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Abstract In the last decade, biodegradable metals have
emerged as a topic of interest for particular biomedical
applications which require high strength to bulk ratio, in-
cluding for cardiovascular stents. The advantages of
biodegradable materials are related to the reduction of long
term risks associated with the presence of permanent metal
implants, e.g. chronic inflammation and in-stent restenosis.
From a structural point of view, the analysis of the lit-
erature reveals that iron-based alloys used as temporary
biodegradable stents have several advantages over Mg-
based alloys in terms of ductility and strength. Efforts on
the modification and tunability of iron-based alloys design
and compositions have been mainly focused on controlling
the degradation rate while retaining the mechanical in-
tegrity within a reasonable period. The early pre-clinical
results of many iron-based alloys seem promising for future
implants developments. This review discusses the available
literature focusing mainly on: (i) Fe and Fe-based alloys
design and fabrication techniques; (ii) in vitro and in vivo
performance; (iii) cytotoxicity and cell viability tests.
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1 Introduction

For the past 25 years, the cardiovascular stent technology
has been based on the long-term (permanent) need of stent
function with 316L stainless steel, titanium and cobalt—
chromium alloys as materials of choice. These metallic
materials are widely used in medical implants, owing to
their high strength, biological performance, ductility and
good corrosion resistance [1]. However, permanent (long-
term) implantation of a metallic stent in an artery can lead
to clinical complications such as thrombosis, in-stent
restenosis, prolonged physical irritations, chronic inflam-
mation, and stent fracture. To mitigate or avoid the afore-
mentioned complications, the concept of temporary
biodegradable cardiovascular metal implants was intro-
duced as a way-out to these downsides. The two main
materials used in biodegradable stents are polymers and
metals. In comparison to polymer biodegradable stents
which have demonstrated some limitations such as local
inflammation, radiolucency, limited mechanical perfor-
mance and early recoil post implantation [2, 3], metal
stents are remarkable since they have the potential to
perform similarly to traditional stainless steel metal stents.

So far, two types of biodegradable metal alloys (iron and
magnesium-based alloys) have emerged as a interesting
materials for specific applications which require high strength
to bulk ratio such as in coronary stents. In this context, the
degradation products of both metallic materials are biocom-
patible, partially remaining intact for several months before
completion of vascular healing [4], allowing restoration of
vasoreactivity with the potential of vessel remodeling [5], and
are eventually eliminated from the body. The first clinical
trial to test the feasibility and safety of the magnesium alloy
(WE-43-Biotronik, Berlin, Germany) stent in humans was
performed in 2007 [6].However, the rapid degradation rate of
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Mg and many of its alloys within 2-3 months following im-
plantation [7] may lead to the evolution of hydrogen gas at the
interface between the surrounding tissue and the implant [8—
10]. Therefore, iron-based materials are considered an inter-
esting option for novel biodegradable coronary artery stents
due to their appropriate ductility and strength compared with
their counterparts, magnesium alloys. Moreover, the proper-
ties of Fe alloys could be further enhanced by purposeful
alloying and by applying specific thermo-mechanical treat-
ments [11]. Recently, an alternative approach has been laun-
ched [12, 13] to develop Fe-based materials with improved
degradation behavior and bioactivity for bone implant appli-
cations by incorporating various bioactive bioceramics such
as hydroxyapatite, tricalcium phosphate, biphasic calcium
phosphate and calcium phosphate/chitosan.

This review will comprehensively discuss current sci-
entific literature in the field of biodegradable iron and iron-
based alloys as potential candidates for short-term (tem-
porary) implant/stent applications and for cardiovascular
intervention. Conventionally, a coronary or cardiac stent is
a tiny, expandable tubular scaffold made of medical-grade
and corrosion resistant stainless steel or cobalt—-chromium
alloy designed to open a blood vessel that is blocked by
plaque. Stents can reduce the obstruction at the implanta-
tion site and prevent the narrowing or the lumen shrinkage
after angioplasty procedure that is performed for patients
with cardiovascular disease. The procedure involves in-
serting a medical device, a balloon to open the artery
narrowed by plaque. A tubular mesh stent is usually placed
to help maintain the vessel open (http://www.boston
scientific.com/lifebeat-online). A schematic diagram illus-
trating the process of opening a clogged artery is shown in
Fig. 1.

Iron is distinguished from other metallic materials by its
biodegradable and predominantly non-toxic properties as
well as its radio-opaqueness so that addition of markers to
make the stent visible by fluoroscopy is not required. Iron
is also an essential co-factor for a multitude of enzymes
involved in diverse physiological processes such as oxygen
binding, DNA synthesis and redox enzyme activity [14].
Using a corrodible stent made of iron, Peuster et al. [15]
conducted a 12-month study into the descending aorta of
29 mini-pigs. Despite the death of two animals after the
implantation, the histopathological examination of heart,
lung, spleen, liver, kidney and para-aortic lymphatic nodes
of the remaining 27 mini-pigs demonstrated no signs of
iron overload or iron-related organ toxicity. Figure 2 shows
a typical iron stent investigated by Peuster et al [15].

Similarly; degradable cardiovascular Fe stents (NOR-
I),implanted into the native descending aorta of 16 New
Zealand white rabbits, showed a combination of low throm-
bogenicity and minimal inflammatory response during the
follow up of 618 months [16]. This study was the first of its
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kind to test the feasibility and safety of the iron bio-corrodible
stent without periprocedural complications. Figures 3 and 4
display rabbit aorta with degradable iron stent after 6 and
18 months respectively [16]. It should be pointed out that the
low degradation rate of pure iron in physiological media might
reveal reactions similar to those found in long-term stent ap-
plications and consequently this effect can lead to clinical
problems. Therefore and in order to expedite the degradation
process, new kinds of Fe-based materials with appropriate
properties for medical applications have been developed by
modifying the chemical composition and microstructure.
Based on the work of Hermawan et al. [17] and Schinhammer
et al. [18], an ideal strategy for biodegradable Fe-based alloy
stent should demonstrate a compromise between degradation
and mechanical integrity. It is reported that the most favorable
and suitable stent should maintain its mechanical integrity for
the first 6-12 months but be totally degraded after
12-24 months. This review will mainly focus on concepts and
technology of biodegradable Fe-based structures (stents)
aiming at gaining an overview of the biodegradability, cyto-
toxicity and in vivo/in vitro behavior of Fe and Fe-based
biodegradable materials. The fabrication techniques and
biocompatibility of iron-based alloys with an emphasis on
viability tests and cell proliferation are also reviewed.

2 Alloying elements

Several types of iron-based alloys have been proposed for
cardiovascular stent applications, including pure iron
metal, binary Fe-metal alloys (metal = Mn, Co, Al, W, Sn,
B, C, S, Pd and Pt), Fe-10Mn-1 % Pd [19], Fe-21Mn-
0.7C (labeled TWIP), Fe-21Mn-0.7C-1 % Pd (labeled
TWIP-1Pd) [20], Fe-Mn-Si [21], and Fe-based bulk
metallic glasses (BMG) [22]. Suitable alloying elements
for iron biomaterials must fulfill the requirements of tem-
porary implant applications without neglecting the favor-
able combination of high strength, appropriate corrosion
rate and good biocompatibility. The selection of Mn in the
Fe—Mn alloy system was justified by its essentiality for the
body function of all mammals, even though its excess is
not reported to be toxic in cardiovascular systems [23, 24].
On the basis of this analogy, Fe;oMngSi alloy [21] has been
developed as a biodegradable metal candidate, since ele-
ment Si is found in the human body. On the other hand, the
suitability of the Fe—Pd (Pt) [4] alloys for biodegradable
vascular stents relies on their excellent biocompatibility
and the mismatch of their standard electrode potentials (Pd:
—0.126 V vs. SHE, Pt: 1.2 V vs. SHE) with iron (Fe:
—0.44 V vs. SHE) which can accelerate the degradation of
pure iron (this is of interest, since the corrosion rate of pure
Fe in the biological environment seems to be too slow for
biodegradable implant applications).
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Fig. 1 Schematic diagram
illustrating the process of
opening a clogged artery. / A
catheter is inserted through an
artery in the groin and passed
into the heart where a dye is
released to identify blockages, 2
a balloon inside the stent is
introduced into the blockage, 3
When the balloon is inflated, the
stent expands, 4 the balloon is
deflated and withdrawn, the
stent holds the artery open.
Diagram by Michel Gabra,
inspired from http://www.
joelertola.com/grfx/stent/stent.
html

Catheter

Fig. 2 Photograph of an iron stent in the design of a peripheral Saxx
stent (CR Bard, Tempe, AZ, USA) prior to mounting on the balloon
catheter. After laser-cutting and electropolishing the stent had a strut
thickness and length of 120 pm and 20 mm respectively (Reproduced
with permission of Elsevier from Ref. [15])

3 Materials and manufacturing techniques
for fabrication of iron-based alloys

Casting has marked advantages in the production of com-
plex shapes and it is primarily used in the manufacturing
process of surgical metallic materials including stents.
Melting of metals is always performed under vacuum

Fig. 3 Rabbit aorta with degradable iron stent 6 months after
implantation. The stent struts are lost and iron remnants are visible
as plaques of brownish pigment. The stent strut is seen to be covered
by neointima (N). Accumulation of iron laden macrophages within
the media and adventitia (arrow). Azan stain, original magnification
x 10 (Reproduced with permission of BMJ Publishing Group Ltd
from Ref. [16]) (Color figure online)

condition and the resulting product is subsequently sub-
jected to various forming and thermo-mechanical processes
to achieve the desired shape and mechanical properties
required for the particular application [25-27]. The vacuum
technique in melting operations is not only used to mini-
mize or avoid the formation of inclusions but also to re-
move occluded or dissolved gases from the bulk of

@ Springer


http://www.joelertola.com/grfx/stent/stent.html
http://www.joelertola.com/grfx/stent/stent.html
http://www.joelertola.com/grfx/stent/stent.html

138 Page 4 of 16

J Mater Sci: Mater Med (2015) 26:138

il e .-

Fig. 4 Rabbit aorta with degradable iron stent 18 months after
implantation. A stent strut is seen to be covered by neointima (N) and
along the adventitial side there is moderate infiltration of macro-
phages (arrows) is observed. Haematoxylin and eosin stain, original
magnification x40. (Reproduced with permission of BMJ Publishing
Group Ltd from Ref. [16])

material. With the objective of maximizing reliability and
performance of iron-based alloys for clinical applications,
the metallurgy of the specific alloy should be considered to
achieve the optimum properties (corrosion resistance,
ductility, fatigue and fracture resistance, strength, work-
ability and machinability) for the desired application.
Different fabrication techniques are introduced to
manufacture new kinds of degradable iron-based materials.

3.1 Vacuum induction furnace

The following alloys with the nominal compositions Fe—
10Mn, Fe-10Mn-1 % Pd [19], Fe-21Mn-0.7C (labeled
TWIP), Fe-21Mn-0.7C-1 % Pd (labeled TWIP-1Pd) [20],
and Fe-30Mn-6Si [21] were produced from their raw ele-
ments after melting and casting in a vacuum induction furnace
under argon atmosphere. To ensure homogenization, the in-
gots were encapsulated in quartz tubes under a 215 mbar ar-
gon atmosphere and solution-heat-treated (SHT) for 12 h at
1250 °C, followed by water quenching [19]. Isothermal aging
of the SHT specimens was performed at 375, 400, 425, 450
and 500 °C in air for various durations (up to 11 days), fol-
lowed by quenching in water. However, the cylindrical ingots
(diameter 75 mm), prepared by Schinhammer et al. [20], were
forged at approximately 1000 °C to a diameter of 12 mm
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followed by solution-heat-treatment (sht) for 10 h at 1250 °C
under argon atmosphere and subsequently water-quenched.

Liu et al. [28] prepared six binary iron alloy ingots for
use as coronary stents. They explored the effect of the
alloying elements (Mn, Co, Al, W, B, C and S) on the
biodegradability and biocompatibility of pure iron. The
pure elements were mixed, melted and cast in a vacuum
induction furnace under an argon atmosphere with 97 at.%
iron and 3 at.% alloying element. It is known that the afore-
mentioned elements affect the mechanical and physical
properties of industrial steels.

3.2 Molecular beam epitaxy

Allenstein et al. [29] employed 2 different routes to pro-
duce (i) single crystalline Fe;yPds, thin films of 500 nm
thickness on MgO (001) substrates of size 1 cm? by
molecular beam epitaxy, and (ii) splats of the same com-
position by ultra-rapid quenching of 180 mg Fe;oPdsq as
explained in the references [30, 31]. Splat-quenching of the
alloy Fe;oPd;, was found to be an excellent method to
obtain thin foils in the fcc austenite phase, which show a
martensitic transformation upon cooling. Both vapor-de-
posited single crystalline Fe;oPds thin films and roughness
graded polycrystalline splats of the same stoichiometry
exhibit excellent biocompatibility and bioactivity in con-
tact with different cell types.

3.3 Spark plasma sintering (SPS)

Spark plasma sintering technique was applied to prepare
two composite specimens of Fe—5 % Pd and Fe-5 % Pt [4].
The sintering of pure starting powders (Fe, Pd and Pt) was
carried out under vacuum at 1000 °C for a holding time of
5 min. Others [32] fabricated biodegradable Fe-X com-
posites with typical metal W and nonmetal CNT (carbon
nanotube) as the reinforcement phase by SPS to obtain a
faster degradation rate of iron-based materials by micro-
galvanic corrosion mechanism. The sintering process was
performed under a pressure of 40 MPa at 950 °C for 5 min.
The presence of a suitable second phase in combination
with Fe is beneficial for increasing the strength and the
degradation rate of pure iron for future development of new
degradable metallic stents.

3.4 Arc melting furnace

Three alloy ingots of Fe-based bulk metallic glasses (BMG)
were prepared by melting appropriate atomic percentages of
Fe, Co, Cr, Mo, C, B, Mn, Erand Y, in an arc-melting furnace
with a non-consumable tungsten electrode and water cooled
copper hearth under an ultra-pure argon atmosphere. The
three kinds of alloys are FesCo;Cr;sMo4CisBsY>
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(BMGI), (Fe44CI5CO5M013MH11C16B6)98Y2 (BMGZ), and
Fe43CrisMo4CsBgEr, (BMG3) [22]. The homogenization
of the samples’ composition was performed by remelting
each ingot at least five times. Cylindrical shapes with di-
ameter of 5 mm were obtained by suction casting of the
molten alloys into a coppermold. The corrosion perfor-
mances and cytotoxicity tests demonstrate that Fe based
BMGs might open up a new path for the biomedical appli-
cations, especially in dental implantology.

3.5 Powder Metallurgy (PM)

Powder metallurgy is a simple processing tool to
manufacture reliable and high purity ferrous and non-fer-
rous alloys. This approach has been used to produce Fe-C,
Fe-0.6P, Fe-1.6P, Fe-B and Fe-Ag samples at
1050-1120 °C [33]. Hermawan et al. [34] applied also the
same approach to prepare four Fe—Mn alloys, namely
Fe,oMn, Fe,sMn, Fe;pMn, and Fe;sMn, from high purity
elemental powder. The numbers specified the nominal
weight percentage of manganese. The sintering tem-
perature of the compacted powder mixtures was fixed at
1200 °C for 3 h in a flowing Ar-5 % H, gas mixture. The
obtained products were then cold rolled and re-sintered to
obtain high density material with aligned porosity.

3.6 Electroforming

Electroformed Fe specimens were fabricated in flat form
from an aqueous solution of ferrous chloride—calcium
chloride mixture. Sodium saccharine and sodium dodecyl
sulfate were added to the electrolyte mixture as stress-re-
ducing and anti-pitting agents. Ti6Al4V alloy was selected
as a cathode and Armco® iron sheet was used as a soluble
anode to provide Fe*" ions in the electrolyte. The elec-
trodeposition was carried out at 90 °C for 4.30 h with a
direct current of 2 A dm~? to produce Fe foils with the
lowest surface roughness [35]. The foils were removed
after deposition to be used as separate entities. Electro-
forming produces polycrystalline metals with exceptionally
fine-grain structure with grain sizes much smaller than in
bulk metals produced by other production methods.

3.7 Equal channel angular pressure (ECAP) technique

Nanocrystalline pure iron rods were fabricated from com-
mercial pure iron (>99.8 wt%) by the equal channel an-
gular pressure (ECAP) technique up to eight passes [36]. It
should be noted that Equal channel angular pressing
(ECAP) and high pressure torsion (HPT) are two severe
plastic deformation (SPD) processes that have been intro-
duced by Stolyarov et al. [37] to develop bulk nanocrys-
talline/nanostructured materials. The stronger corrosion

resistance and durable lifespan of the nanocrystalline
eighth pass ECAPed pure iron over the microcrystalline
counterpart fit well as a biodegradable stent material.

4 In vitro and In vivo performance of iron and iron-
based alloys

Since the introduction of stent technology in 1987, a va-
riety of different biodegradable materials have been pro-
posed to construct implants with prolonged and safe
degradation. The concept of a stent that fulfills its main
function and then is consumed and excreted by the body
leaving no trace is in demand. The very low degradation
rate of pure iron in physiological media has urged scientists
to propose various designs of iron alloys for biomedical
applications. The design strategy required to develop Fe-
based alloys for biodegradable stent applications should
maintain three main characteristics: (i) good strength ap-
proaching 316L SS alloy; (ii) biocompatibility (no release
of toxic breakdown products), and (iii) controlled degra-
dation rate within a reasonable period (1-2 years) [38]. For
convenience, the mechanical properties of iron and iron-
based alloys, including yield strength, hardness, ultimate
strength and ductility are listed in Table 1.

4.1 Acellular in vitro behavior

In order to assess the early signs of cell compatibility of im-
plants, in vitro studies should be conducted using both static
(immersion in a cell culture medium) and dynamic (electro-
chemical) tests to evaluate the degradation behavior of the
metallic implant. Hermawan et al. [34, 39, 40] were pioneers
to reporting the influence of alloying elements on the perfor-
mance of biodegradable iron-based materials. They devel-
oped a series of Fe—Mn alloys with the objective to obtain
mechanical properties similar to those of stainless steel 316L
and degradation behavior more suited than that of pure iron.
The four alloys with Mn content ranging between 20 and 35
wt% were shown to exhibit higher corrosion current than that
of pure iron as illustrated in their potentiodynamic polariza-
tion curves, Fig. 5. Based on their corrosion behaviors, su-
perior ductility and relatively low strengths, Fe;opMn and
Fe;sMn showed the best characteristics for biodegradable
stents application.

In the light of the aforementioned study of biodegradable
iron-based alloys, Liu et al. [21] investigated the feasibility
of Fe-Mn-Si alloy as a potential degradable biomaterial.
From an electrochemical point of view the higher corrosion
rate of both Fe;oMngSi and Fe;pMn alloys is attributed to
the presence of e-martensite and y-austenite phases, while
a-ferrite is the single phase of pure iron which is known to
be more corrosion resistant than the two phases [41].
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Table 1 Mechanical properties of iron and iron-based alloys

Materials Yield Ultimate Elongation Hardness HV/10 References

strength, strength, % at

MPa MPa fracture
99.9 % Fe (Armco) 250 300 37.5 85+ 1 [18]
Nanocrystalline Fe:ECAP, 8 passes 470 £ 29 - - (Microhardness = [36]

444 + 31 kgF/mm™2)

Fe (carbon steel, Sht) 700 900 9.5 403 £ 2 [18]
Fe—10Mn (Sht) NA NA NA 428 £ 6 [18]
Fe-10Mn (ht 1)° 800 1400 14 384 £ 5 [18]
Fe-10Mn (ht 2)° 650 1300 14 374 £ 7 [18]
Fe—10Mn-1Pd (Sht)® 950 1500 2 432 £ 8 [18]
Fe—-10Mn-1Pd (ht 1) 900 1550 7 437 £ 3 [18]
Fe-10Mn-1Pd (ht 2) 850 1450 11 376 £ 6 [18]
Fe-20 % Mn 421 £ 27 702 £ 11 75+ 15 230 £ 1 [34]
Fe-25 % Mn 361 £ 33 723 £ 19 48 + 04 200 £ 1 [34]
Fe-30 % Mn 239 £+ 13 518 £ 14 19+ 14 110 £ 1 [34]
Fe-35 % Mn 234 + 7 428 + 7 32+ 0.8 106 £ 2 [34]
Fe-21Mn-0.7C (TWIP)-ReXX 345 £ 10 980 £ 5 62 +4 [20]
TWIP-1Pd(Rexx)* 360 + 4 970 £ 35 64 +3 [20]
TWIP-1Pd CW12* 690 + 35 1120 £+ 25 38+3 [20]
TWIP-1Pd CW12-ht* 505 £ 20 1020 £ 10 53+7 [20]
TWIP-1Pd CW23?* 1095 £ 35 1320 £ 15 29 + 2 [20]
TWIP-1Pd CW23-ht* 725 £ 20 1255 £ 15 38 +2 [20]
Stainless steel (316 L SS) 190 490 40 [34]
Pure iron, annealed plate 150 210 40 119 £ 3 (HV 0.2/10) [34]
Co—Cr alloys (ASTM F90) 310 860 20 [55]
Mg, as cast 20 86 13 [5, 56]
Fe-5 % Pd 445 £ 13 754 £ 20 - 184 £+ 10 (HVO0.2/10) [4]
Fe-5 % Pt 503 £ 22 785 £ 18 - 309 £ 8 (HV0.2/10) [4]
Electroformed iron 360 £ 9 423 + 12 83 +2 [35]
Electroformed iron annealed at 550 °C 270 £ 6 292 + 14 184 + 4 [35]
Electroformed iron annealed at 600 °C 130 £ 7 169 £ 9 3235 [35]
Pure iron annealed at 550 °C 140 £ 10 205 £ 6 255+ 3 [35]
WE43 Mg alloy 162 250 2 [35, 57]
Fe-30Mn-6Si alloy: solution treated 180 450 16 [21]
Fe alloyed by different elements (Mn, Co, Al, 100-220 190-360 12-23 [28]

W, Sn, B, C and S): as cast

Mg and Co—Cr alloys are only cited for comparison purposes

Pure iron (99.8 %), annealed plate, as provided by Goodfellow Corporation, Oakdale, PA, USA

ECAP equal channel angular pressure

* TWIP twinning induced plasticity, Rexx recrystallization, CW subjected to 12 or 23 % cold working, ht annealed for 30 min at 700 °C

° Sht solution heat treated at 1000 °C for 2 h under Argon and subsequently water quenched
¢ ht I aged for 1 h at 500 °C in Air, ht 2 annealed 10 min at 700 °C and then annealed for 10 h at 500 °C

Table 2 summarizes the data of the potentiodynamic
polarization (corrosion current density I...; corrosion

potential E,,) for various iron and iron-based alloys.
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In an effort to accelerate the degradation rate of iron
stents and keeping sufficient mechanical strength to
support the healing process, more complex alloying
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Fig. 5 Polarization curves of pure iron and quenched Fe—Mn samples
containing 20, 25, 30 and 35 wt% Mn. (Reproduced with permission
of John Wiley and Sons from Ref. [34])

compositions containing very small levels of noble metals
(Pd, Pt) may be necessary. These noble metal containing
alloys exhibit good mechanical properties and degradation
behavior as well as good biocompatibility. Huang et al.
[4] report that iron alloyed with 5 wt% Pd or Pt showed
faster corrosion rates than that of as-cast pure iron and
even better than Fe-0.5 wt% CNT and Fe-5 wt% W [32].
Figure 6 displays the corrosion rates calculated from the
weight loss of samples after static or dynamic immersion
in Hank’s solution for 30 days. In addition to galvanic
corrosion, the presence of ferrous oxide in Fe—Pd and Fe-
Pt composites should not be neglected as a reason for
increasing corrosion rate. Moreover, the micro-hardness
of both Fe-Pd and Fe-Pt composites was much higher
than that of pure iron (119 & 3 HV0.2/10) which means
that the addition of Pd or Pt greatly enhanced the strength
of iron matrix.

It has been found [35] that the degradation behavior of
Fe-base alloys depends on the processing technique.
Meanwhile, the degradation rate of Fe-Mn alloys pro-
duced by powder metallurgy had a faster in vitro
degradation compared to the same alloy produced by
casting, as the PM process produces more porosity than
the casting one. Similarly, electroformed iron also
showed a faster in vitro degradation compared to Armco®
Fe fabricated by casting, since the electroformed material
had a much finer microstructure with increased volume of
grain boundaries which are more susceptible to corrosive
attack [42].

On the other hand, other investigators [18] rely on the
controlled modification of the microstructure of iron by
suitable alloying (Mn, Pd) and appropriate heat treatment
parameters. The first alloying element (Mn) makes the Fe
matrix more susceptible to corrosion through the formation
of a solid solution, while the second one (Pd) generates
small and finely dispersed intermetallic phases (IMPs) that
act as cathodic sites towards the Fe matrix, inducing micro-
galvanic corrosion. Compared to the Fe-Mn system or
carbon steel, the results of the EIS measurements in SBF
(Fig. 7) reveal that the newly developed Fe—10Mn-1Pd
alloy in differently aged conditions (ht 1 and ht 2) exhibit
lower polarization resistances [18].

To further explore the degradation performance of Fe-
based alloys, the austenitic Fe—21Mn—0.7C—(1Pd) alloys
designated as TWIP and TWIP-1Pd offer an attractive
combination of degradation rate and mechanical charac-
teristics for biodegradable medical applications [43]. The
plot of the polarization resistance (R;,), which is a measure
of corrosion tendency as a function of the immersion time
reveals clear differences between the alloys (Fig. 8) [43].
The highest polarization resistance was found for the Fe
samples. The TWIP samples show R, values that are lower
by a factor of approximately four. The lowest polarization
resistances were found for the TWIP-1Pd samples.

The light optical image (Fig. 9a) of TWIP-1Pd CW12-
700C sample after immersion for 24 h in SBF shows the
localization of the corrosion attack and nucleation of pits at
the surface. However, The SEM image (Fig. 9b) reveals
the coverage of the entire surface with a thin layer of
degradation products [43].

The degradation mechanism of Fe-based alloys process
and formation of degradation products is schematically
illustrated in Fig. 10, where the released metal ions react
with the hydroxyl-ions to form hydrous ferrous oxide
(FeO-nH,O) or ferrous hydroxide (Fe (OH),) [43]. This
degradation process could be applied for all iron-containing
alloys. Recently, Liu et al. investigated the effects of
alloying elements (Mn, Co, Al, W, Sn, B, C, and S) on
the biodegradability and biocompatibility of pure iron
[28].The results showed that the elements Co, W, C, and S
are suitable as alloying elements for iron-based biomaterials
based on a comprehensive consideration of the improved
mechanical properties, appropriate corrosion rates and good
biocompatibility. With the aim to increasing the degradation
rate of iron, an electroforming process was applied to fab-
ricate pure iron for degradable stents [42].The newly formed
Fe was more prone to degradation because of the fine grains
and microstructural defects, which resulted in the release of
a higher quantity of Fe*™. The corrosion mechanism of
electroformed iron appeared to be uniform as no localized
attack was observed after the degradation testing.
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Table 2 Potentiodynamic polarization results of pure Fe and iron-based alloys

Materials icorr (uAcmfz) Corrosion potential (mV) Media References
Electroformed iron (E-Fe) 734 £ 4.2 —824 + 18 Hank’s solution [35]
(E-Fe) annealed 443 £58 =776 + 20 Hank’s solution [35]
CTT-Fe annealed 14+£1.3 —732 £ 16 Hank’s solution [35]
Pure iron 8.961 —748 Hank’s solution [34]
Nanocrystalline Fe:ECAP, 8 passes 1.66 £ 0.09 600 £ 8 Hank’s solution [36]
Fe—Mn (as cast) 9.003 —711 Hank’s solution [28]
Fe—Co (as cast) 10.966 —713 Hank’s solution [28]
Fe—Al (as cast) 9.538 —704 Hank’s solution [28]
Fe—C (as cast) 15.964 —680 Hank’s solution [28]
Fe-W (as cast) 12.89 —-717 Hank’s solution [28]
Fe-B (as cast) 14.962 —698 Hank’s solution [28]
Fe—20Mn (Quenched) 113 £ 4 ~ 680 Hank’s solution [34]
Fe-25Mn (Quenched) 91 £ 4 - Hank’s solution [34]
Fe—30Mn(Quenched) 56 £ 5 - Hank’s solution [34]
Fe-35Mn (Quenched) 37 +4 ~740 Hank’s solution [34]
Fe-30Mn-6Si (solution treated) 24.69 —830 Hank’s solution [21]
As cast pure iron 0.652 —387 Hank’s solution [32]
Pure iron by SPS 1.368 —400 Hank’s solution [32]
Fe-5 % Pd 1.550 4+ 0.120 —471 £ 10 Hank’s solution [4]
Fe-5 % Pt 6.698 + 0.370 —545 + 8 Hank’s solution [4]
Fe-2 % W 6.392 —643 Hank’s solution [32]
Fe-5 % W 12.05 —556 Hank’s solution [32]
Fe-0.5 % CNT 8.397 —631 Hank’s solution [32]
Fe-1 % CNT 9.636 —667 Hank’s solution [32]
316L SS 0.454 £ 0.070 —260 + 0.03 Hank’s solution [22]
0.176 £ 0.041 —230 + 0.02 Artificial saliva solution [22]
BMG 1 0.234 £+ 0.053 —270 £ 0.01 Hank’s solution [22]
0.048 £ 0.016 —320 £ 0.02 Artificial saliva solution [22]
BMG 2 0.288 £ 0.119 —230 £ 0.03 Hank’s solution [22]
0.071 £ 0.039 —290 + 0.04 Artificial saliva solution [22]
BMG3 0.09 £ 0.017 —300 £ 0.07 Hank’s solution [22]
0.003 £ 0.001 —250 £ 0.02 Artificial saliva solution [22]

CTT-Fe pure iron made by casting and thermo mechanical treatment, ECAP equal channel angular pressure

The comparison between the degradation/corrosion rate
of various iron and iron alloys in Hanks and SBF solution
is presented in Fig. 11. It is clearly shown that the Fe—-Mn
alloy family in addition to E-Fe and Fe—5 % Pt possess the
highest degradation rate. The degradation rate was calcu-
lated based on the weight loss of specimens according to
the following equation [44]:

DR = 8.76 x10*W /A t.p

where DR is the degradation rate in mm year ', W is
weight loss (g), A is area (cmz), t is time of exposure (h),
and p is the material density (g/cm?).

@ Springer

4.2 In-vivo behavior

During the last 15 years, at least four in vivo studies on
metallic Fe and Fe-based alloys implants were published.
These important studies have become an urgent topic in the
field cardiovascular and osteosynthesis applications. In the
study discussed above, for example, Peuster et al. [16]
demonstrated, with an extended angiographic follow-up of
18 months, that the presence of a degradable iron stent in the
descending aorta of rabbits does not seem to be associated
with inflammation, neointimal proliferation, or thrombotic
events during the follow-up period. In fact, histopathological
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Fig. 6 Corrosion rates calculated from the weight loss of samples
after static or dynamic immersion in Hank’s solution for 1 month.
(Reproduced with permission of Elsevier from Ref. [4])
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Fig. 7 Bode plots displaying the impedance (solid symbols) and
phase shift values (open symbols) of Fe (sht), Fe—10Mn (ht 2) and Fe—
10Mn-1Pd after two different heat treatments (ht 1 and ht 2).
(Reproduced with permission of Elsevier from Ref. [18])

and macroscopic evaluation of the animals’ organs did not
reveal any system toxicity. The degradation of iron struts,
visible by loss of distinct border lines, appeared as coarse
granular brownish material located in the intima and pre-
dominantly in the media of the aorta as previously shown in
Figs. 3 and 4. Following on from this, the intervention of iron
stent into the native descending aorta of 29 mini-pigs with
a follow-up of up to 12 months [15] showed no signs of
iron overload or toxicity effect on the main organs of the
pigs after histopathology analysis. Others [45] confirmed
the safety and feasibility of biocorrodible iron stent for
short-term implantation in porcine coronary arteries, where
iron stents started after 28 days to show signs of degra-
dation without evidence of stent particle embolization or
thrombosis. Recently, Kraus et al. [46] assessed the in vivo

10°

—o—Fe

—A—TWIP rexx
—@—TWIP-1Pd CW23-700C
—E—TWIP-1Pd CW12-700C

Rp (Q-cm
7
P

Time (h)

Fig. 8 Polarization resistance R, of the degradation products as a
function of immersion time in SBF solution. Fe samples exhibits the
highest R;,, which is lower for TWIP and lowest for the TWIP-1Pd
samples. (Reproduced with permission of Elsevier from Ref. [43])

degradation behavior of pure iron and two Fe-based alloys
(Fe-10Mn-1Pd and Fe-21Mn-0.7C-1Pd) in a growing rat
skeleton, where pins were transcortically implanted into
the femur and monitored over a period of 1 year. No signs
of local toxicity or abnormal clinical observations were
noticed. The good integration of implants into the bone as
well as the detection of both P and Ca on the outer layer of
the degradation products is a good sign of their biocon-
ductivity. Moreover, and in the light of the slightly higher
degradation rates of the two Fe-based alloys in comparison
to Fe, it was suggested that the degradation of Fe-based
implants is determined mainly by in vivo conditions pre-
sent in the implantation site, rather than by the composi-
tion of the material. However, the in vivo application of
these alloys has not been reported in a cardiovascular
context.

5 Cytotoxicity

Cytotoxicity assays are widely used to determine the
response of cells to toxic substances. Various biocom-
patibility tests must be accomplished prior to the approval
of alloy implants for in vivo studies. These tests have been
often performed using MG63 osteosarcoma cells, mouse
fibroblasts 3T3 and L-929 [14, 28, 36, 42, 47, 48], as well
as primary cells (human umbilical vein endothelial cells
(HUVECS) and mouse bone marrow stem cells. In this line,
Hermawan et al. [47] stated that the relative metabolic
activity of 3T3 fibroblast cells at a fixed concentration of
0.5 mg ml~" in the presence of 316L SS, iron and Fe;sMn
alloy were significantly higher than those of manganese

@ Springer
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Fig. 9 Optical microscopy
image of alloy TWIP-1Pd
CW12-700C after 24 h in SBF.
The surface depicts localized
degradation. b The SEM image
reveals the coverage of the
entire sample with a layer of
degradation products.
(Reproduced with permission of
Elsevier from Ref. [43])
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Fig. 10 Tllustration showing schematically the degradation process
and the formation of degradation products for TWIP-1Pd alloys.
(Reproduced with permission of Elsevier from Ref. [43])

and the mixture of iron and manganese powders. However,
the inhibition effect to 3T3 fibroblast cells metabolic ac-
tivities increase as the concentration of the alloys in cel-
lular medium increases.

It is a well-known [49] fact that pure Fe possesses good
cytocompatibility [42] and excellent hemocompatibility
[36]. However, the alloying elements such as C, Mn and Pd
not only enhance the degradation rate of Fe-based alloys,
but also decrease their cytocompatibility which might be
due to the increased release rate of metal ions [21, 28, 47].
In vitro cytotoxicity tests using human umbilical vein
endothelial cells (HUVECs) have revealed acceptable

@ Springer

cytocompatibility based on the Fe-Mn-C (-Pd) TWIP
alloys’eluates. The analysis revealed that Fe is pre-
dominantly bound in insoluble degradation products,
whereas a considerable amount of Mn is in solution [49]. It
was shown that Mn is the determining factor of the alloy$
cytocompatibility. Wang et al. [22] investigated the indi-
rect cytotoxicity of iron-based bulk metallic glasses as a
new path for biomedical applications especially in dental
implants. The results of MTT assay using L1929 and
NIH3T3 cells grown in Fe-based BMGs and 316L SS ex-
tracts after cell culture for 1, 2 and 4 days were quite
similar and have no adverse effects on cell viability, pro-
liferation and morphology were reported. The Fe-based
BMG extract group maintained the cell viability at about
100 % during the whole incubation period. However, the
cells cultured with BMG2 extract showed relatively lower
values than the others except for 4-day culture. The L929
cell morphologies of Fe-based BMGs, Fig. 12, confirmed
the rapid increase of cell number during the 4-day culture
period for all groups [22].

Zhu et al. [14] investigated the response of human ECs
to various concentrations of ferrous ions using WST-8
assay. They reported that the metabolic activity of ECs
decreased at iron ion concentration >50 pg/ml regardless
of incubation time. However, the presence of low iron
concentration (<10 pg/ml) was seen to enhance the
metabolic activity of ECs. In the same context [50], the
response of human umbilical venous smooth muscle cells
(SMCs) to an excess of ferrous ions has been assessed in a
cell culture model at the phenotypic and at the molecular
level. The results have led to a suggestion that high ferrous
ion concentrations released from iron stents could reduce
restenosis by reducing excessive vascular cell proliferation.
It was also found that the gene expression level was higher
for the key cell cycle regulator p53 as well as for choles-
terol synthetic enzymes. This finding could be a sign of
future interest to optimize the performance of iron stents,
such as the application of iron chelators or inhibitors of
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cholesterol synthesis. p53 is a tumor suppressor protein that
is induced by various cellular stress conditions, such as
ionizing radiation or DNA damage [51].

In a biomechanical study to investigate the effect of al-
loying elements on biodegradability and biocompatibility of
iron for biodegradable stents, Liu et al. [28] showed the
insignificant cytotoxicity of the pure iron and Fe-X binary
alloy extracts to ECV304 endothelial cells, except for the
Fe—-Mn alloy. Moreover, their extracts decreased the
viabilities of 1.929 murine fibrosarcoma cells and vascular
smooth muscle cells (VSMC) compared to 316L SS.
Similar to the previously cited study, the same investigators
assessed Fe3gMngSi as a potential biodegradable material
for stents in terms of its mechanical properties, degradation,
cytotoxicity and hemolysis in comparison with pure iron
and Fe3;oMn alloy [21]. This new shape memory iron-based
alloy inhibits the metabolic activity of human endothelial
cells (ECV304) and rodents VSMC to a higher extent
compared to pure iron. Moreover, the alloy was considered
to be non-hemolytic according to ASTM-F756-08 [28] as
the hemolysis percentage was less than 2 %. Other authors
[35, 42] used electroformed iron (E-Fe) as a structural
material for biodegradable cardiovascular stent application.
E-Fe showed no inhibition of the metabolic activity of
primary rat SMCs compared to 316L SS and Armco® iron.
However, cell counting showed a significant decrease in
cell proliferation during the incubation periods for all three
iron materials in comparison to 316L SS, which is primarily

Il Hank's solution
I sBF solution

caused by the increased release of Fe*" ions resulting from
the rapid corrosion of iron, Fig. 13, [42].

In a cellular response study in which murine fibroblast
cells (L-929), vascular smooth muscle cells (VSMCs) and
human umbilical vein endothelia cells (ECV304) were
adopted, Nie et al. [36] demonstrated that nanocrystalline
pure iron, fabricated by the equal channel angular pressure
(ECAP) technique up to eight passes, stimulated the pro-
liferation of fibroblast cells more effectively and enhanced
the preferable promotion of endothelialization while in-
hibiting the viability of VSMSc. Because of its good bio-
compatibility, nano-crystalline iron could be used as a
novel candidate for future body implants. Figures 14 and
15 show the cell viability and morphologies after direct
culture on top of the zeroth, second, fourth and eighth pass
ECAPed Fe plate samples [36].

Other authors [52] explored the potential of Caveolin-1
(cavl) protein to become a biomarker for cytotoxicity after
exposure to degradable metallic elements. The exposure of
3T3 mouse fibroblasts and smooth muscle cells, which
have high levels of caveolins, to either ferrous and man-
ganese ions at moderately toxic concentrations for 24 or
48 h, leads to a higher reduction of caveolins particularly
in the case of manganese.

In a more recent study, Allenstein et al. [29] introduced
a novel ferromagnetic shape memory alloy, Fe;o—Pd;, as a
highly promising new class of materials for medical ap-
plications, including tissue regeneration, implants, stents,
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Fig. 12 Morphologies of L929
cells cultured for 1, 2, and 4
days in Fe based BMGs and 316
L SS specimen extraction media
(Phase contrast microscopy).
The negative group corresponds
to 100 % viable cells.
(Reproduced with permission of
Elsevier from Ref. [22])

Negative

316LSS |y

as well as drug delivery systems. The results of prolif-
eration, morphology and adhesion of fibroblast (NIH/3T3)
and epithelial cell lines (MCF-10A), as well as primary
osteoblast cells (HOB) cultured on Fe,;oPd;y thin films,
demonstrated excellent biocompatibility and bioactivity
features of the alloy with respect to the controls. Figure 16
shows the quantitative growth behavior of MCF-10A cells
on Fe-Pd compared with that on standard plastic culture
dish. It should be noted that the proliferation was modeled
by an exponential increase in cellular density over time:

¢ (t) = coexpt, where c, is the initial concentration, t
the culture time, and k the proliferation rate [29].
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It was found from the inset of the afore mentioned
figure that human osteoblasts (HOB) proliferate at a rate
of 0.54 + 0.04 day™' on plastic and 0.59 & 0.04 day '
on Fe;oPds, substrates, while epithelial cells (MCF-10A)
e-fold 0.67 + 0.05 times day~' on plastic and 0.58 +
0.04 times day~' on Fe—Pd. Previous results of biocom-
patibility tests in the presence of SBF [53] showed the
formation of apatite-like structures on Fe—Pd and unde-
tectable amounts of palladium, while 0.026 mg/l of iron
release was measured after 65 h, and this value matches
the tolerable dose set at 45 mg/day by the Food and
Nutrition Board, Institute of Medicine, USA [54].
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Fig. 14 Cell proliferation on pure iron samples (ECAPed) cultured
with a L-929; b VSMC and ¢ ECV304. Negative controls of DMEM-
cultured cells and positive controls of DMSO-added cells were

6 Conclusions

This review has discussed the application of Fe and Fe-
alloys in the cardiovascular field. The development of
temporary biodegradable metallic implants in surgery and
cardiovascular device applications as well as for tracheal
stents and treatment of aneurisms, constitutes an active
and challenging research domain in biomedicine. Metallic
implants based on iron alloys combine strength, low
corrosion resistance and an acceptable biocompatibility,
which attract interest and promote research on these
materials looking for expanding their application for op-
timal patient comfort. Because of their favorable biolo-
gical performance and suitable interaction with the
surrounding tissue, implants/stents made of iron-based
materials may degrade slowly while retaining their me-
chanical integrity long enough to prevent early recoil. The
analysis of the literature shows that the potentiality of
these materials is attributed to the reduction of side ef-
fects such as chronic inflammation and in-stent restenosis,
which are normally associated with permanent implants.

Time in culture(Day)

Time in culture(Day)

considered. (Reproduced with permission of IOP and corresponding
author from Ref. [36])

Fundamental investigations on alloying designs should be
continued to develop metallic stents with appropriate and
safe degradation. Understanding the metallurgy of the
specific material would obviously help to achieve final
microstructures designed to produce the optimum prop-
erties and ensure safe and long-term controlled degrada-
tion when implanted in the human body. It is evident
from the available literature that the performance of these
alloys is highly dependent on their degradation behavior
and possible cytotoxic effects of the released ions have
been identified.

An ideal biodegradable implant for cardiovascular ap-
plications should feature the favorable combination of
high strength and ductility with a pronounced strain
hardening. The achievement of the above objectives
should lead to the production of high performance and
reliable biodegradable iron-based alloys with medically
interesting properties which could enable also various
applications in the orthopedics and other surgical fields as
well as regenerative medicine in addition to cardiovas-
cular devices.
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Fig. 15 SEM images showing cell attachment morphologies for
different cell lines (a—d for L-929, e-h for VSMCs and i-l for ECs)
on different samples (a, e, i for zeroth pass ECAPed Fe; b, f, j for

1.0 * W cuiture dish ||
60 3 FePd -
AN B
HE N A | |
s . /
. é

mouse human human
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normalized cell density (arb. units)

0 48 96 144 192
time (h)

Fig. 16 Growth behavior of MCF-10A epithelial cells (exponential)
on Fe-Pd (gray) compared with control experiments on cell culture
plastic (black). Inset: proliferation rates for NIH/3T3, HOB and MCF-
10A cells on plastic and uncoated Fe—Pd thin films. (Reproduced with
permission of Elsevier from Ref. [29]) (Color figure online)

@ Springer

second pass ECAPed Fe; ¢, g, k for fourth pass ECAPed Fe; d, h, 1 for
eighth pass ECAPed Fe). (Reproduced with permission of IOP and
corresponding author from Ref. [36])
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