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Abstract: Comprehensive assessments of the cytotoxicity of

nitrided iron, a promising bioabsorbable metallic material,

were conducted using in vitro methods. Extracting and stand-

ing experiments were conducted to determine the factors

influencing the precipitation of the extract during extraction

and incubation. The MTT method, fluorescent staining, and

direct contact method were used to explore the in vitro cyto-

toxicity of nitrided iron stent extracts, nitrided iron foils, and

their bulk corrosion products. The extracting and standing

experiments confirmed that the extraction medium and avail-

able oxygen are crucial for precipitation during the extraction

and incubation processes. In the MTT test, the extract of

nitrided iron stents with a high iron ion concentration

(124.11 6 7.55 lg/mL) was not cytotoxic to L929 fibroblasts.

Thus, the in vitro cytotoxicity of nitrided iron stents was

actually caused by the size effect of corrosion particles and

not the material itself. Test methodology for in vitro cytotox-

icity of biodegradable iron-based materials was analyzed,

and the results demonstrate that multiple methods should be

combined for comprehensive evaluation of the cytocompati-

bility of bioabsorbable iron-based materials to get an impar-

tial conclusion. VC 2014 Wiley Periodicals, Inc. J Biomed Mater Res

Part B: Appl Biomater, 103B: 764–776, 2015.
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INTRODUCTION

For decades, high corrosion resistance has been important
for metallic biomaterials.1–4 Corrosion of these materials has
been recognized to cause inflammation in local tissues and to
decrease the mechanical integrity, thus decreasing the effec-
tiveness of the devices.5 However, recently, biodegradable
metallic biomaterials have also been proposed for specific
applications, including pediatric, orthopedic, and cardiovascu-
lar applications.6–9 One of these applications is bioabsorbable
stents, which are expected to provide the fourth revolution in
cardiovascular interventions following Percutaneous Translu-
minal Coronary Agiography (PTCA), Bare Metal Stent (BMS),
and Drug Eluting Stent (DES) because they have numerous
advantages over permanent stents.10–13 The stent is a foreign
object within the blood vessel, and its permanent presence is
associated with the potential for long-term inflammatory
reactions, progressive neointima development, endothelial
damage, and associated late thrombosis risk.14

Iron-based and magnesium-based alloys have been
under research and development as biodegradable metallic
materials for application in cardiovascular intervention.15–19

In vivo studies have demonstrated that iron stents can be
safely implanted without significant obstruction of the
stented vessel as a result of inflammation, neointimal prolif-
eration, or thrombotic events, but a faster degradation rate
is desirable.20–22 However, many previous studies also
reported in vitro cytotoxicity of iron for endothelial cells
(ECs), smooth muscle cells, and L929 fibroblasts.15,23–27

These previous studies show inconsistency in the in vivo
and in vitro cytocompatibility of iron-based materials.

Iron-based materials are biodegradable and thus differ-
ent from traditional corrosion-resistant biomaterials.
Because the human in vivo environment is complicated, sim-
ple in vitro evaluations of cytocompatibility may produce
biased or false conclusions.28,29 Investigators worldwide
have shown that results from in vitro testing often predict
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failure of biodegradable metals in a biological environment,
although animal models may show an excellent host
response. Future in vitro studies need to carefully consider
the use of multiple test methods because each in vitro
method provides different information.30,31

Given these considerations, the current study deter-
mined the in vitro cytotoxicity of nitrided iron as a biode-
gradable metallic material using multiple test methods and
compared it with the pure iron. Composition, microstruc-
ture, and mechanical properties were characterized for both
pure iron stent and nitrided iron stent for coronary artery
application. Extracting and standing experiments were con-
ducted to determine the factors influencing precipitation
during extraction and incubation. The MTT method was
used to explore the in vitro cytotoxicity of extracts of
nitrided iron stents and pure iron stents. The direct contact
method and fluorescent staining were used to analyze the
cytotoxicity of nitrided iron foils and the bulk corrosion
products of nitrided iron stents. The real purpose of this
study was to conduct test methodology analysis for in vitro
cytotoxicity of iron-based materials, which was meaningful
for impartial assessment of the potential iron-based materi-
als for medical applications.

MATERIALS AND METHODS

Materials
Pure iron stents (U 4.0 mm 3 18 mm) and pure iron foils
(U 10 mm 3 10 mm) were laser-cut from the as-drawn
pure iron tubings (U 1.6 mm 3 wall 0.11 mm) manufac-
tured by Lifetech Scientific (Shenzhen, China). Vacuum
plasma nitriding for 2 h at 500�C with 50 Pa pressure was
applied to obtain the nitrided iron stents and nitrided iron
foils using an in-house-designed vacuum nitriding furnace.
All the stents (U 4.0 mm 3 18 mm) were electrochemically
polished to the designated size (strut 95 lm, wall 75 lm,
weighing �18 mg), and the foils were also polished to
remove the oxide layer. The finished stents and foils after
sterilization were used for the following mechanical, extract-
ing, and cell culture experiments.

Composition and microstructure
Ultimate analysis of the pure iron stents and nitrided iron
stents was conducted. Both stents were embedded in resin,
grinded, mechanically polished, and then eroded for cross-
section microstructure observation using JEOL 6510 scan-
ning electron microscope (SEM; Japan).

Mechanical properties
Vicker’s hardness. A HXD-1000TMC digital microhardness
tester was used to measure the Vickers hardness of the
stents with and without nitriding with a load of 10 g and a
dwelling time of 15 s. After embedding and mechanically
polishing the samples, at least two areas on each of the
randomized four struts were tested to obtain the average
microhardness.

Radial strength and stiffness. Balloon catheter and infla-
tion device were used to expand the pure iron stents and

nitrided iron stents to the nominal size (U 4.0 mm). Radial
strength and stiffness were measured with a compression
rate of 0.1 mm/s using a RX550-100 type radial strength
tester (Machine Solution). We defined the stent radial
strength (kPa) as the strength at 90% of the nominal diame-
ter and stent stiffness (N/mm) as the force needed to pro-
duce unit change in the stent diameter during the radial
compression process. At least five samples were tested in
each stent group.

Extracting and standing experiments
Extraction of the nitrided iron stents and pure iron stents
(with a total surface area of 1.15 cm2, weighing �18 mg)
was conducted according to ISO-10993-12:2007 (Ref. 32)
by using an extraction ratio of 0.2 g/mL (equivalent to
12.6 cm2/mL) in a 37�C water bath for 72 h under 5% CO2.
A blood collection tube was used as the extraction container
because of its good sealing performance. Extracts (2 mL)
were prepared in the blood collection tube with a 5.5-mL
air column left above the samples: extract A was obtained
in 0.9% NaCl with good tube sealing, and extracts B and C
were obtained in DMEM culture medium containing 10%
fetal bovine serum with poor sealing and good sealing,
respectively, as presented in Table I.

Iron ion concentration in extract C was tested using an
atomic absorption spectrometer (SpectrAA240; Agilent Tech-
nologies) for both pure iron stent and nitrided iron stent,
with DMEM culture medium containing 10% fetal bovine
serum as blank (samples were filtered using membrane filter
with 0.22 lm pore size before ion concentration testing).

The filtered nitrided iron stent extract C was also incu-
bated in the wells of a 96-well cell culture plate in a
humidified atmosphere under 5% CO2 at 37�C for 48 h to
observe its precipitation behavior by using an inverted bio-
logical microscope (XDS-200; Caikon Optical Instrument,
China).

Cytotoxicity assessment by the MTT method
Extracts B and C of pure iron stents and nitrided iron stents
were prepared as mentioned in the “Composition and
microstructure” section for cytotoxicity assessment. The
L929 fibroblast cell line was used in this test. After the cells
were incubated with the extract in a humidified atmosphere
under 5% CO2 at 37�C for 24 h, the 96-well cell culture
plates were observed under an optical microscope to deter-
mine the cell morphology. Then, 100 mL of culture medium
and 50 mL of MTT were added to each well. The cells were
incubated with MTT under a 5% CO2 atmosphere at 37�C
for 2 h, and then, the medium was discarded, and 100 mL of
isopropanol was added to each well, followed by shaking of
the culture plates. The absorbance of the samples was
measured by a microplate reader (RT-6000) at 570 nm, and
a reference wavelength of 630 nm was used for cell viability
calculation. During this process, four sample groups were
identified as follows (presented in Table II): B2: extract B
was used for incubation without change of medium during
incubation, but the wells were rinsed with DMEM before
MTT was added; C1: extract C was incubated without
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change of medium or rinse; C2: extract C was incubated with-
out change of medium but with a rinse; and C3: extract C was
incubated with change of medium every 6 h, and the wells
were rinsed with DMEM before MTT was added. DMEM con-
taining 10% fetal bovine serum was used as negative control,
and DMSO was used as a positive control. Staining of dead cells
was also conducted in sample groups C2 and C3 of nitrided
iron stent as well as the negative and positive control groups.

Cytotoxicity assessment for nitrided iron foil by direct
contact
Nitrided iron foils (10 mm 3 10 mm) were half-embedded
in paraffin and corroded in the 0.9% NaCl solution for 24 h;
the paraffin was then removed for epoxyethane sterilization.
After culture in 12-well cell culture plates with 2 mL of
smooth muscle cells (SMCs) or ECs (1 3 105 cells per milli-
liter) under 5% CO2 at 37�C for 72 h, the iron plates were
removed, rinsed with PBS, fixed with glutaraldehyde, dehy-
drated with ethanol, and naturally dried for SEM observa-
tion of cell morphology.

Cytotoxicity assessment for bulk corrosion products by
direct contact
The bulk corrosion products were obtained from extract A
of nitrided iron stent with size ranging from 100 to 2000
lm. Ultrasonic cleaning of these bulk corrosion products
was applied to ensure that the small corrosion particles
(<100 lm) would not adhere to surfaces. The bulk corro-
sion particles derived from nitrided iron stents were cul-
tured with 2 mL of L929 fibroblasts (1 3 105 cells per
milliliter) in 12-well cell culture plates under 5% CO2 at
37�C for 24 h. The bulk corrosion products were removed
for fixation and analysis by using SEM and energy disper-
sive spectroscopy (EDS). In addition, fluorescent staining
(nucleic acid dye for live cells) was also applied to evaluate
cell viability (Leica DM2500).

Statistical analysis
The results were expressed as the mean6 standard devia-
tion. One-way analysis of variance (ANOVA) was conducted
using SPSS11.5 to evaluate the cytotoxicity of extracts of
nitrided iron stents. Statistical significance was defined as
p� 0.05. Student-Newman-Keuls tests (q tests) were per-
formed between the experimental and control groups when
ANOVA showed statistical significance.

RESULTS

Composition and microstructure
The elemental composition of the pure iron and nitrided
iron is shown in Table II. It could be seen that the purity of
Fe in the pure iron stent is over 99.5 wt %. The nitrogen
content in the nitrided iron stent is only 0.074 wt %,
whereas in the pure iron, the base line for nitrogen is 0.011
wt %. Nitrogen in the nitrided iron stent is definitely in an
extremely low content.

Figure 1 shows the microstructure of the pure iron stent
and nitrided iron stent. It could be seen from Figure 1(a)
that the pure iron has very fine grains (several
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micrometers) in the transection and from Figure 1(c) that
the grains are stretched significantly along the longitudinal
axis of the pure iron tubings, resulting from the severe plas-
tic deformation during cold drawing of tubings. After nitrid-
ing, dispersion layer is formed with second-phase particles
(possibly Fe4N or Fe16N2) evenly scattered in the pure iron
matrix as shown in Figure 1(b,d). The size of the iron
nitride particles is below 1 lm.

Mechanical properties
Figure 2 presents the typical radial compression curves of
stents, and the linear area emphasized with gray dash line
indicates recoverable deformation. The calculated radial
strength and stiffness together with Vickers hardness are
shown in Table III. It is obvious that the nitrided iron stent
shows significantly elevated microhardness increased from
HV175.926 6.35 to HV305.256 9.91 (p<0.01), radial
strength increased from 80.526 5.36 kPa to 120.806 6.25
kPa (p<0.01), and stiffness increased from 52.986 3.97
N/mm to 69.896 4.38 N/mm (p< 0.01) because of the uni-
form dispersion of the second-phase particles in the pure
iron matrix after nitriding.

Extracting and standing experiments
According to ISO-10993-12:2007, an acceptable extraction
condition is 37�C for 72 h with an extraction ratio of

0.2 g/mL based on an appropriate consideration of product
use. For nitrided iron stents, Figure 3(a) shows that in a polar
extraction medium (physiological saline), dark black turbid
liquid is obtained after 72 h of extraction, that is, extract A
has numerous black corrosion particles. Comparatively, the
use of DMEM with 10% fetal bovine serum as the extraction
vehicle reduced the formation of corrosion products from the
nitrided iron stent. A few dark yellow corrosion product par-
ticles were observed in the light yellow 72-h extract with bad
sealing (i.e., extract B) as shown in Figure 3(b), whereas the
72-h extract with good sealing (i.e., extract C) was still clear
on macroscopic examination as shown in Figure 3(c).

For cytotoxicity evaluation using the MTT method,
DMEM with serum is preferred for extraction because of its
ability to support cellular growth and to extract both polar
and nonpolar substances according to ISO-10993-5:2009. As
shown in Table IV, the pH of pure iron stent extract C and
nitrided iron stent extract C is 7.446 0.39 and 7.4660.48,
respectively, and that of the blank is 7.396 0.45. The
iron ion concentration in pure iron stent extract C and
nitrided iron stent extract C is 82.96 5.86 and
124.1167.55 lg/mL, respectively, whereas that in the
blank is 2.896 0.72 lg/mL.

As shown in Figure 4, precipitation occurred in nitrided
iron stent extract C when it was incubated in the cell cul-
ture environment for 48 h (i.e., at 37�C in an atmosphere of

TABLE II. Composition (wt %) of Pure Iron and Nitrided Iron Material

Fe N O C Si P S Ni Ti Cu Mn Al Cr

Pure iron stent and
foil

99.70 0.011 0.020 0.0095 0.0144 0.0094 0.0052 0.0041 0.0295 0.0096 0.1210 0.0246 0.0018

Nitrided iron stent
and foil

99.50 0.074 0.016 0.0130 0.0180 0.0097 0.0051 0.0150 0.0280 0.0160 0.1400 0.0400 0.0075

FIGURE 1. Microstructure of (a) pure iron stent and (b) nitrided iron stent transection; and (c) pure iron stent and (d) nitrided iron stent longitudi-

nal section.
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5% CO2) and the particle number increased. In Figure 4(a),
extract C is clear under microscopic examination at the zero
time, whereas Figure 4(b) shows the absence of precipitated
particles after incubation for 6 h. However, a small quantity
of precipitated particles was observed at the bottom after
24 h of incubation presented in Figure 4(c), and many pre-
cipitated particles overspread the entire well bottom after
48 h of standing as shown in Figure 2(d). The precipitated
particles had a size of approximately 2–5 lm, which is
much smaller than L929 fibroblasts.

Cytotoxicity assessment for the extracts of nitrided iron
stent
Figure 5 illustrates the morphology of L929 fibroblasts after
culture for 24 h in nitrided iron stent extracts. The cells in
the negative group showed normal growth and morphology
in Figure 5(a), whereas reduced number and abnormal mor-
phology was observed for the positive control group as
shown in Figure 5(b). It is worth noting that in the negative
group, no apparent precipitation particles were formed after
24 h of incubation with fibroblasts. Apparent apoptosis was
observed in group B2 as shown in Figure 5(c). For both
groups B2 and C1, a thick layer of precipitation particles
was observed only after 24 h of culture, at which time the
fibroblasts were embedded. The precipitation of extract C
incubated with cells was much faster than that of extract C
incubated alone in the cell culture environment. Rinsing
caused fibroblasts to be exposed in group C2 in Figure 5(e);
the fibroblasts were less in number and may have had low

cell activity because they maintained a normal morphology.
This prestudy validation thus demonstrated nearly no pre-
cipitation particles in extract C after 6 h of incubation with
cells; hence, for group C3, a medium change every 6 h was
chosen to prevent the precipitation of particles during the
24 h of culture. Cells in group C3 maintained normal mor-
phology and growth as shown in Figure 5(f).

It is difficult to determine only from morphology obser-
vation whether cells maintaining a normal morphology are
still alive or have high metabolic activity. Trypan Blue works
well in this context as it stains the dead cells. As shown in
Figure 6(a,b), none of the fibroblasts in the negative group
were stained, thus indicating high cell activity, whereas
nearly all of the cells in the positive group were stained
light blue, which indicated that the cells had extremely low
activity or were dead. Most cells in group C2 were stained,
although they maintained normal morphology as indicated
by Figure 6(c). In Figure 6(d), only a few cells were stained.

The MTT method was used to evaluate cytotoxicity after
24-h culture with 72-h extracts of pure iron stents and
nitrided iron stents at a concentration of 100%. As shown
in Figure 7, the viability of cultured cells in groups B2 and
C2 of nitrided iron stent was significantly decreased
(p<0.05) relative to the negative control, which indicates
obvious cytotoxicity. There was no significant difference
among group C3 for both pure iron stent and nitrided iron

TABLE III. Mechanical Performance of Pure Iron Stent and

Nitrided Iron Stent

U 4.0 3 18 mm
Microhardness

(HV0.05)

Radial
Strength

(kPa)

Stent
Stiffness
(N/mm)

Pure iron stents 175.92 6 6.35 80.52 6 5.36 52.98 6 3.97
Nitrided iron

stents
305.25 6 9.91 120.80 6 6.25 69.89 6 4.38

p <0.01 <0.01 <0.01

FIGURE 2. Radial compression curves of pure iron stent and nitrided

iron stent. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

FIGURE 3. (a) Extract A in 0.9% NaCl with good sealing, (b) extract B

with poor sealing, (c) extract C with good sealing, both in

DMEM 1 10% fetal bovine serum of nitrided iron stents. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

TABLE IV. Iron Ion Concentration

Sample
Description pH Value

Iron Ion
Concentration

(lg/mL)

Blank 7.39 6 0.45 2.89 6 0.72
Pure iron stent

extract C
7.446 0.39 82.9 6 5.86

Nitrided iron stent
extract C

7.46 6 0.48 124.11 6 7.55
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stent and the negative group (p> 0.05), which demonstrates
nontoxicity. These findings are in agreement with the results
of cell morphology and Trypan Blue staining. However, the
significant increase (p< 0.05) of the viability of cultured
cells in group C1 of nitrided iron stent was unexpected
because it contradicts the results of cell morphology and
Trypan Blue staining. It should be noted that the only differ-
ence between groups C1 and C2 of nitrided iron stent is
that in group C1, the wells were not rinsed prior to the
addition of MTT.

As shown in Figure 8(a), the insoluble formazan formed
by negative control fibroblasts on treatment with MTT man-

ifested as a purple floccule, which was transformed from
MTT by enzymes in live cells. As shown in Figure 8(b),
when positive group was treated with MTT, there was no
formazan formed. Figure 8(c) illustrated the subgroup C1
treated with MTT. Although no floccule formazan formed
because of few live cells, the aggregated dark purple par-
ticles formed probably from the reaction between MTT and
the precipitates formed during incubation. For a demonstra-
tion that the MTT would react with the precipitates, light
yellow MTT solution was added to the extract C on standing
for 48 h in 96-well cell culture plate, which had numerous
precipitates formed as shown in Figure 4(d). After 2-h

FIGURE 4. Precipitation course of nitrided iron stent extract C on standing for (a) 0 h, (b) 6 h, (c) 24 h, and (d) 48 h. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 5. L929 fibroblast morphology after culture for 24 h: (a) negative and (b) positive control groups; and (c) B2, (d) C1, (e) C2, and (f) C3

sample groups of nitrided iron stents.
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incubation of the 48-h standing extract C with MTT, a dark
purple substance was found on the bottom of the well pre-
sented in Figure 8(d). Subsequently, the supernatant was
discarded, and colorless transparent isopropyl alcohol was
added. Figure 8(e) demonstrates that this dark purple reac-
tion product was dissolved by colorless isopropyl alcohol to
form a purple solution, which added to the absorbance and
resulted in a false conclusion of greatly increased cell
viability.

Cytotoxicity assessment for nitrided iron foil
The cytotoxicity of the nitrided iron foil was evaluated using
the direct contact method according to ISO-10993-5:2009. It
is clear from Figure 9 that both HA-vascular SMCs (VSMCs)
and HUVECs in the noncorroded area maintained normal
morphology and metabolism as shown in Figure 9(a,c). In
the severely corroded area with many corrosion products

(the mean particle size was much smaller than the diameter
of the cultured cells), toxicity in HA-VSMCs and HUVECs is
obvious in Figure 9(b,d), as indicated by the large area con-
taining dead and abnormal cells.

Cytotoxicity assessment for bulk corrosion products of
nitrided iron stents
The EDS linear analysis in Figure 10(a,b) shows that for the
cell-shaped substance, carbon content increased with sharp
reduction in iron and oxygen content, whereas for the
matrix, both iron and oxygen content increased greatly with
decrease in carbon content. This finding demonstrates that
dark spindle-shaped spots are L929 cells and that the
matrix is a compound of iron and oxygen (i.e., it is an iron
corrosion product). The submicron iron nitride particles
should also be mixed in the bulk corrosion products; how-
ever, because of the low particle amount and extremely low
nitrogen content, it is not easy to identify by EDS or SEM.
The L929 fibroblasts, which maintained their normal mor-
phology, covered the entire surface of the bulk corrosion
product. The white small particles on the surface are not
corrosion particles; rather, they represent crystallization or
precipitation from the residual saline solution during
dehydration.

Figure 11(a) shows that after 24-h incubation with the
bulk corrosion products (the yellow material) of nitrided
iron stent, the L929 fibroblasts took on a typical long spin-
dle shape with abundant cytoplasm and visible nucleus; this
morphology was not different from that of normally cul-
tured cells. Although the L929 fibroblasts maintained a vir-
tually normal morphology, further experiments are
necessary to confirm that they are still alive after 24 h of
culture on the surface of the bulk corrosion products. Figure
11(b) shows fluorescent staining using a nucleic acid dye to
identify live cells. Every fluorescent spot in Figure 11(b)
represents a nucleus, thus indicating a cell. The cell density
on the bulk corrosion products was comparable with the
background cell density (i.e., cells growing at the bottom of
the well). Because the cells growing on the bulk corrosion
products and well bottom were not on the same focal plane,
the boundary of the bulk corrosion products could be easily
identified [the corrosion product in Figure 11(b) had a
diameter of �700 lm].

DISCUSSION

Composition, microstructure, and mechanical
performance
In the current work, it has been demonstrated that
extremely low nitrogen alloying into the pure iron stent
could lead to significantly increased mechanical perform-
ance because of the solution strengthening of nitrogen and
dispersion strengthening resulting from the evenly dis-
persed fine iron nitride particles. Stiffness is used to charac-
terize the capability of the components against elastic
deformation. There is pronounced stiffness enhancement of
the nitrided stent, meaning less deformation to ensure the
same radial support. Accordingly, a smaller degree of over-
dilatation could be applied to the nitrided stent to reduce

FIGURE 6. Identification of dead cells by Trypan Blue staining for (a)

negative and (b) positive control groups; and (c) C2 and (d) C3 sample

groups of nitrided iron stents. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

FIGURE 7. L929 fibroblast viability evaluation for 72 h extracts of

nitrided iron stents and pure iron stents (100% concentration) after 24

h of culture.
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the trauma to the vessel wall so as to lower the in-stent
restenosis risk. With high radial strength and hardness,
nitrided iron stent can have smaller strut dimensions (e.g.,
strut width and thickness) to minimize profile of the stent
system so as to improve its flexibility and crossability in
the tortuous and stenosis blood vessel. More importantly,

smaller strut dimensions can shorten the stent degradation
period. In our previous work, nitriding was also demon-
strated to strengthen pure iron by solid solution strengthen-
ing and dispersion strengthening, more importantly, to
accelerate corrosion by introducing microgalvanic corro-
sion33 for peripheral application.

FIGURE 8. (a) Formazan formed on treatment of the negative control group with MTT; (b) observation on treatment of the positive group with

MTT; (c) observation on treatment of sample group C1 of nitrided iron stent with MTT; (d) observation after 2-h incubation of the light yellow

MTT solution with the 48-h standing nitrided iron stent extract C and thereafter discard the supernatant for (e) observation after the addition of

colorless transparent isopropyl alcohol to dissolve the dark purple reaction product on the well bottom. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

FIGURE 9. Morphology of HA-VSMCs (a and b) and HUVECs (c and d) after culture on the surface of nitrided iron foils for 72 h; (a) and (c) non-

corroded area, and (b) and (d) corroded area.
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Cytotoxicity assessment for bioabsorbable nitrided iron
stents
The toxicity of metallic materials is governed mainly by the
toxicity of the component elements and the corrosion prod-
ucts.34 Three different methods for in vitro cytotoxicity eval-
uation are presented in ISO-10993-5:2009, including testing
of extracts (MTT method), the direct contact method, and
the indirect contact method (agar diffusion assay). Most
studies on the cytotoxicity of iron-based materials are based
on MTT data.

Many previous studies indicated that the iron-based
materials had cytotoxicity. The response of human ECs to
various concentrations of ferrous ions was investigated by
Huang et al.23 using the WST-8 assay, who found that lower
iron concentrations (<10 lg/mL) may produce a favorable
effect on the metabolic activity of ECs. Conversely, very high
iron ion concentrations (>50 lg/mL) may be cytotoxic to
ECs. Mueller et al.24 found that ferrous ion concentrations
from 5 to 50 lg/mL had similar effects and arrested smooth
muscle cell growth. Zheng and coworkers25 reported that
nanocrystalline pure iron stimulates the proliferation of

fibroblast cells and promotes endothelialization, while effec-
tively decreasing the viability of VSMCs. This decrease in
VSMC proliferation caused by iron ions was also reported
by Moravej et al.15 and Liu et al.26 In addition, MTT results
obtained by Zhang et al.27 revealed that extracts of pure
iron typically were toxic to mouse bone marrow stem cells
and that the toxicity increased with increases in the iron ion
concentration and incubation time.

However, in the current study, the MTT assay demon-
strated that the corrosion particles (2–5 lm) precipitating
during extraction and incubation processes are significantly
toxic to L929 fibroblasts. When such precipitation is pre-
vented or minimized, extracts with an iron ion concentra-
tion up to 124 lg/mL show no cytotoxicity to L929
fibroblasts. With lower corrosion rate, iron ion concentra-
tion in the extract C of pure iron stent is also lower than
that of the nitrided iron stent; however, there is no signifi-
cant difference of cell viabilities between the two stent
extracts when used for cell culture, both showing nontoxic-
ity. Further experiments were conducted in this study to
identify the reason for the cytotoxicity of precipitated

FIGURE 10. SEM observation and EDS analysis for the bulk corrosion products of nitrided iron stents after 24 h of culture with L929 fibroblasts in

(a) high magnification and (b) low magnification. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 11. (a) Observation of the morphology under biological microscope, and (b) fluorescent staining (live cell staining) for L929 fibroblasts

after culture on the bulk corrosion products of nitrided iron stents for 24 h. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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corrosion particles. Direct contact and fluorescent staining
revealed that L929 cells cultured on the surface of bulk cor-
rosion products (100–2000 lm, i.e., much larger than L929
cells) from nitrided iron stent maintained normal morphol-
ogy and grew healthily. Bulk corrosion products of nitrided
iron stent shall contain both the corrosion products of pure
iron matrix and the remained submicron iron nitride par-
ticles, however, showed no toxicity to the L-929 fibroblasts.

Consequently, this study confirmed that the in vitro cyto-
toxicity of nitrided iron stents is derived from the size effect
of their corrosion products (the corrosion particles of pure
iron matrix mixed with the remained iron nitride particles)
and not from the stent material itself. The corrosion par-
ticles generated from nitrided iron stents during extraction
and incubation were highly toxic to L929 cells, probably
because they precipitated and covered the cells during the
incubation and consequently inhibit the nutrient supply to
the cells or because they were smaller than the cells. Many
other studies have also reported that the cytotoxicity of par-
ticles is mainly caused by a particle size effect and not by
the particle material itself. Kumazawa et al. and Tamura
et al. found that fine Ti particles (1–3 mm) that were smaller
than neutrophils (approximately 5–10 mm) were phagocy-
tized by the neutrophils, with similar results observed in
vivo. These previous studies showed that the cytotoxic effect
of Ti particles is size dependent and that the particles must
be smaller than the cells to cause pronounced cytotoxic-
ity.35,36 Ying and Hwang37 used the A3 human T lymphocyte
as an in vitro model to investigate the dependence of cyto-
toxicity on particle size and the surface coating of iron oxide
nanoparticles; they found that size and surface coating
affect nanotoxicity in biological systems as well and that the
interpretation of the cytotoxicity of nanoparticles can vary
with the mass concentration, total number of particles per
well, and total surface area of particles per well. It has,
therefore, been confirmed in previous studies that particles
that are small enough to be phagocytosed by macrophages
or lymphocytes are more toxic than large agglomerates.

Cytotoxicity testing methodology for bioabsorbable
iron-based materials
Nearly all studies on the in vitro cytotoxicity of iron-based
materials were based on the MTT method and concluded
that iron-based materials show obvious cytotoxicity to ECs,
SMCs, and L929 fibroblasts. Therefore, it is necessary to
more carefully analyze this testing method and its applic-
ability to the cytotoxicity assessment of bioabsorbable iron-
based materials.

Extraction medium and available oxygen. For the MTT
method, the particles that precipitated during the extraction
and incubation process were small enough (2–5 lm) to pro-
duce in vitro cytotoxicity. Hence, it is important to deter-
mine how process factors, that is, the extraction medium
and available oxygen, affect precipitation during extraction
and incubation to minimize precipitation.

Chlorine ions have been found to accelerate the corro-
sion of iron materials.38 Therefore, under the same extrac-

tion conditions, extract A contained numerous corrosion
products, whereas extract C was still clear, that is, precipita-
tion was determined by the medium applied during extrac-
tion. However, DMEM with serum is preferred for extraction
because of its ability to support cellular growth and extract
both polar and nonpolar substances.39 Previous studies
have shown that culture medium with serum provides a
more sensitive evaluation of cytotoxicity.40 The results illus-
trated in Figure 1 also confirm that control of sealing exerts
an effect by modulating the amount of available oxygen, that
is, precipitation is determined by the amount of oxygen
available during extraction. The in vitro cytotoxicity of the
corrosion products of biodegradable materials is becoming
increasingly recognized, and it has been suggested that the
supernatant and degradation products in the extract should
be assessed separately.30 However, by choosing an appropri-
ate extraction medium and sealing to control the amount of
available oxygen, precipitation can be inhibited during the
extraction process. Furthermore, even if a precipitate forms,
filtration can be used to remove it, as filtration is already
often performed when the extracts of biodegradable materi-
als are used in biological evaluations, probably to reduce
the risk of microbial contamination.27,34,41 However, precipi-
tation may still occur during incubation, and such precipita-
tion is typically neglected.

The available oxygen plays an important role in precipi-
tation during incubation because of the two unique charac-
teristics of iron, that is, the significant difference of
solubility product between Fe21 and Fe31 [e.g., at 25�C,
Ksp54.87 3 10217 for Fe(OH)2 and 2.79 3 10239 for
Fe(OH)3; Ref. 42] and the strong tendency for Fe21 to be
transformed to Fe31 in the presence of sufficient available
oxygen because of the reducibility of Fe21. The concentra-
tion of Fe21 and Fe31 is determined only by extract pH, as
indicated in formulae (1) and (2) based on the definition of
the solubility product. A higher pH is associated with a
lower concentration. For a solution with an extremely high
concentration of iron ions, the pH should be rather low, for
example, 3.2 for FeCl2 and 1.7 for FeCl3.

41 If the extract has
a fixed pH, there is a saturation concentration for Fe21 and
Fe31 ions, and once this concentration is exceeded, precipi-
tation occurs. For example, in a 25�C extract (pH5 7.4) in
0.9% NaCl, the saturated concentration for Fe21 and Fe31

ions is 43.22 mg/L and 9.86 3 10215 mg/L, respectively,
which means that once the Fe21 ions are oxidized to Fe31

ions in the presence of sufficient oxygen, precipitation
occurs because of the extremely low saturation concentra-
tion of Fe31 ions. DMEM with 10% serum is a buffer solu-
tion (pH maintained around 7.4) with a complicated
composition. The protein in this solution shall combine
some iron ions, and this might be why the total iron ions
detected in this solution is higher than the saturation con-
centration Fe21 in the saline solution with pH value around
7.4. However, the current study demonstrates that a satura-
tion tendency similar to that described above also occurs in
this medium at 37�C, and the precipitation particles are
likely a compound of iron, oxygen, and other possible ele-
ments. Because cell growth requires a humidified 5% CO2
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atmosphere at 37�C, it is very difficult to control the
amount of oxygen available during incubation. However, it
needs time for Fe21 ions to be transformed to Fe31 ions
(reaction rate), consequently, precipitation might be reduced
to minimum by extract change at a reasonable short interval
before sufficient Fe21 ions transformation.

lg ½CðFe21Þ�5lg Ksp12822pH (1)

lg ½CðFe31Þ�5lg Ksp14223pH: (2)

Furthermore, precipitation during extraction corre-
sponds to precipitation of Fe21 (saturated Fe21 in an
oxygen-deficient environment) or precipitation of Fe31 (sat-
urated Fe31 in an oxygen-abundant environment). When the
former occurs, Fe21 ions in the solution after filtration can
still be detected by devices (e.g., ICP-OES) because of their
high saturation concentration, whereas when the latter
occurs, oxygen will oxidize Fe21 to Fe31, and the extremely
low saturation concentration of Fe31 is below the detection
limit of the device (usually at the ppm or ppb grade). The
inability of Schinhammer et al.41 to detect iron ions in a fil-
tered eluate might have been because of lack of oxygen con-
trol. Hence, oxygen control is critical during both extraction
and cell incubation for the evaluation of cytotoxicity of iron
ions.

Reaction between MTT and precipitation particles. MTT is
reduced to insoluble formazan (a substance with a purple
color) by enzymes in live cells. The formazan is then dis-
solved by colorless isopropyl alcohol to form a purple solu-
tion whose absorbance can be measured. More live cells
(higher viability) produce greater formation of formazan,
which results in a darker purple solution and higher
absorbance. The current study demonstrated that particles
precipitated during the incubation react with MTT to form a
dark purple particle substance that is also dissolved by iso-
propyl alcohol to form a purple solution, which then con-
tributes to the absorbance and produces a false conclusion
of greatly increased cell viability. Similar findings were also
reported by Fischer et al.,43 who found that tetrazolium
salt-based assays, which are widely used in practice, are
influenced by the corrosion products of Mg-based alloys,
that is, corroded Mg converts tetrazolium salts to formazan,
which leads to increased background and inflated results
for cell viability.

Based on the above analysis, when the MTT method is
used for assessing the cytotoxicity of biodegradable materi-
als, the obtained in vitro cytotoxicity findings may get
affected by the following conditions: (1) if the extraction
conditions are not strictly controlled and filtration is not
performed, small particles precipitated during extraction
may produce in vitro cytotoxicity; (2) if the precipitation
during incubation is not effectively minimized, in vitro cyto-
toxicity may occur; and (3) if rinsing is not performed prior
to the addition of MTT or if inappropriate rinsing is per-
formed, the reaction between MTT and the precipitated par-
ticles would artificially increase the observed cell viability.

Therefore, analyses of test method details should be con-
ducted to avoid biased or false conclusions. Moreover, multi-
ple tests should be combined for a comprehensive
cytocompatibility assessment, especially when considering
the size effect of the corrosion particles.

Correlation between in vitro and in vivo findings
With regard to in vivo experiments, our previous study33,44

demonstrated that at 1 month postoperatively, a nearly
intact layer of ECs formed on the vessel in the stented area.
Thus, the nitrided iron stent presented excellent cytocom-
patibility, and consequently, the thrombosis risk was
reduced. Moreover, nearly all other in vivo studies have
demonstrated that iron materials show excellent cytocom-
patibility after implantation.20–22

Various studies have demonstrated the complex nature
of the in vivo environment, which is not easily simulated in
vitro. Previous studies have indicated that the in vivo degra-
dation rate of pure iron is much slower than the in vitro
corrosion rate in simulated blood-like fluids.20 Another
study further demonstrated that the in vivo degradation
rate of iron materials in contact with blood is much slower
than that of iron materials in contact with vessel wall
tissue.45

Although the small corrosion particles obtained in in
vitro tests present cytotoxicity because of their size effect,
the size distribution of particles in vitro tests may not be
the same as that in vivo, which may be why in vivo experi-
ments typically indicate excellent cytocompatibility of bioab-
sorbable iron-based materials. Additionally, other in vivo
factors, such as macrophages, will help in mitigating or
eliminating negative effects of particles on cells and tissue.

CONCLUSIONS

This study evaluated the cytocompatibility of nitrided iron
stents from different perspectives and explored different
test methods. Following are the conclusions drawn:

1. Iron ions in high concentrations (up to 124 mg/mL)
show no in vitro cytotoxicity to L929 fibroblasts at a pH
of �7.4. Nitrided iron foils and bulk corrosion products
of nitrided iron stents were also not toxic to L929 fibro-
blasts. The in vitro cytotoxicity of bioabsorbable nitrided
iron stents is therefore caused by the size effect of the
corrosion products and not by the material itself. Corro-
sion product particles that are smaller than the cultured
cells significantly decrease cell viability. Cytotoxicity of
the extract of the nitrided iron stent shows no significant
difference when compared with that of the pure iron
stent.

2. When the MTT method is used for cytotoxicity assess-
ment of bioabsorbable iron-based materials, precipitation
during extraction and incubation processes and the
resulting reaction of the precipitate with MTT should be
prevented or minimized. Multiple tests should be com-
bined for an overall cytocompatibility assessment for bio-
absorbable iron-based materials.
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3. In vitro cytotoxicity of bioabsorbable iron-based materi-
als is derived from the size effect of corrosion product
particles; however, the corrosion situation and particle
size distribution in vitro may not be the same as that in
vivo. Additionally, in vivo factors such as macrophages
may eliminate negative effects of particles. Therefore, a
comprehensive analysis should be conducted to confirm
the in vivo cytocompatibility of bioabsorbable iron mate-
rials and avoid biased or incorrect conclusions.
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