2$4H2O (5)

Zinc phosphate is thermodynamically more stable than ZnO in
blood fluid according to the Pourbaix diagram of Zn in SBF [46]
(Fig. 8e). In addition, the solubility product constant (Ksp) of zinc
phosphate (Ksp ¼ 9 � 10�33) is much lower than that of ZnO
(Ksp ¼ 2.5 � 10�17) [49,50]. Therefore, ZnO is able to converse to
zinc phosphate continuously based on the shift of precipitation
dissolution equilibrium. A uniform Zn, O and P-rich layer at 1
month confirms this conversion (Figs. 3a and 4a). Several works
have reported the formation of Zn3(PO4)2$4H2O as corrosion
products of Zn in simulated body fluids [41,43,51]. In the dynamic
flow condition, mass transfer is accelerated by high mechanical
force arisen from flow-induced shear stress. In particular, the sol-
uble degradation products can be removed faster and expose the
fresh metal surface to the media [52]. The local pH is rapidly
refreshed by circulating fluid as well. All these factors promote
degradation and result in a relatively high degradation rate and a
uniform corrosion mode.

The degradation microenvironment changes when neointima
covers the zinc stent at 1 month. After endothelialization, the
degradation of the stent depends on the diffusion of water mole-
cules, hydrophilic solutes and ions, which pass inter-endothelial
junctions by ways of transportation utilizing fenestral pores
embedded throughout the arterial wall [53] (Fig. 8c). The oxygen
partial pressure in the artery wall is much lower than that of blood
due to oxygen diffusion and consumption [54]. As a result, the
cathodic oxygen reduction reaction of zinc may be inhibited. In
addition, the degradation layer generated in the blood fluid is
uniform and compact. Its main component, zinc phosphate, is the
major composition of the widely used anti-corrosion phosphate
coatings [31]. Thus, the slow diffusion microenvironment, the
inhibited cathodic reaction and the protective layer work together
to reduce the degradation rate of the stent after endothelialization.
At 3 months, the thickness of corrosion layer becomes thinner than
that at 1 month which indicates dissolution of corrosion products
(Fig. 2e). This is associated with inflammation because the stent
struts are surrounded by accumulated macrophages after endo-
thelialization. Inflammation can lower the local pH of implants to
acidic conditions (down to 6.0) [55] (Fig. 8f). Corrosion products



Fig. 6. (a) Representative low- and high-magnification SEM images of endothelial coverage on zinc stents. (b) Immunohistochemical staining images of CD31 antibody and a-SMA
antibody, Masson's trichrome and Verhoeffe-Van Gieson (VVG) staining images.
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Fig. 7. Representative immunofluorescence staining images of macrophage antibody after 3 days, 1, 3, 6 and 12 months implantation and the number of macrophages per strut at
each time point.

Table 1
Blood biochemical parameters in rabbits after implantation of zinc stents at each time point (1, 3, 6 and 12 months).

Control 1 month 3 months 6 months 12 months

ALT (IU/l) 41.50 ± 1.15 40.77 ± 1.09 40.52 ± 1.60 41.25 ± 2.27 41.43 ± 2.65
AST (IU/l) 40.32 ± 1.42 41.33 ± 2.32 41.39 ± 1.97 40.84 ± 2.40 39.85 ± 1.83
TP (g/l) 56.73 ± 2.76 57.76 ± 1.92 57.88 ± 1.96 58.62 ± 1.94 59.82 ± 2.21
ALB (g/l) 37.54 ± 1.68 36.95 ± 0.89 37.26 ± 1.81 38.40 ± 1.37 37.94 ± 0.93
Cr (mmol/l) 89.35 ± 3.72 88.92 ± 3.18 90.53 ± 3.30 90.01 ± 1.75 89.94 ± 3.16
BUN (mol/l) 12.73 ± 1.32 12.56 ± 1.53 13.42 ± 1.41 13.05 ± 1.30 12.79 ± 1.34
CK (U/l) 2762.52 ± 129.83 2802.76 ± 199.40 2806.23 ± 185.53 2841.43 ± 163.87 2804.87 ± 148.09
LDH (U/l) 315.28 ± 15.87 311.42 ± 21.06 314.58 ± 13.21 320.04 ± 13.03 318.20 ± 10.03
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including zinc phosphate and ZnO are more soluble when micro-
environment becomes acidic (Fig. S8). Consequently, the protective
layer is gradually dissolved and the defects/cracks in the corrosion
layer appear to serve as local corrosion sites which accelerate the
corrosion rates and corrosion non-uniformity [56]. As a result, a
transformation from uniform corrosion to localized corrosion,
induced by the change of degradation microenvironments, occurs.
Localized corrosion mode is dominant at 6 and 12 months which
can be indicated by the dispersed distribution of corrosion product
thickness (Fig. 2e). At localized corrosion sites, fluid that contains
aggressive ions like Cl� is able to penetrate inside and continuously
react with the fresh Zn matrix, forming a porous structure of inner
layer that is shown in Fig. 4b and c. ZnO is generated and forms an
O-rich layer surrounding the remaining zinc skeleton. After 6
months, due to significantly alleviated inflammation, generation of
OH� during degradation and slow diffusion microenvironments,
pH stays relatively high in the inner layer, which provides a stable
zone for ZnO (Fig. 8f). The increased pH near the local degrading
surfaces may trigger another reaction, precipitation of calcium
phosphate phases (Fig. 8d). Calcium and phosphate ions can derive
from extracellular plasma and the dissolution of zinc phosphate.
Moreover, inflammation and apoptosis of cells (vascular smooth
muscle cells and macrophages) may lead to an elevated extracel-
lular calcium and phosphate ion concentrations as well [57,58]. As a
result, the oversaturated calcium and phosphate ions are able to
nucleate on the inner layer and form precipitates under thermo-
dynamic driving force. A mixture of polycrystalline and amorphous
structure is found in the Ca/P-rich outer layer (Fig. 4d). Interest-
ingly, Zn is also found in the outer layer (Fig. 3c). The Ca2þ may
precipitate together with phosphate ions and react with the
released Zn2þ, forming a Zn substituted-calcium phosphate. It has
been reported that Zn promotes the formation of more soluble
calcium phosphate phases and prevents their further growth [59].
Precipitation of calcium phosphate is common in cardiovascular
implants. Calcium phosphate deposition has been found in both
permanent stents like CoCr [60] and 316 L stainless steel stents [61]
and degradable stents like magnesium [62], iron [10], zinc and
polymer stents [63], however, the volume of calcium phosphate
varies greatly because of materials. For example, the entire cross-
esection of magnesium based stent strut (130 � 120 mm) [62] can
be replaced by calcium phosphate while only a layer of calcium
phosphate that is few microns thick is found on the zinc stent.

The practice of biodegradable stents builds on two vital foun-
dations: (1) degradation rates of stents should match the artery
remodeling and healing process and provide sufficient radial force,
(2) released degradation products should have an appropriate host
response. For the ideal degradation behavior, a very slow degen-
eration of mechanical integrity is expected in the first ~6 months,
during which the stent should provide sufficient support to the
vessel remodel period that usually completes in 6e12 months [64].
Afterwards, full degradation of stents is expected in 12e24 months
[65]. While iron based stents can provide sufficient radial strengths
that are similar to stainless steel and cobalt chromium stents. They
suffer from a slow degradation rate, according to results of pre-
liminary animal tests [7,66]. Large portions of iron stents remain
intact after 12-month implantation, which may cause side effects
similar to those associated with other permanent stents. Complete
degradation of iron stents has not been reported yet. In contrast,



Fig. 8. Schematic diagrams showing the evolution of degradation mechanism of zinc stent associated with the conversion of degradation microenvironments during healing
process. (a), (b) Formation of zinc phosphate under the dynamic flow condition in blood fluid. (c), (d) Conversion of zinc phosphate to ZnO and calcium phosphate under the
diffusion condition in neointimal. SEM images corresponding to the related schematic diagrams are consisted of representative surface morphologies and crossesections. The
timeline depicts the healing process including inflammation, granulation and remodeling phases and selected time points. The models explain the formation of corrosion products
and their dependence on local pH, distance from stent surface and implantation time in (e) blood fluid and (f) neointimal. The red lines represent the assumed pH variation on the
sample surface. (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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animal and clinical tests have reported much faster degradation
rates of magnesium based stents, ranging from 2 to 4 months
[15,18,67e70]. The loss of mechanical integrity is estimated to be
even faster, which may result in insufficient scaffolding ability
which in turn may cause negative remodeling [71]. It has been
reported that the zinc wires implanted in the murine artery
exhibited steady corrosionwith about 1/2 of metallic area corroded
after 20months degradation [72]. This study demonstrates that, the
zinc stent is able to maintain mechanically integrity for 6 months,
after which a gradually accelerated degradation occurs. Over 40%
volume of the stent is degraded after 12-month implantation.
Therefore, the intrinsic degradation behavior of zinc stents is much
closer to the ideal degradation mode, in contrast to that of iron and
magnesium based stents.

For biocompatibility, released degradation products should at
least induce no local or systemic toxicity and may help the
remodeling and healing process as well. Degradation products of
iron based stents are consisted of voluminous iron hydroxides and
iron phosphates, with trace of calcium deposit [10]. These products
are rather stable in physiological environments and hard to be
eliminated by the body. Although no serious adverse effects have
been reported, a reduction in lumen area and a limited tissue irri-
tation related with these inert precipitates have been reported
[73,74]. Moreover, there is little sign of tissue integration with the
degradation products and their long-term bio-safety is still under
investigation. Degradation of magnesium based stents initially
generates hydrated magnesium oxide. The magnesium oxide is
then converted to magnesium phosphate, which is consecutively
replaced by amorphous calcium phosphate [14]. Degradation
products of magnesium appear to be relatively harmless. Progres-
sion of cellular substitution of the stent materials by cells, an
indication of good biocompatibility, has been observed in some
clinical studies [75]. But the “over-load”with degradation products
associated with fast degradation may cause intimal hyperplasia
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[67]. In addition, the relationship between amorphous calcium
phosphate and vascular calcification is still unclear. Degradation of
zinc stents has already been described above in detail. Unlike iron,
its degradation products are absorbable under vascular environ-
ments which can be seen from the micro-CT results and neointima
with no corrosion products at 12 months. It is a great advantage to
reduce the long-term risks that might be induced by residue
products. Moreover, good biocompatibility which is comparable
with magnesium is shown by histological observations. A homo-
geneous endothelial layer was formed at 3 months. The morphol-
ogies of endothelial cells changed from an oval shape at 3 month to
a confluent and elongated shape along the direction of blood flow
at 12 months. The secretion of extracellular matrix by smooth
muscle cells provided the endothelial cells with an environment
similar to the natural blood vessel. These observations indicated
that the neointima was trending to remodel into native vessels.
Elongated endothelial cells have been shown to have a lower in-
flammatory state and are less atherogenic [76]. In vitro study, it is
also found that endothelial cells showed an elongated shape with
60 mM Zn2þ treatment [77]. No cellular hyperplasia or serious
thickening of the neointimal layer was found during the entire
implantation period. This might be the results of a possible sup-
pressive effect of the zinc biocorrosion on smooth muscle cell ac-
tivity in neointima, which has been reported before [78]. The
degradation of zinc stent induced a benign inflammatory response.
The shape of macrophages turned into spindle after 3 months
instead of circular at early times. This indicated a prohealing
phenotype transformation of macrophages that could promote
tissue regeneration. It has been reported that the degradation rate
of zinc has an effect on inflammatory cell infiltration and fibrous
encapsulation [79]. No severe inflammation, platelet aggregation,
thrombosis formation or obvious intimal hyperplasia is observed
during the whole implantation period. Hence, the zinc stent seems
to play a more beneficial role in the healing process than iron and
magnesium based stents.

The results presented here demonstrate that zinc is an ideal
candidate for biodegradable stents. However, improvements
should be made on two critical drawbacks of pure zinc: (1) me-
chanical properties of pure zinc can hardly satisfy the requirements
of biodegradable stents [33], (2) localized corrosion may lead to
stent fracture and result in early stent failure. Furthermore, the
mechanism underlying interactions between degradation of zinc
stent and related cells (endothelial cells, smooth muscle cells,
platelets and inflammation cells) and the metabolic pathway of
degradation products are still unclear and need further in-
vestigations. Also, it should be noted that a healthy animal model
was used in this study instead of a diseased one which are much
more complex, so the results presented here cannot be directly
applied to what might happen in patients.

5. Conclusions

In summary, we have proposed the degradation mechanism of
pure zinc stent by using a rabbit abdominal aorta model. The pure
zinc stent remained its mechanical integrity for 6 months and
degraded 41.75 ± 29.72% of stent volume after 12 months im-
plantation. The degradation of pure zinc stent showed an excellent
biocompatibility with no severe inflammation, platelet aggrega-
tion, thrombosis formation or obvious intimal hyperplasia. The
evolution of degradation mechanism of pure zinc stent was caused
by the conversion of degradation microenvironment from dynamic
blood flow to neonitima. The intrinsic properties of zinc enabled a
match between its degradation and artery healing process. With a
favorable physiological degradation behavior, we believe that zinc
shows a great potential for developing biodegradable stents.
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