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A B S T R A C T

Fe-based materials are considered for the manufacture of temporary implants that degrade through the corrosion
of Fe by oxygen. Here we document the generation of hydroxyl radicals (HO%) during this corrosion process, and
their deleterious impacts on human endothelial (ECs) and smooth muscle cells (SMCs) in vitro. The generation of
HO% was documented by two independent acellular assays, terephtalic acid hydroxylation (fluorescence) and
spin trapping technique coupled with electron paramagnetic resonance spectroscopy. All Fe-based materials
tested exhibited a strong potential to generate HO%. The addition of catalase prevented the formation of HO%.
Cellular responses were assessed in two ECs and SMCs lines using different cytotoxicity assays (WST-1 and
CellTiter-Glo). Cells were exposed directly to Fe powder in the presence/absence of catalase, or to extracts
obtained from the corrosion of Fe. Cell viability was dose-dependently affected by the direct contact with Fe
materials, but not in the presence of catalase or after indirect exposure to cell extracts. The deleterious effect of
HO% on ECs and SMCs was confirmed by the dose-dependent increase of the transcripts of the oxidative stress
gene heme oxygenase-1 4 h or 6 h after direct exposure to the particles, but not in presence of catalase or after
indirect exposure. The demonstration of HO% production during corrosion and consequent oxidative stress on
human ECs and SMCs newly reveals a deleterious consequence of Fe-corrosion that should be integrated in the
assessment of the biocompatibility of Fe-based alloys.

1. Introduction

Atherosclerosis is the dominant cause of cardiovascular diseases,
accounting for the majority of human deaths worldwide [1]. One
therapeutic option is the implantation of a stent in the diseased vessel,
e.g. a coronary artery. Research into biodegradable stents has recently
gained increasing attention because of their theoretical advantages over
current permanent stents. Bioresorbable materials can temporally
withstand artery recoil and then degrade 6–12 months after implanta-
tion, avoiding late adverse effects such as restenosis or thrombosis [2].
Bioresorbable stents can be made of different materials such as poly-
mers or metals. Among metals, Fe-based alloys have emerged as po-
tentially useful materials due to their excellent mechanical properties
that combine high strength with uniform elongation, together with a
progressive corrosion in biological tissues [3].

A material for cardiovascular implantation should also be bio-
compatible, i.e. as inert as possible, without causing inflammation,
neointimal proliferation, thrombotic events, material overload, local
toxicity or abnormal clinical observations; and it should also guarantee

a complete integration with the surrounding tissue [4].
Previous in vivo studies on Fe-based implants did not show overt

local cytotoxicity, inflammation, thrombosis or early restenosis [5–9].
However, most authors documented the accumulation of degradation
products 9–12 months after stenting in a rat or rabbit model. These
products were identified at the junctions of the stent struts as clusters or
voluminous flakes, that both localized to and extended away from the
stent surface [5,6,10]. The accumulation of massive corrosion products
repelled neighboring cells and tissues, and reduced the vessel lumen
due to excessive intimal hyperplasia. The exact mechanism of this
phenomenon has not been elucidated [11].

Accordingly, in vitro studies have mainly considered that products
formed and released from degradable Fe-containing materials drive
cytotoxicity. Thus, the biocompatibility of metal stent components has
generally been assessed in cells exposed to soluble or degradation
products of Fe-based materials [11]. In vitro results in endothelial (ECs),
smooth muscle cells (SMCs) or fibroblasts largely indicated good cy-
tocompatibility for eluates from Fe-based materials [12–16].

Lin et al. [17] firstly observed that small corrosion particles from
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bioresorbable Fe-based materials induced cytotoxicity in fibroblasts in
vitro. Recently, Fagali et al. [18] examined the biological impact of
soluble and insoluble corrosion products released by Fe (Fe-micro-
particles or bulk Fe) on adjacent fibroblasts. They showed that insoluble
Fe corrosion products were associated with cytotoxicity and in-
tracellular reactive oxygen species (ROS) whereas soluble corrosion
products did not affect cell viability [19]. However, the exact chemical
species released from native Fe that cause this cytotoxicity are un-
known. Therefore, the aim of this study is to elucidate the mechanism
behind the cytotoxicity of Fe-based materials, in both ECs and SMCs,
which are the most relevant cell types surrounding the stent during the
largest part of its lifetime. We argued that as Fe corrosion is driven by
dissolved oxygen, Fe2+ ions and hydrogen peroxide (H2O2) are formed
and can participate together in a Fenton reaction generating hydroxyl
radicals (HO•) as described in reaction (1) below:

Fe2+ + H2O2 → Fe3+ + HO• + OH− (1)

Hydrogen peroxide implicated in the Fenton reaction can be gen-
erated by different mechanisms. Under acidic conditions, Fe reacts with
oxygen to produce hydrogen peroxide through a two-electron transfer
as indicated in reaction (2) [20]:

Fe+O2 + 2H+ → Fe2+ + H2O2 (2)

At neutral pH the dominant source of H2O2 implicates the genera-
tion of the intermediate superoxide anion (O2•−). Ferrous iron pro-
duced by Fe oxidation reacts with oxygen through a series of one-
electron transfers to produce H2O2 according to the following reactions
(3)–(5) [21]:

Fe → Fe2+ + 2e− (3)

Fe2+ + O2 → Fe3+ + O2•− (4)

Fe2+ + O2•− → Fe3+ + H2O2 (5)

In both cases, H2O2 ultimately reacts with ferrous iron via a Fenton
reaction to produce HO• [22].

The high reactivity of HO• produced from the corrosion of Fe par-
ticles is used e.g. to remove pollutants in water and wastewater treat-
ment [23]. Thus, since HO• are capable of extensively degrading or-
ganic contaminants in a variety of biological systems, it appears
plausible that the corrosion of Fe-based implants might have a dele-
terious impact on vascular cells.

In the present work we postulated that HO• represent the critical
specie resulting from Fe corrosion that could contribute to adversely
affect vascular cells. We considered that because of their nonselective
behavior and rapid reactivity with numerous molecules, HO• can only
affect cells in direct contact with the implant. Therefore, the potential
toxic contribution of HO• might not be captured in assays using cor-
rosion extracts collected after the corrosion of the same materials. Thus,
we compared the effects of direct exposure to Fe and indirect exposure
to extracts.

2. Materials & methods

2.1. Metallic materials

Several Fe-based materials differing in their composition or shape
were tested. Carbonyl iron powder with>99.5% purity was provided
by Sigma-Aldrich (St Louis, MO). The size of the spherical particles of
iron ranged from 5 to 9 μm as illustrated by the scanning electron mi-
croscopy micrographs on Fig. S1. Commercial bars, 15mm in diameter,
of 316 L stainless steel grade were gas atomised. Induction drip-melting
of these bars was used to melt the alloy. The liquid was then atomised
owing to high pressure Ar. The resulting powder was then sieved in 3
steps. The first one removed big particles above 120 μm. Sieving down
to 70 μm and then 20 μm was then carried out. Resulting particles had a

median size of 15 μm. Sheets of pure iron (> 99.99% purity) were
manufactured, starting from the arc-melting of chunks (from Alfa Aesar,
Tewksbury, MA). The resulting ingot was then annealed at 1000°C for
10min and hot-rolled down to a thickness close to 2mm. Fe-22Mn-0.6C
(in wt.%) alloy, known as a TWIP steel (for twinning-induced plasticity
[24] was also tested, as sheet, 1 mm in thickness. This sheet was ob-
tained after hot and cold rolling followed by annealing at 900°C [25].
10 x 10mm samples were then machined from the sheets. Both sides of
the sheet samples were wet-grinded from 320 grit SiC water-proof
paper down to 1 μm diamond paste and then rinsed with 99.8 vol%
absolute ethanol. The sheet specimens were ultrasonically washed in
absolute ethanol for 10min immediately before HO•-generation tests.
Rough square sheet samples were also used for HO•-release assay.

2.2. Spin trapping technique

The ability of the different samples to generate HO• was investigated
by using a target molecule (formate ion) that reacts with HO• leading to
carbon-centered radicals (CO2•–). CO2•– are subsequently trapped by a
spin trap molecule (DMPO) and the stable adduct is detected by elec-
tron paramagnetic resonance spectroscopy. Fe particles (75mg) or
square massive sample (Fe or TWIP steel sheets) were suspended in 1ml
of phosphate buffer (PB, 0.5M, pH 7.4, Sigma-Aldrich, Milan, Italy)
containing sodium formate (1.0 M, Sigma-Aldrich, Milan, Italy) and
DMPO (0.04M, Cayman Chemical Company, Ann Arbor, Michigan).
After 10, 30 and 60min of incubation under continuous stirring, ali-
quots of 50 μl were withdrawn, filtered (cellulose acetate filters, pore
diameter 0.22 μm, Merck Chemicals SA, Tullagreen, Carrigtwohill, Co.
Cork, Ireland) and EPR spectra were recorded at room temperature with
a Miniscope MS 100 EPR spectrometer (Magnettech, Berlin, Germany).
The instrument settings were as follows: modulation 1000mG, scan
range 120 G, center of field approximately 3355 G. Blanks were run in
parallel in the absence of sample. All the measurements were performed
in triplicate.

2.3. Fluorimetric determination of hydroxyl radicals

To confirm EPR results, HO• were measured through the disodium
terephthalate (TA, 99%, Alfa Aesar, Tewksbury, MA) assay. TA reacts
with HO• to form 2-hydroxyterephthalic acid that gives a bright stable
fluorescence. TA was dissolved in 0.01M PBS (pH 7.4) at a final con-
centration of 10mM [26]. Fe particles or square sheet samples were
suspended in TA solution (30mg of powder or 10 x 10mm metal square
sheet/ml) and incubated for 30min at 25°C under continuous stirring.
In some assays, catalase (1000 U/ml, Sigma-Aldrich, St Louis, MO) was
added to the reaction mixture. After incubation, the suspensions were
filtered on cellulose acetate membrane (0.22 μm) and the fluorescence
of the filtrate was measured at =λ nm425em on a SpectraMax i3x Multi-
Mode microplate reader with an excitation light =λ nm324ex .

The role of soluble molecular oxygen (O2) in HO• generation was
verified for both procedures (EPR and TA). In these assays, the aqueous
buffered solution containing DMPO and sodium formate or TA was
deoxygenated by bubbling N2 for 30min before adding samples and
throughout the duration of the tests.

2.4. Cell culture

Cell studies were performed with ECs (Human Umbilical Vein,
HUVECs, and Human Aortic, HAoECs; Cell Application, Sigma-Aldrich,
San Diego, CA) and SMCs (Human Coronary Artery, HCASMCs, and
Human Aortic, HAoSMCs; Cell Application, Sigma-Aldrich, San Diego,
CA) because both cell types are in direct contact with the stent surface
immediately after implantation [19]. ECs were cultured on 0.2% ge-
latin-coated 75-cm2 culture flasks (Corning Incorporated, Corning, NY)
in Endothelial Cell Growth Medium (Cell Application, Sigma-Aldrich,
San Diego, CA) whereas SMCs were grown on 75-cm2 culture flasks
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with Human Smooth Muscle Cell Growth Medium (Cell Application,
Sigma-Aldrich, San Diego, CA); both maintained in a humidified in-
cubator (New Brunswick Galaxy® 170S) containing 5% CO2 at 37°C.
Cells were grown to confluency and harvested by trypsinization. A
maximum of 7 (HUVECs) and 5 (HAoECs, HCASMCs and HAoSMCs)
passages was used to maintain phenotypic cell characteristics. Cells
were also routinely tested for the absence of Mycoplasma infection
(PCR Mycoplasma Test Kit I/RT, PromoKine, Huissen, the Netherlands).

2.5. SMCs differentiation

Proliferative SMCs were cultured for 10 days in a 96-well plate with
a human smooth muscle cell differentiation medium (311D, Sigma-
Aldrich, San Diego, CA). The differentiation to contractile phenotype
was verified by α-actin and calponin mRNA expression (see below).

2.6. Cell viability assays

Particles were heated at 200°C (WTB, Binder® drying oven) during
2 h to sterilize the material and inactivate any possible endotoxin
contamination immediately before cell exposure. The particles were
next suspended in cell culture medium at a stock concentration of 5mg/
ml and diluted to final concentrations in culture medium and vortexed.
Cells were also exposed to corrosion extracts generated after immersion
of increasing concentrations of Fe particles in cell culture medium for
24 h and centrifugation. The concentration of soluble Fe ions was
quantified by inductively coupled plasma - mass spectroscopy (ICP-MS)
after filtration of the suspension (Amicon® 5000 NMWL, Millipore
Corporation, Bedford) (Fig. S2).

Cell viability was assessed with the colorimetric WST-1 assay from
Roche Diagnostics GmbH (Mannheim, Germany) and the luminescent
CellTiter-Glo® 2.0 assay from Promega Corp. (Madison, WI). In the
WST-1 assay, the amount of formazan dye formed is directly related to
the number of metabolically active cells. The assay was carried out as
described in the manufacturer’s instructions. In brief, cells (2.104 ECs or
104 SMCs) were seeded in 96-well transparent plates and exposed the
day after to different concentrations of Fe particles or equivalent ex-
tracts for 24 h. Cells were then washed and incubated in fresh medium
with 10% WST-1 reagent for 2 h. Absorbance was measured at 450 nm,
with 690 nm as reference, in a multiplate reader (Infinite F200,
Tecan®). Results are reported as relative WST-1 activity, where 1.0
corresponds to the absorbance measured in control cultures. The
CellTiter-Glo® 2.0 assay determines the number of viable cells in culture
by quantitating the amount of ATP in metabolically active cells. In
brief, cells were seeded in 96-well white plates and exposed as above.
After 24 h, the CellTiter-Glo® reagent was added and luminescence was
read on a luminometer (Victor™ X4, PerkinElmer®). Results are re-
ported as for WST-1. We verified that Fe, at the dose ranges tested, did
not interfere with the WST-1 and CellTiter-Glo® 2.0 assays (not shown).
Min-U-Sil® 5 (ECs) or Rotenone (SMCs) were used as positive cytotoxic
controls.

2.7. Gene expression experiments

We considered that if oxidative damage is responsible for the cy-
totoxic activity of Fe powder measured at 24 h, oxidative stress should
be detected at an earlier time point. ECs or SMCs were exposed to in-
creasing concentrations of Fe or extracts for 4 h or 6 h with/without
catalase (1000 U/ml) to document the expression of the oxidative stress
response gene heme oxygenase-1 (HO-1). Reverse transcription and
quantitative polymerase chain reaction (RT-PCR) for HO-1 were per-
formed following the protocol supplied by Roche (Mannheim,
Germany). First-strand cDNA synthesis was performed with 13.5 μl of
RNA adjusted to a concentration of 5 ng/μl. RT mix containing reaction
buffer and enzyme mix was added to the samples and incubated at 37°C
during 1 h followed by a step of heat-inactivation at 70°C for 15min.

Amplified DNA fragments from HUVECs exposed to 5 μM of Sodium
(meta)arsenite (Merck, Saint Louis, MO) were purified and quantified
from a 1.5% agarose gel with Nucleospin Extract (Macherey-Nagel,
Düren, Germany) and then serially diluted to serve as standards in real-
time PCR. For the quantitative PCR, samples were diluted 10-fold in
sterile UltraPure® water (Invitrogen), and 5 μl were loaded in 96-well
PCR plates. PCR master mix and PCR primers set were added (total
volume: 20 μl), and PCR was performed in on a StepOnePlus™ Real-
Time PCR System Thermal Cycling Block (Applied Biosystems, Foster
City, CA) following the kit protocol. Sequences of interest were am-
plified using the following forward: 5′ G CAA CAA AGT GCA AGA TTC
TGC 3′ (HO-1); 5′ CC CGT GCT GCT GAC CGG 3′ (β-actin); and reverse
primers: 5′ G CTG TAG GGC TTT ATG CCA TGT 3′ (HO-1); 5′ C GTC
ACC GGA GTC CAT CAC 3′ (β-actin). After amplification, a melting
curve was generated to check that the amplified double-stranded DNA
products are a single discrete species and data analysis was performed
with the StepOne™ Software v2.3 (Applied Biosystems). Results were
calculated as fold increase of HO-1 expression to the expression of the
housekeeping gene β-actin.

For the characterization of the contractile SMCs, the following for-
ward and reverse primer sequences were used: 5′ G ACG AAG CAC AGA
GCA AAA GAG 3′ (FP α-actin); 5′ A GAA CAA GCT GGC CCA GAA GTA
3′ (FP calponin); 5′ A GAG TGG TGC CAG ATC TTT TCC 3′ (RP α-actin);
5′ TT GAG GCC GTC CAT GAA GTT 3′ (RP calponin).

2.8. Blocking hydroxyl radical generation

In order to block HO• generation, in vitro experiments were repeated
in the presence of catalase (1000 U/ml, Sigma-Aldrich, St Louis, MO).
Some experiments were repeated using bovine serum albumin (BSA,
Sigma-Aldrich, St Louis, MO) instead of catalase to exclude a potential
non-specific effect, e.g. by protein adsorption on the particle surface.

2.9. Statistical analysis

Values are presented as means ± standard error of the mean
(S.E.M.) of independent experiments (N) conducted in replicates (n).
The data were analyzed with GraphPad Prism (GraphPad software, La
Jolla, CA) or Origin software (OriginLab Corp., Northampton, MA).
Differences between groups were analyzed by one-way analysis of
variance (ANOVA) followed by a post-hoc Dunnett’s pairwise compar-
ison test or linear trend test. Differences with p value<0.05 were
considered statistically significant.

3. Results

3.1. Corrosion of Fe-based materials generates hydroxyl radicals

First, the formation of HO• during the corrosion of Fe-based mate-
rials was documented by monitoring the formation of carbon-centered
free radicals in the presence of formate anions [27]. The cleavage of the
CeH bond by HO• was detected by spin trapping and quantified by EPR
spectroscopy. Representative EPR spectra of the [DMPO–CO2]•– ad-
ducts indicate that Fe powder (Fig. 1b), Fe square sheet (Fig. 1c) and
TWIP steel square sheet (Fig. 1d) strongly generate HO• in solution. No
signal was detected in the absence of Fe (blank) (Fig. 1a). The strong
activity of Fe-based materials was maintained for up to 60min.

In order to support EPR results, we applied a complementary test
using a different readout, i.e. the capacity of HO• to hydroxylate TA.
Compared to the blank (Fig. 2), all Fe-based samples were able to hy-
droxylate TA, regardless of their weight, form, composition or polishing
(similar results were obtained with rough or 1 μm polished Fe square
sheets, not shown). The specificity of the TA measurement was verified
by adding catalase, which significantly reduced the signal, which is
consistent with the generation of HO• during Fe-based materials cor-
rosion.
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To confirm that dissolved oxygen drives the generation of HO•, spin
trapping and fluorimetric TA measurements were performed in deox-
ygenated solutions. The absence of oxygen completely suppressed the
corrosion mechanism and consequently the generation of HO• (not
shown).

3.2. Direct cellular contact with Fe corrosion induces ECs and SMCs
cytotoxicity

The responses to Fe particles or extracts were compared in cyto-
toxicity assays, hypothesizing that only the direct contact with Fe
particles could capture the cytotoxic activity of HO•. Experiments were
carried out in endothelial (HUVECs and HAoECs) and proliferative
smooth muscle (HCASMCs and HAoSMCs) cells lines using two cyto-
toxicity tests based on different principles (readouts), i.e. mitochondrial
dehydrogenases (colorimetry) and ATP content (luminescence). Both
assays showed that direct contact with Fe significantly and dose-de-
pendently affected the viability of both cell lines after 24 h exposure
(Fig. 3). ECs and SMCs did not show major difference in terms of sen-
sitivity to Fe. In contrast, corrosion extracts did not exert a cytotoxic

activity. In order to exclude a possible non-specific particle effect, we
also exposed ECs and SMCs to a non-corrodible metallic powder.
Stainless steel 316 L did not show any cytotoxic activity in endothelial
cells using particles or extracts (Fig. S3), supporting a specific cytotoxic
activity associated with Fe corrosion.

Since SMCs can show a contractile or a proliferative phenotype,
cells were differentiated in vitro from the proliferative to the contractile
phenotype. Differentiation was characterized by measuring the mRNA
expression of α-actin, a major constituent of the contractile apparatus,
and calponin, a regulator of SM contractility (Fig. S4). Cytotoxicity was
assessed after direct exposure to Fe or corrosion extracts. Direct contact
with Fe, but not corrosion extracts, induced cytotoxicity of a similar
severity than in proliferative SMCs (Fig. 4).

To further support the role of HO• in the response of ECs and pro-
liferative SMCs to Fe corrosion, the oxidative stress response was
documented by monitoring the expression of heme oxygenase-1 (HO-1)
after 4 h or 6 h exposure, i.e. before the occurrence of cytotoxicity. HO-1
transcripts increased dose-dependently after Fe exposure, whereas
corrosion extracts did not induce such a response (Fig. 5). The 316 L
powder did not induce any oxidative stress response in endothelial cells
(Fig. S5).

3.3. HO• released during Fe corrosion affect ECs and SMCs viability and
induce oxidative stress

In order to demonstrate the implication of HO• in the cytotoxicity
and oxidative stress response, we blocked HO• production with cata-
lase. Catalase fully protected cells from the cytotoxicity (Fig. 6) and
oxidative stress (Fig. 7) generated during Fe corrosion. Neither ECs
(Figs. 6 and 7a, b) nor SMCs (Figs. 6 and 7c, d) were affected by Fe
exposure in the presence of catalase, and the expression of HO-1 was
not upregulated in the presence of the enzyme, which is consistent with
the implication of HO• in the cytotoxic and oxidative stress responses to
Fe corrosion. HUVECs directly exposed to Fe in the presence of albumin
instead of catalase showed a dose-dependent cytotoxicity (not shown),
excluding a nonspecific effect of catalase, e.g. by protein adsorption on
the particle surface.

4. Discussion

4.1. Experimental design

To cover a wide range of implanted materials used in medicine and
their different surface reactivity, several samples of Fe-based materials

Fig. 1. Surface driven release of HO• from the corrosion of Fe-based materials. EPR spectra recorded on suspensions of Fe powder (75mg, b), Fe square sheet
(10× 10 x 1.5 mm, c) and TWIP steel square sheet (10×10 x 1.5 mm, d) compared to blank (a) in a sodium formate-buffered solution in the presence of DMPO as
spin-trapping agent at RT. Aliquots of 50 μl of suspension were withdrawn after 10, 30 and 60min of incubation under continuous stirring at room temperature,
filtered and analyzed for EPR spectra. The panel shows a representative spectrum out of at least three determinations.

Fig. 2. Corrosion of Fe-based materials generates HO•. Fluorimetric determi-
nation of HO• released from Fe-based materials using the terephthalate (TA)
assay. Samples were immersed in a buffered (PBS) solution of disodium ter-
ephtalate (10mM) for 30min at RT under continuous stirring. In parallel ex-
periments, catalase (1000 U/ml) was added during incubation. Supernatant was
recovered, filtered and fluorescence was measured (excitation λex= 324 nm,
emission λem= 425 nm). Values are means ± SEM (N=2, n= 3).
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differing in shape, size, surface area, roughness and composition were
tested for their capacity to generate HO•. The surface reactivity of the
metal square sheets was tested from rough to polished state (until 1 μm
with diamond paste). All Fe-based samples examined here, in spite of
their heterogeneity, showed a strong ability to generate HO• in acellular
systems using two complementary techniques (EPR and TA hydro-
xylation assays). Any quantitative comparison of HO• yield among
samples must, however, be carefully considered because samples were
not tested under similar conditions of dose, surface area, geometry and
Fe content.

We selected Fe particles as test material for cell experiments be-
cause, contrary to massive materials, they are compatible with most
cytotoxicity assays, including WST-1 and CellTiter-Glo. They also allow
for varying the dose and visualizing cells. The Fe samples used here are
coated by a film of surface oxide, already formed directly after synthesis
due to contact with atmospheric oxygen [28]. Therefore, although
theseis material is generally referred as zerovalent metallic iron, Fe is
covered by a nanometric layer of surface oxide/hydroxide. HO• gen-
eration is thus a balance between Fe leaching and the Fe surface oxide/
hydroxide layer formation, which are competitively influencing each
other [29]. EPR and TA hydroxylation results confirmed that the tested
materials, despite their surface oxide layer, have a strong potential to
generate HO•. This mechanism is specific to Fe, as confirmed by the
protective role of catalase and by the absence of signal when using the

stainless steel 316 L powder.
The impact of Fe particles and their degradation products were in-

itially tested on ECs lines. These cells are of particular interest for en-
dovascular stent application, as the endothelium is the first layer of
cells in contact with the metallic stent during implantation and it also
plays an important role shortly thereafter during re-endothelialization
[30]. Cell viability and gene expression experiments were also per-
formed on SMCs lines. This cell type may be of significance later in the
healing process, when SMCs with a proliferative phenotype contribute
to neointimal hyperplasia and, if left unchecked, to in-stent restenosis
[31]. Cell viability was also measured on contractile SMCs, which re-
present the normal quiescent phenotype of these cells before the shift to
the proliferative one after vessel injury [32].

4.2. Role of HO• in cytotoxicity and oxidative stress response

We compared here the response of human ECs and SMCs upon in-
direct or direct exposure to Fe particles. The first model assesses the
impact of degradation products (e.g. Fe3+ ions), whereas the second
one captures the effects of surface chemistry (including HO•) along with
degradation products. We showed that only the direct contact between
the Fe material and cells, and not degradation products, caused dele-
terious responses in ECs and SMCs through the HO• release. Indeed,
catalase was able to protect both ECs and SMCs from oxidative stress

Fig. 3. Direct exposure to Fe powder affects ECs and SMCs viability. ECs or SMCs were seeded in 96-well transparent or white plates and exposed the next day to
different concentrations of Fe powder or corrosion extracts for 24 h. Extracts were obtained from culture medium incubated during 24 h with increasing con-
centrations of Fe powder; supernatants were collected and centrifuged before cells exposure. The cells were washed and further incubated in fresh medium with 10%
WST-1 reagent for 2 h. Absorbance was measured at 450 nm, with 690 nm as reference, in a multiplate reader (a: HUVECs; b: HAoECs; c: HCASMCs; d: HAoSMCs).
The white plate was replenished with fresh medium containing the CellTiter-Glo® reagent (ATP) and luminescence was read (e: HUVECs; f: HAoECs; g: HCASMCs; h:
HAoSMCs). Results are reported as relative WST-1 activity or luminescence, where 1.0 corresponds to the value measured in control cultures. Rotenone or Min-U-Sil®
5 were used as positive controls. Values are means ± SEM (N=4, n=4), *p < 0.05 relative to control. The trend analysis included controls.
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and cytotoxicity, demonstrating that the deleterious effects were in-
duced by HO• and not by degradation products (unaffected by catalase).

These data are consistent with the results reported by Fagali et al.
[18] who explored the processes occurring at the Fe-biomaterial/cells
interface and demonstrated that cell viability is not affected by high
concentrations of soluble Fe, but is associated to the formation of in-
soluble products. This work demonstrates that complex events occur
around Fe-based materials in contact with biological media and the
distance between material and cells is crucial to interpret the biological
impact of Fe corrosion. To some extent, these findings could also

explain why a very large number of previous studies on the cyto-
compatibility of Fe or Fe-based implants, based mainly on indirect
contact tests, showed very low alteration of cell viability [12,33–36].
These authors did, however, not provide an explanation for their ob-
servation.

It has already been highlighted that metallic Fe materials undergo
electrochemical corrosion, which releases products of degradation at
the implanted site thus generating ROS, such as HO• formed through
the Fenton reaction with H2O2 [36]. However, little is known about the
biological effects of this oxidant produced by metal degradation on the

Fig. 4. Direct exposure to Fe powder affects contractile SMCs viability. Proliferative SMCs were seeded in 96-well white plates and cultured for 10 days with the
differentiation medium. After differentiation to the contractile phenotype, HAoSMCs (a) or HCASMCs (b) were exposed to different concentrations of Fe powder or
corrosion extracts for 24 h. Extracts were obtained from culture medium incubated during 24 h with increasing concentrations of Fe powder; supernatants were
collected and centrifuged before cell exposure. The cells were washed and further incubated in fresh medium with the CellTiter-Glo® reagent and luminescence was
read. Results are reported as relative luminescence, where 1.0 corresponds to the value measured in control cultures. Rotenone was used as positive control. Values
are means ± SEM (N=2, n=4), *p < 0.05 relative to control. The trend analysis included controls.

Fig. 5. Corrosion of Fe powder induces oxidative stress in ECs and SMCs. ECs (a: HUVECs; b: HAoECs) or SMCs (c: HCASMCs; d: HAoSMCs) were exposed to different
concentrations of Fe powder or corrosion extracts for 4 h (ECs) or 6 h (SMCs). RNA was extracted and reverse transcribed for real-time polymerase chain reactions
(RT-PCR). The numbers of heme oxygenase-1 (HO-1) transcripts were normalized to β-actin amplified from the same sample and are presented as fold increase
compared to control cells. Values are means ± SEM (N=2, n=4), *p < 0.05 relative to control. The trend analysis included controls.
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surrounding tissues. Tsaryk et al. [37] previously showed that en-
dothelial cells might be subjected to ROS formed by electrochemical
processes during Ti-based materials corrosion, but the implication of
HO• produced by biodegradable Fe-based materials had not been in-
vestigated yet. Fagali et al. [18] showed that cells in direct contact with
Fe particles expressed intracellular ROS.

In the present work we show that HO• generated during Fe corrosion
induce oxidative stress in both ECs and SMCs and impair cell viability.
The implication of HO• in the deleterious response of human ECs and
SMCs, in the oxidative stress or cytotoxicity, was confirmed by the
protective role of catalase. It is reasonable to assume that similar phe-
nomena also occur in vivo. Indeed, the local corrosion of Fe implants
releases Fe2+ ions that undergo the Fenton reaction in presence of
H2O2, present in the tissue in response to wounding and inflammation,
or mainly produced at the surface of the materials through the reaction
of ferrous iron with oxygen. This oxidative microenvironment around
the implant can lead to accelerated corrosion of the implant and further
generation of metallic debris and ions [38]. As corrosion persists

through the whole life of the stent, HO• are likely to be continuously
formed at the implant site, progressively worsening the local oxidative
stress already present in the diseased tissue. This mechanism could
influence the success of the implantation and the healing of the sur-
rounding tissues [36]. Information on oxidative stress is missing in the
majority of existing in vivo experiments as investigators mostly looked
at systemic toxicity rather than local toxicity, or they locally evaluated
overt toxicity through histopathology analysis. With the present work,
we provide a better understanding of the chemical and biological me-
chanisms involved in the cellular response to Fe-based implants and all
these aspects should be considered during the development and eva-
luation of new Fe-based materials.

4.3. Strengths and limitations

The present in vitro model is simple but robust to easily assess the
cytocompatibility of Fe-based materials. We demonstrated in vitro a
fundamental mechanism behind Fe corrosion toxicity, and we identified

Fig. 6. HO• released during Fe powder corrosion affect ECs and SMCs viability. ECs (a: HUVECs; b: HAoECs) or SMCs (c: HCASMCs; d: HAoSMCs) were seeded in 96-
well plate and exposed the day after to different concentrations of Fe powder for 24 h in the presence/absence of catalase (1000 U/ml). The cells were then washed
and incubated in fresh medium with 10% WST-1 reagent for 2 h. Absorbance was measured at 450 nm, with 690 nm as reference, in a multiplate reader. Results are
reported as relative WST-1 activity, where 1.0 corresponds to the value measured in untreated control cultures. Min-U-Sil® 5 or rotenone were used as positive
controls. Values are means ± SEM (N=4, n=4), *p < 0.05 relative to control. The trend analysis included controls.

Fig. 7. HO• released from the corrosion of Fe powder induce oxidative stress in ECs and SMCs. ECs (a: HUVECs; b: HAoECs) or SMCs (c: HCASMCs; d: HAoSMCs)
were exposed to different concentrations of Fe powder in the presence/absence of catalase (1000 U/ml) for 4 h (ECs) or 6 h (SMCs). RNA was extracted and reverse
transcribed for real-time polymerase chain reactions (RT-PCR). The numbers of heme oxygenase-1 (HO-1) transcripts were normalized to β-actin amplified from the
same sample and are presented as fold increase compared to untreated cells. Values are means ± SEM (N=2, n= 4), *p < 0.05 relative to control. The trend
analysis included controls.
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the exact nature of the agent that contributes to oxidative stress gen-
erated by Fe degradation using catalase. The work covers different
human cell lines to mimic the different stages occurring during the
artery remodeling from the initial stent implantation to the complete
degradation of the material. This experimental design can be extended
to other transition metals, such as Co, that share redox properties and
Fenton reactivity with Fe.

This study uses healthy human cell lines and this is limiting since a
cardiovascular stent aims to support the healing process of a diseased
tissue. Assessing the impact of Fe corrosion on endothelial and SM cells
from patients with coronary disease or on cells from e.g. ApoE mice
which develop atherosclerosis might deliver more realistic results [39].
However, we can expect that the oxidative stress and toxicity caused by
Fe corrosion would be amplified under these pathological conditions.

5. Conclusion

The mechanisms highlighted here reveal a new aspect of the bio-
degradation of a Fe-based implant and its impact on surrounding tis-
sues. Although several studies have concluded on the cytocompatibility
of Fe-based materials [12,13], the direct interaction between materials
and cells had seldom been explored. The present data indicate that
some of the classical experiments used to evaluate biomaterials toxicity
in vitro, such as exposure to soluble products, are not sufficient to
capture the impact of implanted biodegradable Fe-based materials on
surrounding tissue. The implication of HO• in the oxidative stress re-
sponse and decreased cell viability in both human ECs and SMCs was
confirmed by the protecting role of catalase. In addition, the present
data indicate that oxidative stress might contribute to the toxicity of
biodegradable Fe-based materials and this aspect appears particularly
relevant for an atheromatous tissue already submitted to oxidative
stress [40]. These findings should be considered for the assessment of
the cytocompatibility of biodegradable Fe-based materials.
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