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A B S T R A C T   

This study aimed to investigate the long-term biocompatibility, safety, and degradation of the ultrathin nitrided 
iron bioresorbable scaffold (BRS) in vivo, encompassing the whole process of bioresorption in porcine coronary 
arteries. Fifty-two nitrided iron scaffolds (strut thickness of 70 μm) and 28 Vision Co–Cr stents were randomly 
implanted into coronary arteries of healthy mini-swine. The efficacy and safety of the nitrided iron scaffold were 
comparable with those of the Vision stentwithin 52 weeks after implantation. In addition, the long-term 
biocompatibility, safety, and bioresorption of the nitrided iron scaffold were evaluated by coronary angiog-
raphy, optical coherence tomography, micro-computed tomography, scanning electron microscopy, energy 
dispersive spectrometry and histopathological evaluations at 4, 12, 26, 52 weeks and even at 7 years after im-
plantation. In particular, a large number of struts were almost completely absorbed in situ at 7 years follow-up, 
which were first illustrated in this study. The lymphatic drainage pathway might serve as the potential clearance 
way of iron and its corrosion products.   

1. Introduction 

Bioresorbable scaffold (BRS) has been developed to overcome limi-
tations of drug-eluting stent (DES), which are designed to set the vessel 
free from a permanent metallic stent and provide similar temporary 

performance to DES before safe and sufficient absorption, with the 
expectation of restoring vascular vasomotion and preventing the detri-
mental long-term effects of permanent metallic stents [1,2]. 

The poly (L-lactic acid)-based Absorb BVS (Abbott Vascular, Santa 
Clara, CA, USA) was the first commercialized scaffold as a biodegradable 
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coronary stent. Late adverse clinical events especially device thrombosis 
of Absorb BVS were identified among randomized trials and observa-
tional registration studies in long term follow-up [3,4], leading to the 
subsequent withdrawal of these devices. Absorbable metal scaffolds 
such as magnesium scaffold and iron scaffold constitute attractive can-
didates to BRS as they conform more to the procedure and performance 
of permanent DES. Favorable clinical outcomes of magnesium BRS 
Magmaris (Biotronik) were observed during two-year follow-up with a 
low adverse events rate including scaffold thrombosis [5]. However, 
real-world evidence with lager sample size and longer follow-up is still 
required to support their safety and efficacy. As to the iron material 
serving as another alternative for BRS, primary studies have shown its 
safety, efficacy, and good mechanical performance, but also exposed 
some drawbacks such as the slow degradation and long bioresorption 
period [6,7]. Furthermore, there is no report to show the complete 

absorption of iron BRS in vivo. 
Previous animal experiments by Waksman [6] and Peuster [8] had 

proved the safety, lack of toxicity, and efficacy of pure iron scaffolds 
during short and long-term follow-up. The short-term safety and efficacy 
of the bioresorbable nitrided iron coronary scaffold, developed by 
Lifetech Scientific (Shenzhen, Guangdong, China), were also confirmed 
in previous research [9]. In this study, we firstly report the long-term 
findings and complete degradation and bioresorption process of this 
nitrided iron scaffold, which is the platform of sirolimus-eluting iron 
bioresorbable coronary scaffold (IBS). 

2. Materials and methods 

2.1. Materials 

The bioresorbable nitrided iron coronary scaffold has been reported 
previously [9,10]. It consists overall of a balloon-expandable bio-
resorbable metal scaffold made of nitrided iron (Fe alloyed with ~0.05 
wt% N), manufactured by Lifetech Scientific (Shenzhen, Guangdong, 
China), as shown in Supplementary Fig. S1. Advantages for these scaf-
folds included: (1) ultrathin strut (70 μm); (2) high strength comparable 
to Co–Cr stent; (3) good ductility (anti-fracture); and (4) higher corro-
sion rate in comparison to the pure iron scaffold, as reported in a pre-
vious study [11]. The control group used the Vision stent (Co–Cr alloy, 
strut thickness 81 μm, Abbott Vascular, Santa Clara, CA, USA) which was 
purchased from the market with the same specification to iron scaffold 
(3.0 × 18 mm). 

2.2. Animal models and implantation 

This study was approved by the Institutional Animal Ethics 

Table 1 
Groups and follow-up times of experiment.  

Follow- 
up 

Nitrided iron scaffold (n =
52) 

Vision stent (n =
28) 

Methods 

4 W 8 8 A, B, E, F, G 
12 W 8 6 A, B, F, G 
26 W 8 6 A, B, F, G 
52 W 8 8 A, B, F, G 
2.5 Y 8 / A, B, F, G 
4.5 Y 6 / A, B, D, F, G 
7 Y 6 / A, B, C, D, F, G, 

H 

Note: A = quantitative coronary angiography; B = optical coherence tomogra-
phy; C = intravenous ultrasound; D = micro–computed tomography; E =
scanning electron microscopy; F = histology; G = immunohistochemistry; H =
energy dispersive spectrometry; W = weeks; Y = years. 

Fig. 1. Representative histological images of nitrided iron scaffold and Vision stent in porcine coronary artery (HE staining). No destruction or loss of 
vascular lamina was observed in either group. All cell response except macrophages and plasma cells were not significantly different between groups throughout 52 
weeks follow up. Nitrided iron scaffold: (A) 4 weeks, (B) 12 weeks, (C) 26 weeks, and (D) 52 weeks ( × 40); (E–H) an enlargement of the rectangular area in (A–D) ( 
× 100). Vision stent: (I) 4 weeks, (J) 12 weeks, (K) 26 weeks, and (L) 52 weeks ( × 40); (M − P) an enlargement of the rectangular area in (I–L) ( × 100). 

J.-F. Zheng et al.                                                                                                                                                                                                                                



Bioactive Materials 17 (2022) 496–505

498

Committee of Fuwai Hospital. Experiments were conducted using forty 
healthy mini-swines, 8–9 months old, weighing 25–35 kg (Da Shuo 
Biotechnology Co., Ltd, Cheng Du, China). The mini-swines were 
randomly divided into nitrided iron scaffold group (n = 52) or Vision 
stent group (n = 28) (Table 1). One day before the implantation pro-
cedure, the pigs received a loading dose of 300 mg aspirin and 300 mg 
clopidogrel. Anesthesia was performed by injecting ketamine (25 mg/ 
kg) and diazepam (1 mg/kg) intramuscularly with limb lead ECG 
monitoring, after which the animals were intubated and supported with 
mechanical ventilation. Coronary angiography was performed through 
the femoral artery. Animals were then implanted with experimental 
nitrided iron scaffold or control Vision stent in the left anterior 
descending (LAD) and right coronary artery (RCA) under the guidance 
of coronary angiography; all scaffolds/stents were implanted with a 
1.1–1.2:1 of stent/artery (diameter) ratio. The left circumflex artery 
(LCX) was used if the LAD or RCA was not suitable for scaffold/stent 
implantation. The procedural details of coronary angiography and 
scaffold/stent implantation were described previously [12]. After im-
plantation, 100 mg aspirin and 75 mg clopidogrel were given daily for 
three months, then 100 mg aspirin per day was given through the 
respective follow-up time period until the animals were sacrificed. 

2.3. In vivo imaging assessments 

Intravascular images were acquired using coronary angiography 
(Allura Xper FD20, Philips Medical Systems, Best, the Netherlands), 
optical coherence tomographic (OCT) imaging (M2 and C7 XR, Light Lab 
Imaging, St. Jude Medical, Westford, Massachusetts) and intravascular 
ultrasound (IVUS) imaging (Boston Scientific Corp/SCIMED, Minneap-
olis, MN, USA). Quantitative coronary angiography (QCA) analysis 
(Inturis; Philips Medical Systems) was conducted to confirm the size and 
morphology of vessels and blood flow. An OCT or IVUS catheter was 
positioned in the distal end of the scaffolded or stented segment with a 
0.014-inch guidewire through a 6-F guiding catheter. The scaffolded or 
stented vessel segment was scanned using an OCT catheter with auto-
matic pull-back at 20 mm/s and an IVUS catheter with automatic pull- 
back at 0.5 mm/s. IVUS analysis was performed only in the seven 
years follow-up group. 

2.4. Ex vivo assessments 

After in vivo imaging observation, the animals were sacrificed by 
injection of potassium chloride. A thoracotomy was performed to 

harvest the heart and other organs according to the methods described 
previously [9]. The tissues adjacent to the scaffolded/stented arteries, 
myocardium as well as liver, spleen, lung, and kidney were rapidly 
harvested and immersed into a 4% formaldehyde solution for fixation, 
followed by paraffin embedding, slicing, and HE staining and iron 
staining (Prussian blue method) [9]. 

The scaffold/stent segments were cut carefully into sections as 
illustrated in Supplementary Fig. S2, and the sample preparation 
methods and assessments were described as following: (a) Blank vessels 
taken from the proximal and distal (section AB and FG in Supplementary 
Fig. S2) were immersed into a 4% formaldehyde solution for fixation, 
followed by paraffin embedding, slicing, and HE staining. (b) The scaf-
fold/stent segments including proximal and distal edges (sections BC, 
DE and EF in Supplementary Fig. S2) were immersed in the 10% 
formalin for fixing, then dehydration gradient, vitrification and resin 
embedding in a conventional way [13]. After Harris hematoxylin-eosin 
(HE) staining, the scaffold/stent segment (sections C, D and E in Sup-
plementary Fig. S2) were observed for histopathology and vessel his-
tomorphometric measurement. All segments of scaffolded/stented 
coronary arteries were processed histologically for semiquantitative 
evaluation of the tissue reaction and biological effect by using scoring 
system according to ISO standard 10,993–6:2016 [14] and improved 
criteria of degradation and phagocytosis which applied values instead of 
plus signs [15]. The histologic features were divided as cell type/-
response, fibrosis, neovascularization, degradation and phagocytosis. 
Tissue reactions to implants were scored semi-quantitatively according 
to the following criteria [14,15](The criteria was shown in Supple-
mentary Table S1). Furthermore, parts of resin embedded sections of 
scaffold crossing-sections were prepared to analysis of element compo-
sition and distribution around the scaffold struts using a scanning 
electron microscope (SEM, JSM-6510, JEOL, Japan) equipped with an 
energy-dispersive spectrometer (EDS, Oxford Inca Energy 350; Oxford 
Instruments, United Kingdom). In addition, scaffold/stent segments 
(section CD in Supplementary Fig. S2) were fixed by 10% formalin for 
24–48 h at room temperature, subsequently removed the struts from 
vessel by manually (for Vision stent) or chemically [11](for nitrided iron 
scaffold), then dehydrated in gradient alcohol and embedded in 
paraffin. Finally, 4–5 μm paraffin-embedded sections were prepared 
using a rotary microtome (LEICA RM2235, Germany) and stained using 
HE, ET + VG, Masson, or immunohistochemical stainings including 
endothelial nitric oxide synthase (eNOS), smooth muscle α-actin (SMA) 
and CD31 stainings. The chemical dissolving method of nitrided iron 
struts was briefly described as follows: nitrided iron scaffold with the 

Table 2 
Comparison of histopathological measurement between nitrided iron scaffold and Vision stent at 4, 12, 26, 52 weeks.   

4 weeks 12 weeks 26 weeks 52 weeks 

Nitrided iron 
scaffold (N =
8) 

Vision 
stent (N 
= 8) 

P Nitrided iron 
scaffold (N =
8) 

Vision 
stent (N 
= 6) 

P Nitrided iron 
scaffold (N =
8) 

Vision 
stent (N 
= 6) 

P Nitrided iron 
scaffold (N =
8) 

Vision 
stent (N 
= 6) 

P 

LA (mm2) 3.15 ± 1.10 3.84 ±
1.76 

0.363 3.11 ± 1.24 3.62 ±
1.08 

0.426 2.00 ± 1.37 2.05 ±
1.57 

0.960 2.95 ± 1.70 3.16 ±
1.50 

0.816 

IEMA (mm2) 5.71 ± 1.50 6.89 ±
1.73 

0.167 5.62 ± 1.14 5.46 ±
0.92 

0.782 5.16 ± 0.79 5.10 ±
0.41 

0.855 5.41 ± 0.40 5.59 ±
0.59 

0.519 

EEMA (mm2) 9.53 ± 2.63 10.85 ±
2.09 

0.288 7.48 ± 1.55 6.40 ±
0.95 

0.135 6.90 ± 1.10 7.10 ±
0.59 

0.674 5.94 ± 0.44 6.75 ±
0.95 

0.099 

MeNT (mm) 0.46 ± 0.17 0.45 ±
0.18 

0.878 0.35 ± 0.18 0.24 ±
0.18 

0.270 0.53 ± 0.31 0.64 ±
0.23 

0.461 0.21 ± 0.17 0.24 ±
0.26 

0.798 

NA (mm2) 2.55 ± 0.91 3.04 ±
1.15 

0.360 2.51 ± 1.27 1.84 ±
1.34 

0.367 3.15 ± 1.44 3.05 ±
1.44 

0.898 2.45 ± 1.65 2.44 ±
1.82 

0.986 

AS (%) 44.5 ± 11.4 46.0 ±
18.0 

0.845 44.6 ± 19.7 32.4 ±
22.8 

0.320 61.4 ± 25.5 60.5 ±
29.0 

0.953 45.6 ± 29.3 42.1 ±
28.0 

0.826 

Stent 
restenosis 
(n/%) 

0 0 – 0 0 – 3/38% 2/33% – 2/25% 1/17% – 

LA = Lumen area; IEMA = Internal elastic membrane area; EEMA = External elastic membrane area; MeNT = Mean Neointima thickness; NA = Neointima area; AS(%) 
= percentage of area stenosis; Stent restenosis is defined as AS ≥ 70% in cross section. 
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scaffolded vessel was soaked in a mixture acid solution consisting of 80 
ml ethyl alcohol, 10 ml 40% formaldehyde, 5 ml glacial acetic acid, and 
5 ml 65% nitric acid for 24 h at room temperature to dissolve the strut 
[11]. This method had been verified to be effective in removing the 
residual iron struts and no adverse influence on the fixed tissue/cells. 
Then the samples underwent dehydration with 100% ethanol for 1 h, 
and then vitrified with xylol for 30 min and paraffin embedding for 30 
min. (c) At 4 weeks follow-up time point, two scaffold/stent segments of 
nitrided iron scaffold or Vison stent (section CD in Supplementary Fig. 
S2) were picked out randomly, and carefully cut along the vertical line 
into two symmetrical parts and immediately fixed using a 2.5% glutar-
aldehyde solution at 4 ◦C, respectively. After dehydrated in gradient 
alcohol and critical point drying, the segments were gold-sputtered for 
scanning electron microscopy (JSM-6510, JEOL, Akishima, Japan) to 
assess endothelialization. 

In addition, scaffolded vessel segments with nitrided iron scaffold 
after 4.5 years and 7 years implantation were undergone micro- 
computed tomography (Micro-CT) (Skyscan 1172, Bruker, Kontich, 
Belgium) before cutting off to examine degradation of the nitrided iron 
scaffold, which can evaluate the corrosion degree and distinguish be-
tween iron and iron corrosion products. 

3. Statistical analysis 

Continuous variables were described as mean ± standard deviation 
(SD) or median and interquartile ranges (IQR) according to the 
normality of data distribution tested by the Shapiro-Wilk test. Categor-
ical variables were summarized by frequency and percentage. The Stu-
dent’s t-test and Mann-Whitney U test was used to compare continuous 
variables. The Pearson chi-square or Fisher’s exact test for categorical 
variables. A value of p < 0.05 was considered statistically significant. 
Statistical analysis was done with SPSS 11.0 (IBM, Armonk, New York, 
USA). 

4. Results 

4.1. General condition and follow-up findings 

All scaffolds/stents were successfully implanted into porcine coro-
nary arteries. There were no complications such as acute thrombosis, 
dissection, malapposition, or collapse during the procedures identified 
by immediate angiography. All animals remained healthy during the 
scheduled follow-up period, except one pig in the control group died 
from pneumonia at 52 weeks after stents implantation. In both group, no 
stent migration, thrombosis or aneurysms was found in coronary angi-
ography and no evidence of myocardial infarction, epicardial hemor-
rhage, or other obvious abnormalities along the coronary arteries was 
found in heart gross histological examination during the follow-up. 

4.2. Efficacy, biocompatibility and safety 

The scaffolds and stents were fully expanded and showed no mal-
apposition, collapse or thrombosis at follow-up in both groups by QCA 
and OCT examinations. The typical QCA images at each time point were 
shown in Supplementary Fig. S3. The representative histopathological 
images of nitrided iron scaffold and Vision stent were shown in Fig. 1, 
demonstrating no destruction or loss of vascular lamina in either group. 
Histopathological measurement outcomes were presented in Table 2. No 
significant difference was found in lumen area (LA), neointimal area 
(NA), internal elastic membrane area (IEMA), and percentage of area 
stenosis (AS) between the two groups. 

There was no significant difference in endothelialization between 
nitrided iron scaffold and Vision stent during follow-up, as shown in 
Supplementary Fig. S4, the endothelialization rate reached 95% at 4 
weeks after implantation. And the endothelial cells (ECs) function 
restored at 12 weeks after implantation (Supplementary Fig. S5) in the Ta

bl
e 

3 
Ti

ss
ue

 r
ea

ct
io

n 
of

 n
itr

id
ed

 ir
on

 s
ca

ffo
ld

s 
an

d 
Vi

so
n 

st
en

ts
 a

t 4
, 1

2,
 2

6,
 5

2 
w

ee
ks

.  
 

4 
w

ee
ks

 
12

 w
ee

ks
  

26
 w

ee
ks

  
52

 w
ee

ks
  

N
itr

id
ed

 ir
on

 
sc

af
fo

ld
 

Vi
si

on
 

st
en

t 
p 

N
itr

id
ed

 ir
on

 
sc

af
fo

ld
 

Vi
si

on
 

st
en

t 
p 

N
itr

id
ed

 ir
on

 
sc

af
fo

ld
 

Vi
si

on
 

st
en

t 
p 

N
itr

id
ed

 ir
on

 
sc

af
fo

ld
 

Vi
si

on
 

st
en

t 
p 

(N
 =

8)
 

(N
 =

6)
 

(N
 =

8)
 

(N
 =

6)
 

(N
 =

8)
 

(N
 =

6)
 

(N
 =

8)
 

(N
 =

6)
 

Ce
ll 

ty
pe

/ 
re

sp
on

se
 

Po
ly

m
or

ph
on

uc
le

ar
 

ce
lls

 
1 

(1
) 

1 
(1

) 
0.

70
9 

0 
(1

) 
0 

(1
) 

0.
78

1 
0 

(1
) 

0 
(1

) 
0.

82
5 

0 
(0

) 
0 

(0
) 

0.
40

3 

Ly
m

ph
oc

yt
es

 
0 

(0
) 

0 
(0

) 
0.

94
5 

1 
(1

) 
0 

(1
) 

0.
73

9 
1 

(0
) 

1 
(1

) 
0.

11
6 

1 
(1

) 
0 

(1
) 

0.
12

7 
Pl

as
m

a 
ce

lls
 

0 
(0

) 
0 

(0
) 

1 
0 

(0
) 

0 
(0

) 
1 

0 
(0

) 
0 

(0
) 

0.
01

6 
0 

(0
) 

0 
(0

) 
0.

01
6 

M
ac

ro
ph

ag
es

 
0 

(1
) 

0 
(0

) 
0.

00
1 

1 
(1

) 
0 

(0
) 

<
0.

00
1 

2 
(2

) 
0 

(0
) 

<
0.

00
1 

3 
(1

) 
0 

(0
) 

<
0.

00
1 

G
ia

nt
 c

el
ls

 
0 

(0
) 

0 
(0

) 
1 

0 
(0

) 
0 

(0
) 

1 
0 

(0
) 

0 
(0

) 
0.

07
7 

0 
(0

) 
0 

(0
) 

0.
38

4 
N

ec
ro

si
s 

0 
(0

) 
0 

(0
) 

1 
0 

(0
) 

0 
(0

) 
1 

0 
(0

) 
0 

(0
) 

1 
0 

(0
) 

0 
(0

) 
1 

Fi
br

os
is

 
0 

(0
) 

0 
(0

) 
1 

0 
(0

) 
0 

(0
) 

1 
0 

(0
) 

0 
(0

) 
1 

0 
(0

) 
0 

(0
) 

1 
N

eo
va

sc
ul

ar
iz

at
io

n 
0 

(0
) 

0 
(0

) 
1 

0 
(0

) 
0 

(0
) 

1 
0 

(1
) 

0 
(0

) 
<

0.
00

1 
0 

(1
) 

0 
(0

) 
0.

00
1 

D
eg

ra
da

ti
on

 
0 

(1
) 

0 
(0

) 
<

0.
00

1 
1 

(0
) 

0 
(0

) 
<

0.
00

1 
2 

(1
) 

0 
(0

) 
<

0.
00

1 
2 

(1
) 

0 
(0

) 
<

0.
00

1 
Ph

ag
oc

yt
os

is
 

0 
(0

) 
0 

(0
) 

0.
00

9 
0 

(1
) 

0 
(0

) 
0.

00
1 

1 
(1

) 
0 

(0
) 

<
0.

00
1 

2 
(1

.5
) 

0 
(0

) 
<

0.
00

1 

N
ot

e:
 th

e 
m

ea
ni

ng
 o

f s
co

re
 w

as
 c

on
cl

ud
ed

 in
 S

up
pl

em
en

ta
ry

 T
ab

le
 1

. 

J.-F. Zheng et al.                                                                                                                                                                                                                                



Bioactive Materials 17 (2022) 496–505

500

nitrided iron scaffold group. The neointima proliferation and scaffold/ 
stent restenosis rates were comparable between the two groups as shown 
in Table 2. 

The tissue reaction of nitrided iron scaffolds and Vison stents were 
presented in Table 3. All cell response except macrophages and plasma 
cell were not significantly different between groups throughout 52 
weeks follow up. The fibrosis was not significantly different. Moreover, 
the degradation and phagocytosis of nitrided iron scaffold were obvi-
ously increase compared to Vision scaffold at all follow-up time points, 
and the neovascularization was visibly increased from 26 weeks follow- 
up as well, shown in Supplementary Fig. S6. The role of macrophages 
were of phagocytosis and clearance of material particles from the 
degradation of the scaffolds. 

Iron staining in major organ tissues except spleen at 52 weeks after 
implantation were negative in both nitrided iron scaffold and Vision 
stent groups (Supplementary Fig. S7). And histopathological analysis of 
HE staining in major organs showed no obvious abnormality and path-
ological changes in both groups (Supplementary Fig. S8). 

4.3. Degradation and bioresorption 

The results of OCT showed that the scaffold structure remained 
complete at 4 weeks, corrosion was distinctly found in part of the 
scaffold struts at 52 weeks. The struts continued to corrode over time, 
until no obvious bright spot can be seen in the scaffolded vessel at 7 
years, which indicated that the scaffold had been almost completely 
corroded (Fig. 2). Similar scaffold degradation process was also 
demonstrated by IVUS, micro-CT, and histopathological examination 
(Fig. 3, Fig. 4) at 7 years. The mass loss of iron at 7 years assessed by 
micro-CT was 95 ± 3% (n = 6). 

After scaffold was almost completely bioabsorbed in situ, the results 
of QCA, OCT, and IVUS showed that the bend and structure of scaffolded 
artery were generally restored to its original state (Fig. 2). Histopatho-
logical examination indicated that the space of corroded scaffold struts 
was replaced by normal tissue, as shown in Fig. 4. This result was further 
confirmed by iron staining and SEM results (Fig. 5). The results of 
immunohistochemical tests showed that the scaffolded vessel at 7 years 
after implantation of nitrided iron scaffold in porcine coronary artery 
had structurally completed intima, media and adventitia, further 

Fig. 2. Imaging manifestations of nitrided iron scaffold after implantation. The typical QCA images of a 3.0 × 18 mm nitrided iron scaffold was implanted in 
porcine right coronary artery: (A) pre-implantation, (B) post-implantation and (C) at 7 years after implantation. The angiography showed that the scaffolded artery 
had restored to bend shape at 7 year after implantation. (D) Intravascular ultrasound image at 7 years after implantation showed uniform strong echoes in the blood 
vessel wall, and no ultrasound attenuation was detected. There was no any trail of the struts, indicating the scaffolds were almost completely degraded. Furthermore, 
each OCT frame represented the observations at different time points, revealing the process of corrosion and absorption of nitrided iron scaffold as well: (E) post 
implantation, (F) at 4 weeks, all scaffold structure remained complete; (G) at 52 weeks, small part of struts was corroded; (H) at 2.5 years, part of struts was corroded; 
(I) at 4.5 years, struts were partially corroded; and (J) at 7 years, struts were almost completely corroded and corrosion products were bioabsorbed in situ. 
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corroborated that the vasculature was restored to normal without re-
sidual iron corrosion products influencing the morphology and function 
of the neointima (Fig. 6 and Supplementary Fig. S9). EDS analyses on the 
surface indicated that the C element was found instead of the iron 
element in the original position of the iron strut, indicating that the iron 
was almost completely bioabsorbed in situ with tissue regeneration 

within the original strut footprint (Fig. 5). 
After the scaffold being corroded, the corrosion products were 

dispersed to the vascular adventitia, which was apparent under the IVUS 
examination (Fig. 2). A small quantity of iron was also found at the edge 
of the tissue by EDS, indicating that iron corrosion products in the form 
of hemosiderin had been transferred by macrophages to the adventitia of 
blood vessels (Fig. 5). Histopathological examination at 4.5 years 
showed that the iron corrosion products were engulfed by macrophages 
and began to migrate to the vascular adventitia. And at 7 years, there 
were only a small quantity of corrosion products can be observed in the 
vascular adventitia (Fig. 4). The mediastinal lymph node image by iron 
staining in the pig at 7 years after implantation of nitrided iron scaffold 
in coronary artery revealed residual iron corrosion products, as shown in 
Fig. 7, which might indicate the drainage pathway of the corroded 
products of the nitrided iron scaffold. 

5. Discussion 

This study firstly evaluated the long-term efficacy, biocompatibility, 
safety, and degradation of the novel nitrided iron scaffold in a porcine 
coronary artery model. The salient findings of this study could be 
summarized as follows: (1) The efficacy of the nitrided iron scaffold was 
comparable with that of the Vision stent by QCA, OCT, and histopath-
ologic examinations. The nitrided iron scaffold provided sufficient 
vascular scaffolding within 52 weeks after implantation. (2) The 
biocompatibility and safety of the nitrided iron scaffold, including 
neointimal growth and endothelialization, were similar to that of the 
Vision stent at follow-up. Both groups showed complete endotheliali-
zation at 4 weeks and no adverse events were observed. There was also 
no local or systematic toxicity in either group. (3) The corrosion and 
bioresorption of the nitrided iron scaffold were assessed via intravas-
cular images, Micro-CT, EDS, histopathological and immunohisto-
chemical assessments, which showed that the nitrided iron scaffold 
struts were almost completely absorbed in situ and the structure of 
scaffolded vessels was recovered at 7 years follow-up. The lymphatic 

Fig. 3. Representative 3D micro-computed tomography images of the 
nitrided iron scaffold after implantation in the porcine coronary artery. 
(A) at 0 days, the scaffold showed integrity; (B) at 4.5 years, most of the struts 
were incomplete, indicating that the scaffold had been partially corroded; and 
(C) at 7 years, only a small quantity of struts were observed, indicating the 
scaffold had been almost completely corroded. 

Fig. 4. Representative long-term histological images of nitrided iron scaffold in porcine coronary artery (HE staining). HE staining images at: (A) (D) 2.5 
years, the scaffold was partially corroded, and there were significant granulomatous reactions with hemosiderin laden macrophages and neovascularization; (B) (E) 
4.5 years, most iron struts were completely corroded, and the iron corrosion products were engulfed by macrophages and began to migrate to the vascular adventitia; 
(C) (F) 7 years, the iron struts were almost completely bioabsorbed in situ, and only a small quantity of corrosion products was observed in the vascular adventitia, 
and the space of corroded scaffold was repaired by normal tissue. 
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drainage pathway might serve as the potential clearance route for iron 
and its corrosion products. 

The nitrided iron scaffold used in this study, treated by surface 
modification technique of plasma nitriding [10], has better radial 
strength and corrosion rate, and a thinner stent strut thickness than pure 
iron stent. Previously, this novel nitrided iron scaffold showed similar 
efficacy, biocompatibility, and safety as the cobalt-chromium Vision 
stent at 28 days after implantation in a pig model by Wu et al. [9]. 
However, the studies were limited by lack of longer-term data to 
ascertain absorption period, efficacy, and safety. Therefore, the present 
study was the first to systematically assess the long-term biocompati-
bility and safety of the nitrided iron scaffold, encompassing the entire 
period of its bioresorption. 

The present study shows that the nitrided iron scaffold is biocom-
patible and safe for implantation in the coronary arteries of pigs. At 52 
weeks after scaffold/stent implantation, there were no significant dif-
ferences in neointimal hyperplasia and area stenosis between the 
nitrided iron scaffold and the Vision stent as confirmed by imaging ex-
aminations, histomorphometry, and immunohistochemical in-
vestigations. Furthermore, there are no late acquired stent 
malapposition that might occur with traditional degradable scaffolds. 

The thinner struts of the nitrided iron scaffold might contribute to lower 
rates of adverse events to some degree. Prior studies have shown that 
stent thickness is associated with in-stent restenosis, neointimal 
coverage, and thrombogenicity [16]. 

The ideal BRS could provide temporary mechanical support for 
vessel until endothelialization and complete vascular remodeling were 
achieved. Beyond this time, the stents could become the nidus for 
chronic inflammation and late stent thrombosis [17,18]. In this study 7 
years after implantation, almost all corrosion products were bioresorbed 
and struts in-situ were filled with tissue. Histopathological and immu-
nohistochemical assessments confirmed that the corroded iron scaffold 
did not cause iron overload or deposition of iron in organs and tissues. 
Iron staining in the spleen was positive in both groups indicating that it 
was not specific, and might be caused by the phagocytosis of senescent 
red blood cells and the release of iron from hemoglobin. 

The iron-based scaffold can be truly completely absorbed in situ, 
which is different with the magnesium scaffold that leaves calcium 
phosphate in tissue [19–21]. The difference can be explained by the 
Solubility Product Constants (Ksp) of the corrosion products [22–24], as 
shown in Supplementary Fig. S10. Interestingly, the mediastinal lymph 
nodes of the pig in this study showed residual iron elements. To our 

Fig. 5. Complete absorption of nitrided iron 
scaffold. (A) 2D micro-computed tomography image 
of the nitrided iron scaffold at 7 years after implan-
tation in the porcine coronary artery, iron strut were 
almost completely corroded; (B) iron staining of the 
white line indicated area in (A); (C) magnified view of 
a strut in-situ and surrounding tissue; only small 
quantity of iron element was observed at the strut in- 
situ, iron element diffused into vessel. (D) scanning 
electron microscopic image of the white line indi-
cated area in (A); (E)–(I) energy dispersive spec-
trometry (EDS) images of (D); (J) a magnified image 
of the rectangular area in (D); (K)–(O) EDS images of 
(J), small amount of Fe element was present in the 
outer membrane, and there were very small amounts 
Fe element in the margin of the strut in-situ.   
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knowledge, the lymphatic vessel is a unidirectional absorptive vessel 
that transports interstitial fluid, immune cells, and macromolecules to 
the lymphatic nodes and returns them to the blood vessels in the cir-
culatory system [25]. Superparamagnetic iron oxide particles have been 
used as tracers and probes to map lymphatic drainage pathways [26,27]. 
As early as 2001 and 2006 Peuster and his research team reported that 
clearance of the corrosion product of the iron scaffold might take place 
via the lymphatic circulation [7,8]. The present study supported Peus-
ter’s assumption by providing an image to show the lymphatic drainage 
route. A few soluble iron ions were absorbed into the blood flow, while 

most of the solid corrosion products of iron were devoured by inflam-
matory cells like macrophages or neutrophils, and transferred to he-
mosiderin in adventitia by macrophages, finally to the lymph system and 
then to spleen by circulatory system. 

There are some limitations to this study. Firstly, although the animal 
model in this study is the most common experimental model, no animal 
models represent the complex conditions of coronary artery disease in 
humans for which scaffolds are implanted. Secondly, the animal indi-
vidual differences in the outcome could not be well distinguished be-
tween experimental and control scaffold/stent groups. In addition, 
although complete bioresorption time appears to occur by 5–7 years 
post-implantation in a healthy porcine coronary artery, there is still 
room for further improvement of the nitrided iron scaffold. For example, 
to further shorten complete bioresorption time might be achieved via 
nitriding technology and be combined with biodegradable polymer to 
prepare metal-polymer composite scaffolds [12,28–32]. Newer 
iron-based bioresorbable scaffolds may hold promise among BRS. In 
such a series of studies of new-generation biodegradable coronary 
scaffolds, the present publication affords an important insight about the 
in vivo corrosion of iron in mammals for an examined time as long as 7 
years. 

6. Conclusions 

Taken together, the present animal study based on the porcine cor-
onary artery model suggests that the bioresorbable 70 μm nitrided iron 
scaffold can be successfully implanted; it is effective and safe in com-
parison with the standard bare metal stent; and can be corroded and 
bioresorbed completely in situ with good long-term biocompatibility. 
The nitrided iron scaffold is promising to be an alternative to permanent 
stents or to be a platform of bioresorbable drug-eluting scaffold. 
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