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ABSTRACT

Biodegradable metallic materials (BMMs) are expected to corrode gradually in vivo after providing the structural support to the tissue during its regeneration and
healing processes. These characteristics make them promising candidates for use in stents. These endoprostheses are produced from metal alloys by casting and
thermomechanical treatment. Since porous alloys and metals have less corrosion resistance than dense ones, the use of powder metallurgy becomes an option to
produce them. Among the metals, iron has been proposed as a material in the manufacturing of stents because of its mechanical properties. However, even then it is
unclear what toxicity threshold is safe to the body. Thus, the objective of this research was to verify the biocompatibility of sintered 99.95% and 99.5% pure iron by
powder metallurgy in vitro with Adipose-derived mesenchymal stromal cells (ADSCs) and in vivo with a Wistar rat model. Herein, characterizations of iron powder
samples produced by the powder metallurgy and the process parameters as compression pressure, atmosphere, sintering time and temperature were determined to
evaluate the potential of production of biodegradable implants. The samples obtained from pure iron were submitted to tests of green and sintered density, porosity,
microhardness, hardness and metallography. The biocompatibility study was performed by indirect and direct cell culture with iron. The effects of corrosion products
of iron on morphology, viability, and proliferation of ADSCs were evaluated in vitro. Hemolysis assay was performed to verify the hemocompatibility of the samples.
In vivo biocompatibility was evaluated after pure iron discs were implanted subcutaneously into the dorsal area of Wistar rats that were followed up to 6 months. The
results presented in this paper validated the potential to produce biodegradable medical implants by powder metallurgy. Both iron samples were hemocompatible
and biocompatible in vitro and in vivo, although the 99.95% iron had better performance in vitro than 99.5%.

1. Introduction an inflammatory response and it should have mechanical properties

providing the required support to the vessel during the necessary

Biodegradable metallic materials (BMMs) are expected to corrode
gradually in vivo after providing the structural support to the tissue
during its regeneration and healing processes. The major components of
BMMs should be essential metallic elements that can be metabolized by
the organism with appropriate degradation rates to avoid overload.
Magnesium-based BMMs and Iron-Based BMMs are the most commonly
proposed metals to be used in cardiovascular or orthopedic implants
[1,2].

In cardiovascular applications, BMMs are promising candidates for
use in stents, whose main function is to keep the lumen open after the
angioplasty procedure [3,4]. The ideal biodegradable cardiovascular
stent must be biocompatible, prompt to disappear without developing

period. The degradation must begin at a very slow rate to keep the
mechanical integrity of the stent until the arterial vessel remodeling,
which is expected to conclude in a period of 6-12 months [5-7].

Most of the cardiovascular stents including BMMs are produced
from metallic ingots fabricated using both casting and thermo-
mechanical treatment. Recently, the use of new processes in the fabri-
cation of biodegradable metallic stents, such as powder metallurgy, has
been investigated. Because porous alloys and metals normally have less
corrosion resistance than fully dense alloys, the use of powder me-
tallurgy became a promising option in the conception of biodegradable
stents [3,8].

The conventional process of powder metallurgy consists of metal
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forming metallic powders, alloy powders and non-metallic materials or
ceramic powders in reliable parts, within a tool of the desired shape by
applying pressure. The parts made by powder metallurgy have a certain
porosity, which can be controlled by factors such as compaction pres-
sure, sintering temperature and time, size and shape of the powder
particles [4]. The resulting porosity provides greater degradability that
can reduce the absorption time of the implant in the organism because
of its larger surface area [9]. In addition, this process allows a con-
trolled porosity. This feature would facilitate the adherence of drugs
that can be useful to produce drug-eluting stents [10].

Among the BMMs, iron has been proposed as an adequate material
in the manufacturing of stents because its mechanical properties are
closer to stainless steel 316L (SS316L) than the Mg alloys are. This
provides higher confidence for stent application, which requires high
strength and ductility [11]. Besides, iron has other benefits for clinical
applications: it is essential to human life, possesses low toxicity and the
transport mechanisms for clearance of its degradation products are
relatively understood. However, its excess can be deleterious [12]. An
iron overload may be caused by a continuous load of iron that exceeds
1-2 mg/day. It happens due to the lack of active excretion pathways for
iron in the human body, which may lead to organ failures [12]. Hen-
ceforth, the level of degradation of an intravascular device composed of
this element must be well-known.

It has been discussed that the level of impurities occurring in each
production step needs to be determined. However, it is still unclear
what level of impurity concentration is considered tolerable, and thus
may be left in the material to maintain the device properties. Therefore,
in the present study, we produced sintered iron samples with 99.95 and
99.5% of purity by powder metallurgy (99.95 and 99.5% iron) and
evaluated in vitro and in vivo biocompatibility of the biomaterial for
future applications in biomedical devices.

2. Materials and methods
2.1. Iron powder samples

The iron powders used in this study have a purity of 99.95%
(Lyuelong superfine metal Co., China) and 99.5% (TCK, Yeoui-aero,
Korea).

The chemical analysis with the maximum percentages of the ele-
ments to guarantee the purity of the powders was provided by the
suppliers. Table 1 shows the limits of the elements contained in the
powders used in this research.

Scanning Electron Microscope (SEM) was employed to assess the
morphology of the iron powders and the granulometry test was per-
formed to determine the particle size distribution.

2.2. Iron samples with 99.95 and 99.5% of purity obtained by powder
metallurgy

The samples were compacted by a cylindrical die of tempered steel
AISI D6 in manual hydraulic press with a maximum capacity of 30 tons.
The compacted samples for in vitro experiments measured approxi-
mately 13.0 mm in diameter (@) and 11.0 mm in height (h) and the
samples used for in vivo implantation measured approximately 6.5 mm
in diameter (@) and 2.0 mm in height (h). In this study, the compaction
pressure used was 600 MPa.

To calculate the density of the compacted samples, the masses were

Table 1

Maximum percentage of elemental impurities.
Fe % C% H % N % S % 0%
=99.95 <0.02 - - <0.01 <0.02
=99.5 <0.15 =<0.1 =<0.01 =<0.19 <0.05
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weighed on an analytical balance and the diameters and heights were
measured using a micrometer. The sintering was performed in an
electric tube furnace silicon carbide resistor, with electronic control,
precision * 1 °C at the working temperature and atmosphere of Argon.
The sintering cycle used was 1150 °C for 60 min and the cooling was
carried out in the oven. The density of the sintered samples was mea-
sured in the same way as the compacted samples.

Mechanical properties analyses of the sintered pure iron samples
were performed. The microhardness and hardness were measured using
Vickers and Brinell tests, respectively. The Vickers hardness of the
sintered pure iron samples was determined by durometer Insize ISH-
TDV 1000 with load of 0.5 kgf (4.9 N), according to ASTM E384 [13].
The Brinell hardness was determined by hardness tester MRS Fortel
with 2.5 mm diameter indenter and a load of 62.5 kgf (612.92 N),
according to ASTM E10 [14]. The sintered metallography was per-
formed according to standard preparation and polishing. The samples
were abraded with sandpaper aluminum oxide 100, 200, 400, 600, 800,
1000 and 1200 “mesh” being polished with diamond paste 1 pm and
observed by an optical microscope [15].

The ImageJ software was used to improve the quality of the images
and evaluate the porosity and the grain size, after the etching by 2%
Nital reagent, according to ASTM E 562-02 standard [16].

2.3. Adipose-Derived Stem Cells: Isolation and characterization

Adipose-Derived Stem Cells were extracted from the abdominal
adipose tissue of a healthy adult donor undergoing tumescent liposuc-
tion. The experimental protocol was approved by the Research Ethics
Committee of Santa Casa de Misericordia of Porto Alegre (ISCMPA) and
Research Ethics Committee of the Federal University of Health Sciences
of Porto Alegre (UFCSPA) (approval no. 3029.141 and 3.734.612, re-
spectively). The written informed consent was obtained from donors
according to the Declaration of Helsinki. The isolation and culture of
ADSCs were performed as previously described by our group [17,18].

Briefly, the tissue was washed with phosphate-buffered saline (PBS)
and its extracellular matrix was digested with type I collagenase solu-
tion (250 U/mg, 1 mg/mL) at 37 °C for 30 min with periodic shaking.
The enzymatic action was neutralized with the addition of Dulbecco's
modified Eagle's Medium standard (DMEM)- low glucose (Sigma-
Aldrich, St. Louis, USA), supplemented with 10% FBS (Fetal Bovine
Serum). Cells were centrifuged at 1200 rpm for 10 min and the su-
pernatant was discarded. Subsequently, they were resuspended in ery-
throcyte lysis buffer (150 mM NH,Cl, 10 mM NaHCO3; and 1 mM EDTA)
with simultaneous mechanical shaking and incubated for 15 min at
room temperature.

The solution was centrifuged at 1200 rpm for 10 min, a procedure
that separates the adipocytes present in the supernatant of the vascular
stroma cell fraction (SVF), which consists of a heterogeneous popula-
tion of cells, including circulating blood cells, fibroblasts, pericytes,
endothelial cells, and it is also rich in MSCs. Cells present in the pellet
were cultured with the standard medium supplemented with 10% FBS,
100 U L™ penicillin and 100 mg/L streptomycin. It was kept in an
aseptic and humidified environment at 37 + 0.1 °C and 5% CO, and
routinely passaged at preconfluency using 0.25% trypsin and 0.01%
EDTA. For the experiments, cell cultures were used in passages from 4
to 10 [17].

These cells were tested to verify their capabilities to differentiate
into adipogenic, chondrogenic and osteogenic cells. The adipogenic and
osteogenic differentiation were induced according to Beckenkamp
et al., 2018 [19]. Briefly, adipogenesis induction medium (AIM) con-
tained DMEM with high glucose, 10% FBS, 1 uM dexamethasone,
10 pg/L insulin, 200 pm indomethacin, osteogenic induction medium
(OIM) contained DMEM with high glucose, 10% FBS, 0.1 uM dex-
amethasone, 10 mM B-glycerol phosphate, and 200 uM ascorbic acid
and StemPro® Chondrogenesis Differentiation Kit (Gibco®; Invitrogen,
Grand Island, NY) were used in the experiment. The differentiated cells
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were observed by Oil Red O, Alcian blue and Alizarin Red Staining.

Cells were characterized by immunophenotyping on the
FACSCalibur flow cytometer (BD Bioscience, USA) using a cytometric
buffer, containing the monoclonal antibodies PE-anti CD14, FITC- anti
CD34, PE- anti CD45, FITC- anti CD44, PE- anti CD105 (Invitrogen™,
Waltham, MA, USA), PE- anti CD90 (Biolegend), and CD73 proteins (BD
Pharmingen™). MSCs derived from adipose tissue express the typical
markers of mesenchymal cells, such as CD44, CD73, CD90 and CD105,
and poorly express markers of hematopoietic and endothelial lineages:
CD14, CD34 and CD45 [20]. At least 10,000 events were collected
using a FACSCalibur flow cytometer equipped with a 488-nm argon
laser, BD CellQuest software (Becton-Dickinson, San Diego) and they
were analyzed using FlowJo Software.

2.4. Indirect contact tests

2.4.1. Iron extract

Sintered pure iron samples were autoclaved and incubated for 24 h
and 48 h in the culture medium, in a humidified atmosphere with
37 = 0.1 °C and 5% CO,. The surface area/extraction medium ratio
was 1.25 cm?/mL, in accordance with the EN ISO 10993-12. At the end,
the 24 h and 48 h iron extract were collected, sterilized in 0.22 pm
membranes and used to treat cells for 24 h and 48 h, respectively [21].

2.4.2. Indirect cytotoxicity testing (MTT assay)

The effects of corrosion products of Fe ion concentration on ADSCs
cells were determined by MTT assay (3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide). This method was used to measure the
viability of cells with iron extract. Cells were seeded in a 96-well plate
at a ratio of 3.0 x 10° cells per well and incubated at 37 + 0.1 °C and
5% CO,. After one day, the medium was removed, and the cells were
treated with supernatants containing Fe ions. For this assay, 100% ex-
tract was diluted with DMEM 10% FBS to 10%, and 1%. ADSCs with
standard media were used as a negative control. After that, the medium
was aspirated and replaced with a fresh standard medium containing
MTT (5 mg/mL) for 3 h at 37 °C. After incubation, the supernatant was
carefully aspirated from each well, followed by solubilization with di-
methyl sulfoxide (DMSO). The absorbance of the specimens was mea-
sured with a multi-detection microplate reader SpectraMax M2
(Molecular Devices Corporation, USA) at 560 nm and the cell viability
index was calculated from the ratio of the optical density of the extracts
to the optical density of control.

2.4.3. Sulforhodamine B

The sulforhodamine B (SRB) assay is used to investigate cell pro-
liferation, based on the measurement of cellular protein content
[22,23]. The methods of seeding and treatment were identical to the
MTT assay. ADSCs with standard media were used as a negative con-
trol.

After incubation, cells were fixed by protein precipitation with 50%
trichloroacetic acid at 4 °C for 45 min. After washing with water, the
cells were stained for 25 min with 0.4% SRB dissolved in 1% acetic acid
and subsequently washed with 1% acetic acid to remove unbound dye.
The plate was air-dried and bound protein stain was solubilized with
10 mM Tris base [tristhydroxymethyl)aminomethane]. The optical
density was read at 530 nm.

2.4.4. DAPI and Phalloidin stain

To verify nuclear and actin cytoskeletal morphology of cultured
cells with 100% iron extract, they were stained with 4’,6-diamidino-2-
phenylindole (DAPI) (Molecular Probes) and Alexa 488 phalloidin
(Sigma). For this purpose, the ADSCs were seeded in 12-well plates with
a culture medium ratio of 2 x 10* cells per well and treated with the
iron extracts. ADSCs seeded on the cell culture plate with standard
media were used as a negative control. After 24 h and 48 h, the treat-
ment was removed and the cells were washed with PBS 1 x. Then, they

Materials Science & Engineering C 115 (2020) 111129

were fixed with 4% paraformaldehyde for 30 min, permeabilized with
Triton X-100 (0.1%) for 20 min and labeled with phalloidin (for fila-
mentous actin) and DAPI (for nuclear DNA) during 40 min. After
staining, the cells were visualized in the Olympus BX50 Fluorescence
microscope coupled to a Motican 2500 camera (Olympus, Hamburg,
Germany).

2.5. Direct culture on sintered iron samples

ADSCs were seeded on sintered iron samples at a ratio of 3 x 10*
cells per disc and incubated at 37 = 0.1 °C and 5% CO, for 24 h. After,
cells were stained with DAPI and phalloidin as previously described.

2.6. Hemolysis assay

The hemolysis assay was performed to evaluate the hemocompat-
ibility of the iron samples (99.95 and 99.5%). It was carried out ac-
cording to Mota Ferreira et al. 2016, with some modifications [24].

The blood was obtained from healthy human volunteers, upon ap-
proval by the Research Ethics Committee of UFCSPA (approval no.
3.594.874). Blood samples were centrifuged and 1 mL of erythrocytes
was diluted 10 times with 1 X PBS. The iron samples were covered with
10 mL blood solution. For negative control, blood was incubated with
1 x PBS and for positive control with distilled water. Iron, positive and
negative control samples were incubated for 30 min, 1, 2 and 3 h at
37 °C and blood supernatants were centrifuged at 1200 rpm for Smin.
The reaction product was analyzed by measuring absorbance at 540 nm
and the hemolysis percentage was calculated using the following
equation [25]:

OD (sample) — OD (negative control)

- - X 100%
OD (positive control) — OD (negative control)

Hemolysis(%) =

where, O.D.(sample), O.D.(negative control) and O.D.(positive control)
are the optical densities of the test sample, the negative control and the
positive control, respectively. All data were calculated based on the
average of four or more replicates.

2.7. In vivo biocompatibility of iron

2.7.1. Murine subcutaneous implantation preclinical model

For the in vivo analysis of biocompatibility, pure iron discs were
implanted subcutaneously into the dorsal area of Wistar rats. All ex-
perimental procedures were approved by UFCSPA Animal Ethics com-
mittee (approval no. 613/19). For this study 52 female rats Wistar
with + 8 weeks and an average body weight of 209 g were randomly
allocated to three groups for the 1 week, 3 and 6 months time points
investigated. Each group was randomly divided into three other groups,
according to treatment. The animals were anesthetized via in-
traperitoneal (IP) injection with an association of 90 mg/kg ketamine
and 10 mg/kg xylazine. Two groups received a subcutaneous implant of
either pure iron discs (99.95 or 99.5% iron). The Sham group (control)
received the same surgical procedure, but not implantation of discs.
After the implantation of the discs, analgesic relief was provided for two
days (12/12 h) by subcutaneous administration of Tramadol
Hydrochloride.

The rats were monitored daily during the first two weeks for sur-
gical wound appearance and general well-being. An evaluation of body
weight gain was performed monthly. After 1 week, 3 and 6 months, the
rats were euthanized by cardiac exsanguination, blood was collected for
hematological and serum analysis, followed by implant and tissue
harvest.

2.7.2. Blood and serum analysis
The whole blood was collected in the EDTA tube for red blood cell
(RBC), white blood cell (WBC) counts and for determining hemoglobin
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(HGB) levels. The hematologic analyses of non-coagulated blood sam-
ples were performed in BC-5380 auto hematology analyzer (Mindray,
Shenzhen, China). Serum from separation tube was used to assess the
levels of aspartate aminotransferase (AST), Alkaline phosphatase (ALP),
Alanine transaminase (ALT), ferritin and iron (Bioclin® Kits, Brazil).
The analyses were performed in the BS-120 chemistry analyzer
(Mindray, Shenzhen, China).

2.7.3. Histological analysis

The implants with surrounding tissue were recovered, carefully se-
parated from the tissue, dried, ultrasonicated for 20 min immersed in
alcohol, cleaned, air-dried, and the final mass was measured to de-
termine the change in mass. The tissue around the implant location and
organs (liver, heart, lungs, spleen and kidney) were fixed in 10% neu-
tral buffered formalin for histological assessment. They were trimmed,
included in paraffin, sectioned (4 um per section) and deparaffinized on
microscopy slides. Finally, tissue samples were stained with hematox-
ylin and eosin (H&E), and analyzed by a veterinary pathologist to
identify inflammatory infiltration, fibrosis and necrosis.

2.8. Statistical analysis

Statistical analysis was conducted with GraphPad Prism biostatistics
software (GraphPad Inc., California, USA). Differences between groups
were analyzed using two-way ANOVA. p < 0.05 was accepted as a
statistically significant difference between means. Error bars within
figures represent standard errors.

3. Results and discussion

In this study, 99.95% and 99.5% iron samples were produced by
powder metallurgy. The physical and mechanical characteristics were
analyzed by green density, sintered density, porosity, microhardness
(HV), hardness (HB) and metallography. The biocompatibility of these
samples was tested in vitro using primary mesenchymal stromal cells
from adipose tissue and in vivo using an animal model.

3.1. Physical and mechanical properties

The SEM micrographs analysis of the iron powder with a purity of
99.95% and 99.5% shows the metal morphology at 10000 X magnifi-
cation (Fig. 1). It can be observed that the iron powder samples have a
nearly-spherical shape with a homogeneous distribution of particle
sizes. The powder samples have this morphology due to its production
process by atomization. In addition, the surface of 99.95% iron powder

WD: 15.21 mm SEM MAG: 10.0 kx B VEGAS3 TESCAN|

Det: SE SEMHV: 30.0kV | 5pm LAPROM|
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is smooth (Fig. 1A) and the 99.5% iron powder has protrusions
(Fig. 1B). Both purities of iron powders have a diameter ranging be-
tween 1 and 5 pum.

Considering that the size of particles is crucial to the manufacturing
of sintered components [26], the granulometry test of iron powders was
performed (Fig. 2). The average particle size found is 5.75 pm and
7.47 um, for 99.95% and 99.5% iron, respectively. The results of Fig. 2
are summarized in Table 2.

The green density of the iron compacted samples with 99.95% of
purity showed an average green density of 6.6 g/cm® and variation
between 6.5 and 6.7 g/cm>. The compacted samples with 99.5% of
purity showed an average green density of 5.65 g/cm® and variation
between 5.5 and 5.7 g/cm®. As it can be seen, there is a difference
between the green densities of the samples because the 99.95% iron
powder has greater compressibility than 99.5%. This is probably due to
the protuberances found in 99.5% iron particles, shown in Fig. 1B.

The densities of both purities of iron were similar after sintering.
The average density of 99.95% and 99.5% sintered pure iron samples
reached 6.5 g/cm® + 0.2 (6.5 to 6.7 g/cm® for 99.95% and 6.3 to
6.5 g/cm® for 99.5%) in the pressure of 600 MPa, a satisfactory result
for the material.

The sintered samples were further evaluated by metallography. The
Fig. 3 shows 99.95% and 99.5% iron samples, before (Fig. 3A and C)
and after (Fig. 3B and D) etching by Nital 2%. The 99.95% iron
(Fig. 3A) showed small pores measuring between 1.1 and 7.9 ym, and
larger pores between 13.7 and 30.7 um (average size 2.3 um); while
99.5% iron (Fig. 3C) showed small pores measuring between 1.1 and
8.8 um, and larger pores between 17.6 and 31.1 pum (average size
2.9 um). Considering the pores average size measured in both samples,
they can be considered as small pores.

The iron sintered samples have a porosity whose characteristic is
directly related to the density. However, both samples showed a similar
density, with an average of 17.41%, lesser than the theoretical density.
The variation of density to 99.95% and 99.5% sintered pure iron
samples was 0.4 g/cm® (6.5 to 6.7 g/cm® for 99.95% and 6.3 to 6.5 g/
cm® for 99.5%).

The analysis of grain sizes showed that both samples presented
several grain sizes. The average grain size measured in the 99.95% iron
samples was 19.94 ym + 13.06 (Fig. 3B). The 99.5% iron samples had
an average grain size of 34.45 pm = 15.08 (Fig. 3D). These grain sizes
and variations have adequate mechanical properties for medical ap-
plications [27].

As mechanical tests, we have chosen to perform the Vickers mi-
crohardness (HV) and Brinell hardness (HB) tests. The microhardness
measured of 99.95% and 99.5% iron samples were 185.8 HV + 17.9

VEGAS3 TESCAN|
LAPROM|

SEM MAG: 10.0 kx

SEMHV: 30.0kV  5pm

WD: 16.16 mm
Det: SE

Fig. 1. SEM micrographs of the iron powder morphology with a purity of 99.95% (A) and 99.5% (B).
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Table 2
Particle size analysis of 99.95% and 99.5% iron powders.

99.95% Iron 99.5% Iron

D90 < 11.69 um < 13.36 um
D50 < 6.33 um < 6.61 um
D10 < 2.3 pm < 2.70 ym
Average particle size 5.75 ym 7.47 ym

(1822 MPa) and 180.2 HV = 12.7 (1767 MPa), respectively. These
values were close to 317 L stainless steel, 198.7 HV = 9.9 (1949 MPa),
which is considered the golden standard to the manufacture of

permanent stents [28]. The Brinell hardness test showed homogeneity
in measured values, 99.95% iron samples had 64.4 HB + 0.6 and
99.5% iron samples had 62.1 HB + 1.7. These results are equivalent to
those found in biomedical magnesium alloys applied in vivo stent stu-
dies with rabbit models [29]. In conclusion, the 99.95% iron samples
have greater hardness and microhardness than 99.5% iron samples,
which can be due to the pores and grains of the smaller microstructure.

3.2. Isolation and characterization of ADSCs

MSCs isolated from human adipose tissue showed a typical fusiform
morphology, adherence to plastic, capacity to self-renew and

3%
:

Grain

boundaries

Fig. 3. Metallography of 99.95% sintered iron without etching, 200 X magnification (A) and after etching of Nital 2%, 1000 X magnification (B); 99.5% sintered iron
without etching, 200 x magnification (C) and after etching of Nital 2%, 500 X magnification (D).
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drogenic (Alcian Blue), adipogenic (Oil Red O staining) and osteogenic (Alizarin Red) lineages. (E) Flow cytometry of ADSCs shows that cells were negative for CD14,
CD34 and CD45 and positive for CD44, CD73, CD90 and CD105. Optical microscopy, 200 X magnification.
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Fig. 5. Micrographs show the F-actin cytoskeleton (green) and nuclei (blue) of the ADSCs treated with 99.95 and 99.5% iron extract of 24 and 48 h for, respectively,
the same time (B, C, E, F) and negative control (A, D, G). Fluorescence microscopy, 200 X magnification.

differentiate in vitro. The immunophenotyping results by flow cyto-
metry indicated that cells were positive for the mesenchymal stem cell
markers CD44, CD73, CD90 and CD105 but negative for the hemato-
poietic cell markers CD14, CD34 and CD45. They were also able to
differentiate in three cellular lineages: chondrogenic, adipogenic and
osteogenic when stimulated with differentiation medium. The in-
tracellular lipid vacuoles in adipocytes were identified with Oil Red O
solution, the biosynthesis of proteoglycans by chondrocytes with alcian

blue and the calcium-rich mineralized matrix in osteocytes with alizarin
red S staining. These characteristics confirm that the cultured cells are
phenotypically mesenchymal as well as functionally multipotent
(Fig. 4) [30].

3.3. In vitro biocompatibility

In vitro cytocompatibility was assessed on the 99.95 and 99.5%
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Fig. 7. Hemolysis percentages of 99.5 and 99.95% iron samples after 30, 60,
120 and 180 min. Water was used as positive control and 1 X PBS as negative
control. N = 3. *represents p < 0.05.

sintered iron samples by (1) analyzing the cytomorphology with DAPI-
Phalloidin stain after growing cells using the iron extracts or by directly
plating them on the iron discs (Fig. 5); and by (2) exposing ADSCs to
media containing degradation products of the materials and analyzing
cell viability and proliferation, using the colorimetric MTT assay and
Sulforhodamine B, respectively (Fig. 6).

Cells cultured with 99.95% and 99.5% iron extracts showed ad-
herence to plastic and the typical fusiform morphology of the ADSCs.
They also maintained the integrity of the actin cytoskeleton and nuclei
as observed by fluorescence microscopy (Fig. 5SA-F). Regarding the cells

that were directly plated on the surfaces of iron discs, they were able to
adhere and grow. The morphology of ADSCs plated on 99.95% iron disc
did not change, in contrast to cells cultured on 99.5% iron that suffered
alteration in the fibroblastic morphology due to the disorganization of
their actin filaments (Fig. 5G-I).

In addition, the MTT assay results exhibited good cytocompatibility
with 100%, 10% and 1% iron extracts in 24 h and 48 h, as shown in
Fig. 6A-B. ADSCs presented similar viability when they were compared to
the negative control, although the cells cultured with 100% extract of
99.95% iron were statistically more viable than those cells treated with
99.5% after 24 h. SRB assay showed that cells did not lose their proliferation
potential after 24 h and 48 h of incubation with iron extracts. Interestingly,
when cells were treated for 24 h with 100% extract of 99.95% iron, they
were more proliferative than with 99.5% (p < 0.05) (Fig. 6C-D).

According to ISO 10993-5 if viability is reduced by > 30%, the
biomaterial has a cytotoxic potential. Based on this recommendation,
both iron extracts caused no cytotoxic effect on ADSCs in our analysis.
In accordance, degradation products of iron with different levels of
purity and its alloys i.e., iron-oxides, hydroxides, carbonates, and
phosphates, have also been reported to be non-toxic and cytocompa-
tible to fibroblast [6,31] endothelial [32,33], smooth muscle [33,34]
and mesenchymal [31] cells [35,36].

3.4. Hemocompatibility in vitro

The hemolysis assay was applied for evaluating the hemocompat-
ibility of iron samples. The ASTM F756-08 materials can be classified
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into three categories according to the hemolytic index: hemolytic with a
percentage of hemolysis over 5%, slightly hemolytic with a hemolytic
index between 5% and 2%, and non-hemolytic with the hemolysis

percentage below 2% [37].

hemolysis percentage ranging from 1.46% to 5.327% [33,34,38,39],
corroborating our findings. According to the ASTM standards, 99.95%
and 99.5% iron produced by powder metallurgy are potential candi-

dates to be considered for medical applications.

The hemolytic index of both irons was lower than 5% indicating

their hemocompatibility (Fig. 7). Although, 99.95% iron was less he-

molytic than the 99.5% one. The analysis of studies found in the lit-

erature showed that pure iron and Fe-based materials caused a

3.5. In vivo biocompatibility

The subcutaneous implantation of 99.5 and 99.95% iron discs into
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Fig. 9. H&E staining of the subcutaneous tissue around the discs (A, F). 99.95 (B-C) and 99.5% (D-E) iron discs before and after 6 months implantation. The
accumulation of iron and the connective tissue that forms in the periphery of the implant were marked in the image.

the dorsal area of rats was performed to evaluate the degradation be-
havior and biocompatibility under physiological conditions during one
week, three and six months.

The ferritin whose major function is to detoxify and store in-
tracellular iron did not show alteration in comparison to control, as well
as iron serum levels (Fig. 8A-C) [40]. Serum biochemical and hema-
tological parameters were also analyzed. These analyses revealed si-
milar values for AST, ALT and ALP, when comparing to control and
treatments samples (Fig. 8D-F).

RBC, WBC counts and HGB levels in rats implanted with iron discs
and controls were similar. This can indicate that the 99.95 and 99.5%
iron implants did not cause anemia or general infection (Fig. 8G-I). In
addition, all animals with iron implants exhibited normal weight gain,
similar to the control group (Fig. 8J-L). Post-implantation assessment
including well-being, hair growth and surgical wound healing showed
no signs of distress or harmful effects generated by the iron implants.

Histological analysis of the subcutaneous tissue around the iron
discs after 6 months are shown in Fig. 9. The implant sites of both irons
showed proliferation of fibrous connective tissue, forming a capsule
that normally develops around solid, non-corroding or very slow cor-
roding implants [17,41,42]. Subcutaneous tissue and adjacent skin did
not present signs of necrosis, but the capsule formed was frequently
associated with macrophages with intracytoplasmic granular brownish
pigment and occasionally cellular debris and lymphocytes. We neither
visualize iron accumulation in the tissues, nor significant changes in the
organs (Fig. 10).

Iron stents with 99.8% and 99.5% of purity manufactured by laser
cutting processes were implanted, respectively, into the descending
aorta of rabbits and minipigs [4,43]. These endovascular stents pre-
sented a low thrombogenicity and minimal neointimal hyperplasia.
Similarly to our results, in this study, the animals neither showed sig-
nificant organ accumulation of the degradation products nor systemic
and local toxicity. These studies also demonstrated that the degradation
rate of iron was low, once large portions of the stents were still intact
even after one year of implantation [4,43].

A low degradation rate of iron can prevent fragment embolization in
the vase and thus, it is an advantage to use this biomaterial. However, a
prolonged degradation time and the difficulty to clear off the de-
gradation products retained in the local tissues are disadvantages of Fe-
based metals. The low corrosion can be explained by the formation of
an iron oxide passivation layer on the surface that inhibits the chemical
attack of the osteogenic body fluid for orthopedic applications and the
blood for vascular application [36,44]. To ensure an appropriate de-
gradation rate, it is important to consider the fabrication method and
modification of the biomaterial that could accelerate the degradation
process, such as surface modification [45], porous ceramic biocompo-
site [46] and alloying elements [47].

Regarding our study, we also observed a low degradation rate of
iron samples implanted in animals, with minimal loss up to six months,
without difference between the irons tested (Table 3). In accordance,
Drynda and colleagues found that FeMn alloys and pure iron implanted
in the subcutaneous tissue of mice did not exhibit significant signs of
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Fig. 10. Histopathology of the major organs after 6 months of iron implantation discs in the subcutaneous tissue. Hematoxylin and eosin staining of tissues harvested
from spleen, heart, liver, kidney and lung of the rats. The analysis did not reveal any histological changes between implanted and non-implanted rats.

Table 3

Masses of 99.95 and 99.5% iron discs before and after implantation in the subcutaneous tissue of rats using paired t-test.

99.95% Iron

99.5% Iron

N  Average pre implantation (SD)  Average post implantation (SD) p-Value N Average pre implantation (SD) Average post implantation (SD) p-Value
6 Months 5  0.455 (0.092) 0.457 (0.093) 0.7077 6 0.371 (0.187) 0.372 (0.189) 0.6432
3 Months 5 0.351 (0.137) 0.351 (0.138) 0.0597 6  0.458 (0.137) 0.458 (0.137) 0.4743
1 Week 6 0.379 (0.073) 0.380 (0.073) 0.0064 6 0.344 (0.106) 0.345 (0.107) 0.0214

Abbreviation: SD = standard deviation.

corrosion after 3, 6, and 9 months [48]. This was expected, once the
implants were subcutaneously implanted, avoiding the shear stress.
Additionally, other experiments indicated that the degradable rate of
pure iron in vivo is lower than in vitro [32].

A biodegradable metal stent must remain intact in the first 6 months
and start its degradation between the 6th and 12th month, which is the
interval where the remodeling of the vessel occurs. After this period,
the material should progressively increase its degradation [49].
Therefore, the fact that our samples did not show degradation in the
first 6 months is a desirable characteristic according to the literature.
However, it is important to reinforce a limitation of our study. In our
preclinical model, the iron samples were implanted into the sub-
cutaneous of rats, thus avoiding the interaction between the biomaterial
and blood vessels. When a stent is expanded in the artery, it is exposed
to residual stress, cyclic loading from vessel expansion/contraction, and
shear stress by blood flow [50]. These are factors that will influence the
degradation rate of the stent.

4. Conclusion

Currently, the manufacturing process of stents involves several
steps, such as casting, extrusion and laser cutting of alloys, which lead
to an increase in the cost of production. Powder Metallurgy is a rela-
tively recent technique with high precision and productive capacity, in

10

which the loss of raw material used in the manufacturing of the com-
ponent is minimal or nonexistent [9]. There are few studies in the lit-
erature testing pure iron stents and, so far, none testing the powder
metallurgy fabrication method [4,43,51,52].

The Food and Drug Administration (FDA) does not approve specific
biomaterials for clinical use, as pure iron. The approvals are only issued
for clinical use of specific devices [53]. Despite promising, there is no
FDA approved iron stent yet. Therefore, results from engineering, in
vitro and in vivo biocompatibility are necessary to prove that this ma-
terial can be used with safety [54,55]. In this context, our study is
important as it showed that the pure iron samples produced by powder
metallurgy are biocompatible in vitro and in vivo. In addition, they have
the physical and mechanical properties necessary to encourage the
production of medical devices such as stents, which can be tested in-
travenously in preclinical models, as minipigs that allow to evaluate the
degradation rate under shear stress, as well as the other hemodynamic
parameters necessary to consider them for clinical trials.
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