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Abstract: Fe-based stents have been made a figure in
biodegradable stents by their good mechanical capacity
and biocompatibility, appropriate strength—ductility combi-
nation. Although the iron corrosion rate was not ideal, which
had been optimized by iron alloy and polymer coating intro-
duction. As a long-term implanted biodegradable material,
the real concern about iron-based stents mainly laid in long-
term biosafety. In this work, rats were used as an animal
model to study the chronic toxicity and carcinogenicity of
iron-based stents. Two years later, the changes in body
weight and the physiological status during the experiment
were monitored, and the blood routine and blood analysis
combined with the health of major organs and histopatho-
logical tests were performed. The results demonstrated that
there was no significant difference compared with the control
group (316L SS) in body weight, blood routine index, blood
biochemical index, and carcinogenic rate that further con-
firmed the biosafety of iron-based material.
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Abbreviations

ALB albumen

ALP alkaline phosphatase
ALT glutamate pyruvate transaminase
AST glutamic oxalacetic transaminase
BASO  basophile granulocyte
BUN urea nitrogen

Ca calcium

CHOL  cholesterol

Cl serum chloride

CRE creatinine

EOS eosinophile

GLU glutamic acid

HCT hematocrit

HGB hemoglobin

K serum potassium

LYM lymphocyte

MCV mean corpuscular volume
MONO monocyte count

Na serum natrium

NEU neurilemmal

P phosphorous

PLT platelet

RBC red blood cell

TB serum total bilirubin

TG triglyceride

WBC whole blood cell

1 Introduction

Biodegradable stents (BDS), designed to support the
arterial wall and disappear after its remodeling [1-3],
address the problem of conventional stents that may
form thrombus and impede revascularization [4-6].
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As the fourth stent revolution following simple balloon
expansion, bare metal stents, and drug-eluting stents
[4,7], BDS has received widespread attention since it
was first proposed 20 years ago [8]. However, some chal-
lenges in design need to be noticed and there is still room
for performance optimization to reach a satisfactory goal.
An ideal biodegradable scaffold should have good bio-
compatibility, appropriate strength—ductility combina-
tion, corrosion rate matching the tissue healing rate,
and requisite fatigue strength [9-11]. Nowadays, there
are two broad categories of materials generally used for
BDS: biodegradable biopolymers and biodegradable metals
and alloys [12]. However, no single material, whether it
is a biodegradable polymer or metal, has been able
to establish a perfect balance among biocompatibility,
mechanical strength, and ductility.

Fe- and Mg-based alloys are the two kinds of biode-
gradable metallic materials for fabricating biodegradable
stents [7,13,14]. Recently, Zn-based materials have also
emerged as alternative biodegradable stent materials
[15-19]. Comparable mechanical properties to 316L stain-
less steel (316L SS) give Fe-based alloys an advantage over
Mg-based and Zn-based alloys as a material for stents [20].
Meanwhile, in the physical environment, the corrosion
products of iron do not release gas or cause alkalization
of body fluid [21]. In addition, iron is an essential element
for the human body [22]. Nevertheless, currently, the mag-
nesium-alloy resorbable stent devices are supported by
the most robust data [23-25]. On the one hand, the
lower-than-required degradation rate and the slow rate
of clearance from the vessel up to 18 months after
implantation limited its development in BDS [7,26].

To date, many efforts have been made to optimize
the degradation rate of iron, and iron alloying is one
of the commonly used methods [27,28]. Recently, it is
reported that a new strategy, which takes advantage of
the controllable degradation of polymers to accelerate
iron degradation [29,30] can realize the controlled degra-
dation of iron-based stents in the needed time. This
strategy was inspired by the lower local pH generated
by the polymer hydrolysis near the iron surface and the
alleviation from the passivated layer produced by the
polymer coating. Based on this strategy, directions are
pointed to the balancing of rapid corrosion and good
biocompatibility maintenance, which compensates for
the deficiency of iron-based absorbable stent. In our pre-
vious work [31], we presented a novel drug-eluting
absorbable iron stent (IBS stent), in which a nitriding
technology [32] and a zinc buffer covering the whole
strut before the sirolimus-eluted poly-L-lactic acid coating
were proposed. IBS is a fully degradable scaffold, which
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begins to degrade after the completion of effective vascular
support (i.e., 3—6 months after implantation) and comple-
tely degrades after about 2 years.

On the other hand, the concern about carcinogenicity
also hinders the clinical transformation and application
of iron-based stents. Epidemiological studies have demon-
strated an association between excess iron and increased
incidence and risk of cancer [33]. Iron is an essential co-
factor for a multitude of enzymes involved in diverse
physiological processes such as oxygen binding, DNA
synthesis, and redox enzyme activity [34], and it could
decrease the proliferation rate of vascular smooth muscle
cells [35]. Iron is also a critical intermediate in the genera-
tion of reactive oxygen species (ROS) that can damage
cellular structures and accelerate both aging and cancer
[36,37]. Therefore, after the degradation of the iron-based
stents is controlled, whether the excessive iron ions cor-
relate with cancer in vivo still needs systematic research.
To our knowledge, no study to date has systematically
examined the carcinogenicity of iron-based stents in vivo
through long-term animal implantation, while the internal
environment with important research significance is dif-
ferent from and more complex than the cellular level.

So far, research on IBS stent [26,31,38—41] has mainly
focused on the design, characterization, cytocompat-
ibility, long-term in vivo biocorrosion, biotoxicity, and
resorption of the stents. However, the link between iron
from IBS and cancer still requires long-term in vivo scien-
tific studies. In this study, rats were selected as model
animals to investigate the iron concentrations before
and after the degradation of the IBS stent, and the 316L
SS stent was used as the control group. For the 2-year
chronic toxicity and carcinogenicity research, rats were
the model animals, and the IBS stent was implanted into
the abdominal aorta of rats. The body weight and phy-
siological status of the animals during the experiment
were monitored. Two years later, blood routine, blood
analysis, major organ health, and histopathological tests
were obtained, providing systematic evidence for the
association of IBS implantation with chronic toxicity
and carcinogenicity.

2 Materials and methods

2.1 Materials

The iron bioabsorbable coronary scaffold (IBS) was
designed and manufactured by Biotyx Medical (Shenzhen)
Co., Ltd (Shenzhen, China). The technological parameters
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and characterizations have been described in our pre-
vious work [31]. IBS samples were used as the test
group, and 316L SS stents were used as the control
group. All stents were 2.5 mm in diameter and 12mm
in length, and the number of stents in each group was
120. To prepare the IBS stent, the iron strut was nitride and
drawn to obtain a pure iron tube, which was further
subjected to laser cutting, electrochemically polishing,
development of point riveting, pure zinc layer (~600 nm)
coating, and sirolimus poly-pL-lactic acid (PDLLA, Amor-
phous; Evonik Industries, Germany) spraying. The IBS
containing Fe—0.05%N, Zn, Au, PDLLA, and sirolimus is
degradable and absorbed in coronary arteries. The control
group used was 316L SS (316L stainless steel bare stent,
Lifetech Scientific, Shenzhen, China), which was already
in the market, with the same specification as the IBS
scaffold (2.5 mm x 12 mm).

2.2 Animal models

The study protocol was compliant with the Regulations
for the Administration of Affairs Concerning Experimental
Animals (a Chinese Government publication). Around
240 Wistar rats with the weight of 250-350 g were ran-
domly separated to the IBS scaffold group and 316L SS
control group, with 120 animals in each group, half male
and half female.

2.3 Implantation procedure

The weighed rats were marked with earmarks. After
anesthetized with 0.3% pentobarbital sodium with a
dose of 30mg/kg via intraperitoneal injection, each
animal received an intravenous injection of heparin
(200 U/kg B.W.). The left common carotid artery was
separated and punctured. From the puncture, a metal
guidewire (0.014 in) was delivered into the abdominal
aorta. The stent was delivered along the guidewire
to the abdominal aorta, then inflated by the balloon
with a pressure of 6-8 atm for 10 s. One scaffold was
implanted in each animal. Prior to the removal of the
balloon catheter and guidewire, decompression was
applied for 2s. The wound was closed with sutures
before sterilization. Ampicillin sodium was adminis-
tered subcutaneously at a dose of 50 mg/kg/day for
the first 3 days and aspirin at a dose of 5 mg/kg/day
for 14 days.
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2.4 Postoperative care

The IBS scaffold group and the 316L SS control group
animals were housed and care was provided, in accor-
dance with the Guide for the Care and Use of Laboratory
Animals. Animals were observed daily for recording sig-
nificant changes in terms of the eating habits, alertness,
obvious loss in body weight, and palpation, which were
carried out at least once a week for detectable masses.
This examination included, but was not limited to, the
changes in the skin and fur, eyes and mucous mem-
branes, as well as the respiratory, circulatory, autonomic
and central nervous system, somatic motor activity, and
behavioral patterns. Abnormalities in the examinations
were recorded. The dead animals and the euthanatized
animals were subjected to a full gross necropsy during
the experiment. If euthanasia before the schedule was
required for the welfare of an animal, a full necropsy
was performed after euthanasia.

2.5 Terminal procedures

Recommended duration for the evaluation of tumorigeni-
city in rats is about 2 years. At the termination of study, a
majority of the animals in each group should have been
survived for euthanasia or been terminated early for study-
related reasons such as increased tumor incidence, spon-
taneous tumors, or toxicity of the test article. It is expected
that a minimum of 50% of the animals per sex and per
group should survive until final study termination barring
the above reasons. Moreover, the number of survivors or
study-related terminations should be sufficient for the
detection of effects at the P < 0.05 level of significance.

2.6 Hematology and blood chemistry assays

At the end of the experiment, the animals were weighed
and food was withheld for up to 20 h before anesthesia.
Blood samples were collected from the posterior vena
cava for a complete blood cell count with differential
and chemistry analyses. Hematology and biochemical
determination on blood were performed by a biochemical
blood analyzer (Hitachi 7080, Tokyo, Japan). Specific
items are listed below:
a) Hematology: WBC, RBC, HGB, MCV, HCT, PLT, NEU,
LYM, MONO, EOS, BASO.
b) Biochemistry: ALT, AST, ALP, ALB, GLU, Ca, CHOL,
CRE, P, K, TB, TG, Na, Cl, BUN.
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2.7 Gross pathology

All animals were subjected to full gross necropsy including
examination of the external surface of the body, all ori-
fices, cranial, thoracic, abdominal cavities, and their con-
tents. The adrenals, brain, epididymis, heart, kidneys,
liver, ovaries, spleen, testes, thymus, and uterus were
wet-weighed as soon as possible after dissection. Paired
organs were weighted together. The tissues were preserved
in 10% neutral buffered formalin until further processing.

2.8 Histopathology

A full histopathological examination of organs and tissues
of animals in the IBS and 316L SS control group was car-
ried out. All gross lesions were examined, documented,
and photographed. The implantation sites were analyzed
and documented in detail. As for the carcinogenicity
study, the types and numbers of tumors in both the
test and the control group were recorded. The tissues
were processed using standard histological techniques,
sectioned, and stained with hematoxylin and eosin.
Microscopic evaluation was conducted.

2.9 Evaluation and statistical analysis

The test and control groups were considered as the vari-
ables of comparison. Data were analyzed separately for
male and female animals. Statistical analyses were per-
formed for the body weight, organ weight, organ/body
weight ratios, hematology, and chemical pathology values.
Descriptive statistics and group comparisons of data
were accomplished with a validated statistical software
package. After screening the data for normality and
equal variance, the appropriate parametric or nonpara-
metric tests were performed. Normally distributed data

Table 1: Death of test group and control group
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with equal variance were considered parametric and
evaluated using an “unpaired t-test.” If the data were
nonparametric, two-sample t-test of unequal variance
was used to compare the two groups. The statistical sig-
nificance was determined with the aid of the commercially
available software (SPSS version 15). The calculated prob-
ability (P) values less than 0.05 were considered statisti-
cally significant.

3 Results

3.1 Postoperative care

No toxicity response was found in animal experiment
observations during the test period in the test group
and in the control group. In the two groups, deaths
were caused by common diseases and spontaneous
tumorigenesis. The death rate of the test group was
similar to the control group, as shown in Table 1.

Body weights of the animals of each sex in the sample
and control group were measured every month after
implantation. The measured weights of male and female
animals are shown in Figure 1, there was no significant
difference in body weight between the test group and the
control group, P> 0.05. Individual weight gain and mean
group body weight for both male and female animals were
considered to be clinically acceptable after implantation.

3.2 Hematology and blood chemistry assays

As shown in Figure 2, the hematology values showed no
evidence of treatment-induced effects and the results of
the test and control groups were comparable. Compared
with the control group, the platelet (PLT) was lower in the
male rats of the test group (P < 0.05). The RBC, NEU, and
BASO were higher in the female rats of the test group

Groups Male Female
IBS group 316L SS group IBS group 316L SS group
Death number during the test period 22 24 25 26
Death number euthanized at the end of the test 38 36 35 34
Total number 60 60 60 60
Survival rate at the end of the test (%) 63.3 60.0 58.3 56.7
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Figure 2: Hematology results.
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than in the control group (P<0.05). The differences
between the two groups had no relation to sex and the
data were all within the normal laboratory ranges. The
rest of the data in the test group had no significant dif-
ference from the data in the control group. The results are
shown in Table 2.

The biochemistry values showed no evidence of
the treatment-induced effects and were comparable between
the test and control groups. Compared with the control
group of the same sex, male rats in the test group had lower
ALT (P <0.05) and higher CRE (P < 0.05), while female rats
had lower ALP (P<0.01), GLU, and P (P <0.05). The data
are all within the normal laboratory ranges. The rest of the
data in the test group had no significant difference from the
data in the control group. The specific values are shown in
Table 3 (Figure 3).

3.3 Gross pathology

Organ-to-body weight ratios were similar between the
test and control groups. There was no difference between
the two groups that were considered to be related
to treatment. Compared with the control group of the
same sex, male rats in the test group had a lower testis
coefficient (P <0.05) and higher liver coefficient (P <
0.05), while female rats had a higher kidney coefficient
(P <0.05). The data are all within the normal ranges of
healthy rats. The rest of the data of the test group had no

Table 3: Summary of chemical pathology data
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significant difference from those of the control group.
The results are shown in Figure 4 and Table 4.

Table 2: Summary of hematology data

Sex Parameter IBS 316L SS
Mean + SD Mean + SD

Male WBC (x10°/L) 5.27 + 1.60 5.85 + 1.74
RBC (x10%2/L) 8.70 + 0.89 8.59 + 0.26
HGB (g/L) 148.78 + 14.25 149.50 + 13.47
MCV (%) 42.93 + 4.87 43.49 + 1.19
HCT (fL) 56.30 + 1.01 55.65 + 1.39
PLT (x10°/L) 920 + 84.15* 989.40 + 67.6
NEU (%) 15.10 + 3.85 14.48 + 5.45
LYM (%) 79.74 + 5.57 77.66 + 6.36
MONO (%) 6.24 +2.17 6.09 + 1.66
EOS (%) 1.29 + 0.97 1.76 + 0.35
BASO (%) 0.00 + 0.00 0.01+ 0.03

Female  WBC (x10°/L) 4.50 + 0.55 3.11+ 0.86
RBC (x10%%/L) 7.85 + 0.45*% 7.32+0.22
HGB (g/L) 141.60 + 16.95 140.90 + 14.01
MCV (%) 44.49 + 2.81 39.70 + 4.42
HCT (fL) 60.53 + 1.88 59.26 + 1.43
PLT (x10°/L) 828.00 + 63.32 832.40 + 54.47
NEU (%) 14.86 + 4.74* 12.78 + 5.54
LYM (%) 75.21 + 4.62 74.54 + 10.54
MONO (%) 6.22 +1.22 6.18 + 2.10
EOS (%) 0.51+ 0.03 0.50 + 0.02
BASO (%) 2.20 + 0.87* 1.9 + 0.98

SD, standard deviation.
*Data showed a statistically significant difference between the
control and test group (P <0.05).

Parameter Males Females

IBS (Mean + SD) 316L SS (Mean + SD) IBS (Mean + SD) 316L SS (Mean + SD)
ALT (U/L) 62.00 + 24.3* 74.39 +16.30 86.04 + 24.47 76.04 + 25.94
AST (U/L) 170.7 + 37.8 154.11 + 19.94 147.86 + 29.47 164.32 + 26.91
ALP (U/L) 102.11 + 22.91 106.32 + 22.00 87.00 + 15.85* 108.55 + 18.52
ALB (g/dL) 3.25 + 0.31 3.15 + 0.25 3.03 + 0.25 2.90 + 0.20
GLU (mg/dL) 148.72 + 25.32 133.81 + 32.28 113.71 + 34.11* 152.99 + 20.37
Ca (mg/dL) 9.47 + 0.85 9.74 + 0.61 9.38 + 0.52 9.74 + 0.74
CHOL (mg/dL) 93.58 + 18.49 95.65 + 14.68 95.84 + 14.58 93.10 + 20.86
CRE (mg/dL) 0.34 + 0.10* 0.27 + 0.04 0.32 + 0.03 0.34 + 0.07
P (mg/dL) 9.33 +2.27 8.52 + 1.54 7.04 + 1.63* 9.32 +2.25
K (mmol/L) 4.47 + 0.18 4.38 + 0.20 4.29 + 0.14 4.42 + 0.25
TB (mg/dL) 0.10 + 0.03 0.10 + 0.02 0.10 + 0.01 0.09 + 0.02
TG (mg/dL) 173.53 + 43.03 164.52 + 16.65 146.34 + 29.88 163.23 + 22.48
Na (mmol/L) 144.42 + 2.43 143.97 + 1.54 143.37 + 1.64 144.37 + 1.80
Cl (mmol/L) 105.69 + 1.96 105.95 + 1.24 105.36 + 0.94 106.98 + 2.11
BUN (mg/dL) 33.53 + 6.19 35.20 + 3.89 32.41 + 6.61 34.52 + 3.75

SD, standard deviation.

* Data showed a statistically significant difference between the control and test group (P < 0.05).
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Figure 4: Organ/body weight ratios (%).

Table 4: Summary of organ/body weight ratios (%)

Sex Organ IBS (Mean 316L SS (Mean
+ SD) + SD)

Male Heart 0.38 + 0.09 0.39 £ 0.08
Liver 2.52 + 0.35% 2.44 + 0.36
Spleen 0.18 + 0.03 0.19 + 0.05
Kidneys (2) 0.66 + 0.08 0.66 + 0.08
Adrenal glands (2) 0.02 + 0.00 0.02 + 0.00
Testis (2) 0.77 + 0.09* 0.83 + 0.03

Female Heart 0.43 £ 0.10 0.40 + 0.05
Liver 2.48 + 0.64* 2.68 + 0.28
Spleen 0.21 + 0.05 0.22 + 0.03
Kidneys (2) 0.66 + 0.08*  0.59 + 0.11
Adrenal glands (2) 0.01 + 0.00 0.02 + 0.00
Uterus and 0.40 + 0.00 0.42 + 0.03
ovaries (2)

SD, standard deviation.
*Data showed a statistically significant difference between the con-
trol and test group (P <0.05).

The types and numbers of tumors were somewhat
different between the test and the control animals, but
there were no significant differences in the type and num-
bers of the main tumors between them. In both the
groups, the probability of tumorigenesis in the animals
increased with age. The types and numbers of tumor in
the two groups are show in Tables 5 and 6.

3.4 Histopathology

The diseases of the animals were diagnosed by gross
lesions and histopathology. The H&E staining of each
tissue and organ is shown in Figure 5. The shape of
each organ was clear, and no serious inflammatory cell
aggregation was observed. No significant difference
between the test group and the control group was
observed. Conclusively, there was no microscopic tissue
change indicating any systemic toxicity.

The corrosion of IBS should not cause cancer or
mutations after implantation. Studies have shown that
Fe’* is involved in the Fenton/Haber—Weiss reaction
along with peroxides during iron corrosion, resulting in
hydroxyl radicals (HO) [42,43], whereas HO damages
DNA the most in ROS produced by aerobic cell metabo-
lism and has been well reported in chemomutagenicity/
genotoxicity [44-46]. In our study, iron-based scaffold
implantation was not observed to be carcinogenic in
rats for the duration of 2 years. This may be due to the
fact that the iron balance and ROS balance in the body
is not disturbed. Iron ions are released by corrosion of
IBS in the body and enter the normal iron pathway of
the body to participate in physiological activities [47].
Protein-bound iron does not produce wandering iron
ions, so it cannot participate in ROS production [43].
Or iron corrosion products are swallowed by phagocytes
and form ferritin deposited in tissues, leaving no free iron
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Table 5: Summary of tumor types and numbers (male)

Sex Tumor types IBS 316L SS
Animal number Percentage Animal number Percentage
Male Subcutaneous fibroma 6 10.00 4 6.67
Pituitary adenoma 4 6.67 6 10.00
Thyroid adenoma 1 1.67 2 3.33
Islet cell adenoma 1 1.67 1 1.67
Salivary adenoma 0 0 1 1.67
Fibroadenoma 1 1.66 0 0
Lipomyoma 0 0 0 0
Fibroangioma 4 6.67 3 5.00
Lung cancer 2 3.33 3 5.00
Renal cell cancer 2 3.33 1 1.67
Hemangiosarcoma 2 3.33 2 3.33
Fibrosarcoma 2 3.33 2 3.33
Stromal cell tumor of testis 1 1.67 1 1.67
Squamous-cell carcinoma 1 1.67 1 1.67
Total 27 45 27 45
Table 6: Summary of tumor types and numbers (female)
Sex Tumor types IBS 316L SS
Animal number Percentage Animal number Percentage
Female Subcutaneous fibroma 5 8.33 4 6.67
Breast fibroadenoma 5 8.33 4 6.67
Pituitary adenoma 4 6.67 3 5.00
Adenocarcinoma 1 1.67 1 1.67
Breast cancer 4 6.67 4 6.67
Breast adenoma 4 6.67 3 5.0
Brain glioma 2 3.33 3 5.0
Salivary adenoma 2 3.33 0 0
Lipomyoma 2 3.33 2 3.33
Lung cancer 2 3.33 2 3.33
Uterine leiomyosarcoma 1 1.67 2 3.33
Squamous cell carcer 3 5.00 3 5.00
Total 35 58.33 31 51.67

Figure 5: Histopathologic observations on organ tissues 2 years after implantation of the IBS and 316L SS (scar bar is 100 or 200 pm).
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Figure 6: Pathological images of tumor in the IBS group and 316L SS group (scar bar is 100 pm).

ions [48,49]. Besides, the body has oxidation and antiox-
idant homeostasis [50], which eliminates HO" that forms
around the iron stent and prevents oxidative damage
before the equilibrium is disturbed, so no carcinogeni-
city of IBS has been observed (Figure 6).

4 Conclusions

In this study, stent implantation experiments in rats
proved that IBS breaks through the limits of slow degra-
dation of iron-based stents. The iron ions produced after
degradation do not cause significant fluctuations in the
blood iron ion levels, and there was no significant differ-
ence between the widely used 316L SS stent in terms of
blood ions. Furthermore, through a 2-year stent implan-
tation test in the abdominal aorta of rats, the pertinence
between the chronic toxicity in vivo and the carcinogeni-
city of IBS was studied. Combining the comprehensive
analysis of the body weight, hematology data, death,
and pathological results of animal experiments, there
was no significant difference between the IBS group
and the 316L SS group, and the samples did not cause
chronic systemic toxicity in rats. In addition, the occur-
rence of tumors of the same sex in the sample group was

not significantly different from that of the control group,
except for animal deaths or natural tumors caused by
accidental factors such as environment, food, and water.
The incidence is within the range of the spontaneous
tumor rate in rats, and IBS is not carcinogenic.

Although a lot of effort still needs to be done, the
biodegradation stent platform has become another alter-
native option for patients with coronary artery disease,
especially for pediatric patients, which potentially allows
for late vessel growth [51]. As a new type of fully degrad-
able iron-based stent, IBS with good biocompatibility
fulfills the mission of a degradable stent and shows great
potential in clinical transformation.
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