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Perhaps the greatest challenge facing developers
of SMA applications is not the discovery of new
alloys, but rather the realization of how to take

full advantage of an alloy already at hand.
http://www.devicelink.com/mddi/archive/98/03/005.html
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Developments of Biodegradable Fe-
Based Alloys for Coronary Stents
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Introduction

Coronary stent implantation
IS an invasive procedure
performed to reduce
blockages in coronary
arteries.
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Introduction

The characteristics of an ideal stent

&

Low profile I

Good expandability ratio I

Sufficient radial hoop strength and negligible recoil I
Sufficient flexibility I

Adequate radiopacity/magnetic resonance imaging (MRI) compatibility I
Thromboresistivity I

Drug delivery capacity I

MD
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Introduction /

Commonly used
metallic stents
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Introduction
Disadvantages of
Inert metals )
f A

MOSt |r_nplants used Unexpected side
in medical

S effects are caused
applications serve a
temporary purpose by long-term

porary purp reactions

\- \_ Y,

Recently metals used for making biodegradable coronary stents include:
"1 Magnesium alloys
" Pureiron

MD
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Introduction

Disadvantages of magnesium alloys:

*1 poor mechanical properties: low elastic modulus and ductility

71 low corrosion resistance: loosing mechanical integrity before the tissue
has sufficiently healed

Remoadelling period

100 100
-
g 5
£ 50t 150 &
:
& &
£ (]
Q
Q
=

0

0
24
Implantation time (month)

[llustration of an ideal compromise between mechanical integrity and degradation
of a biodegradable stent

H. Hermawan et al. Acta Biomateialia. 2010.5, 5(6):1693-1697
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Introduction

1Iron is essential to human life. The slow degradation rate
and the small amount of Fe in a coronary stent compared
with the high Fe-load of blood results in a relatively unlike
systemic toxicity.

1The mechanical properties of pure iron are closer to those
of 316LLSS and excellent for stent application.

1Preliminary in vivo studies have validated the good
biocompatibility of iron and shown the potential of iron
for degradable application.

£BMD
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In vivo study of pure iron
(animal testing)
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Investigation of pure iron

™1 The study was performed to test whether corrodible iron stents (> 99.8% iron)
may safely be used for endovascular stenting of the descending aorta with
minimal inflammatory response and low thrombogenicity.

™7 Corrodible iron stents were produced from pure iron and laser cut with a stent
design similar to a commercially available permanent stent. The stents were
Implanted into the native descending aorta of New Zealand white rabbits.

Lateral angiography of the stented descending aorta (A) six months, (B) 12 months, and (C) 18 months
after implantation. There is complete patency of the vessel. (Arrows indicate stent implantation site.)

Peuster M, et al., Heart, 2001, 86:563-569
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Investigation of pure iron

1Macroscopic evaluation of the stented
vessel specimen found a continuously
smooth and intact endothelial surface
without evidence of thrombus formations
or significant narrowing of the stented
artery in any of the animals. The surface of
the cut stent struts was brown to black.
The vascular wall adjacent to the stent also
had a brownish tinge.

1At the junctions of the stent struts, there

was pronounced accumulation of Rabbit aorta with degradable iron stent
degradation products, which led to a slight 2™ ®er impnaton
elevation of the vessel wall and a focal

brownish discolouration of the intima.

ABMD

¥ Laboratory of Biomedical Materials and Devices

Peuster M, et al., Heart, 2001, 86:563-569
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Investigation of pure iron

=

M Degradable iron stents can be safely
iImplanted  without  significant
obstruction of the stented vessel
caused by inflammation, neointimal
proliferation, or thrombotic events.

Rabbit aorta with degradable iron stent 18 months after
implantation showing a stent strut covered by neointima
(N); media and internal elastic membrane destroyed
adjacent to the stent strut.

MD

Laboratory of Biomedical Materials and Devices

Rabbit aorta with degradable iron stent
18 months after implantation.A stent
strut is covered by neointima (N); along
the adventitial side there is moderate
infiltration of macrophages (arrows)

Peuster M, et al., Heart, 2001, 86:563-569

http:/7/lbmd.coe.pku.edu.cn
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Investigation of pure iron

1The amount of pure iron implanted with a single iron (99.8%)
stent (41 mg) equals the monthly oral intake of iron: it is less
than the recommended daily dose of intravenous iron dextran
(45 ekt )and much less than the amount of iron transfused
with one unit of blood (200-250 mg)

1Since degradation rates in vivo were found to be slower
than expected in vitro, future research has to focus on the
Kinetics of in vivo corrosion and its modification either by

using an iron based alloy or by modifying the surface and
structure of the stent to achieve a faster degradation

Peuster M, et al., Heart, 2001, 86:563-569
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Investigation of pure iron

1 lron stents and cobalt chromium stents
were randomly deployed in the
coronary arteries of juvenile domestic
pigs. Animals were sacrificed at 28
days, and the vessels were fixed and
processed for histochemistry.

1 Lower kilo-voltage radiographs taken at
28 days showed that continuity of the
stent struts in the iron stent was
distorted as compared to that of the Co-
Cr stent.

Cobalt-Chroium

Representative X-ray photograph of iron and cobalt
chromium stents 28 days after implantation in
porcine coronary arteries.

ABMD
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Ron Waksman, M.D., et al., Journal of Interventional Cardiology, 2008, 21(1):15-20
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Investigation of pure iron

"1 At 28 days, iron stents started to
show signs of degradation without
evidence of stent particle
embolization or thrombosis without
traces of excess inflammation, or
fibrin deposition. The surface of the
iron stent struts was black to brown
and the vascular wall adjacent to the
iron stent had a brownish tinge.
There were no statistically significant
differences in any of the measured

parameters between segments _ k{
implanted with iron and cobalt T - Cobalt-Chromium

chromium stents. There were also no _ _ o
g f in th i Representative photomicrographs of hematoxylin eosin—
aaverse efrects In the persistent areas. stained sections of porcine coronary arteries 28 days

after iron stent and cobalt chromium stent implantation.

Ron Waksman, M.D., et al., Journal of Interventional Cardiology, 2008, 21(1):15-20
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Investigation of pure iroM

"1 The corrosive stents produced
from pure (99.5 mass%) iron
In a peripheral stent design
(expanded stent diameter: 6-
12 mm) were implanted into
the native descending aorta of
29 minipigs with a follow-up
of up to 12 months.
Permanent stents produced
from stainless steel served as
anintra-individual control.

MD

aboratory of Biomedical Materials and Devices

A peripheral corrodible iron stent produced in the
stent design of a peripheral Saxx stent (CR Bard,
Tempe, AZ, USA) after electropolishing
prior to mounting on the balloon catheter

Peuster M, et al., Biomaterials, 2006, 27:4955-4962
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Investigation of pure irorl//

™ In the animals sacrificed after 3 months,
there was evidence of focal accumulation
of pigment in the spleen staining positive
for iron and further accumulation of
iIroncontaining macrophages within the
lymphatic pathways along the aorta. This
process of iron-clearance from the
implantation site was still observed after 6
and 12 months, respectively. However, no
signs of significant iron overload were
encountered in any of the histopathologic
specimens. There were no abnormalities
on macroscopic inspection of the

Macroscopical aspect of the stented descending
aorta after expiration of the animal(Porcine). . . .
The iron stent is marked with an asterisk. 'mplantatlon site.

Peuster M, et al., Biomaterials, 2006, 27:4955-4962

MD
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Investigation of pure iron

™7 Histological appearance of the iron and
316-L stent struts in relation to the
duration of the follow-up. One day after
implantation a membranous thrombus
covers the stent strut of both the iron (A)
and 316-L (B) stent. Within the thrombus,
there is accumulation of granulocytes,
macrophages (arrowheads) and
lymphocytes (arrows). After 14 days, the
stent struts are covered completely with a
neointima (C, D). Adjacent to the iron
stent struts, there 1Is accumulation of
degradation products (*) accompanied by
macrophages. After 180 days, the iron
stent strut is fragmented and mostly
degraded. Degradation products can be
observed within the adventitia (G).

Peuster M, et al., Biomaterials, 2006, 27:4955-4962
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Investigation of pure iron

Jlron stents have mechanical properties allowing for
the production of a stent with a broad range of stent
diameters (6—-12 mm).

1Biocompatibility of such an iron stent Is excellent
with little neointimal proliferation and no signs of
local or systemic iron toxicity.

1Thrombogenicity of corrosive iron stents is low.

1Degradation of a stent produced from pure iron is
slow thereby preventing fragment embolization.

Peuster M, et al., Biomaterials, 2006, 27:4955-4962
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In vitro study of Fe-based alloys
(New Fe-based Alloy Development)
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Investigation of pure iron
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Degradation kinetics of iron Metabolic activity of EC after cultured in
incubated at 37 ° C in SBF solution. different iron concentrations for 1 day and 3 days.

The degradation rate of pure iron in vitro is determined and the interaction of
Individual corrosion products from biocorrodible iron stents with endothelial
cells was characterized.

SF Zhu, et al. Materials Science and Engineering C, 2009, 29:1589-1592
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Investigation of Fe-baseW

Corrosion rate
Localized corrosion

Biocompatibility

Mechanical properties
Ferromagnetic and MRI non-compatible
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Investigation of Fe-baseW

Alloying

Improve the

biocompatibility
and degradation
rate of pure iron
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' Investigation of Fe-based alloys

Alloying

ABMD

.5" Laboratory of Biomedical Materials and Devices

http:/7/lbmd.coe.pku.edu.cn



S »
N e 727

PEKING UNIVERSITY

Investigation of Fe-based alloys

200

OFe25Mn
@Fe35Mn

@
S

"1 Materials used in this study were iron-based alloys
containing 20-35 wt.% manganese denoted as
Fe20Mn, Fe25Mn, Fe30Mn and Fe35Mn.

"1 Fe-Mn alloys were corroded at an average rate up
’_X—- to 520 um year-1 which is about two times faster

’ - -~ than that of pure iron. The degradation products
Pritening constituted of iron hydroxides and

Corroded depth as a function of test period for . o
Fe25Mn and Fe35Mn alloys calcium/phosphorus containing layers.

™ The Fe—Mn alloys possess a low inhibition effect
= = to 3T3 fibroblast cells metabolic activities
compared to pure manganese. Its 50% inhibition
effect reached at concentration of 6 mg ml-1 while
Its 100% inhibition effect was reached when the
concentration exceeded 16 mg ml-L.

Corroded depth (micron)

o
o

-
o
1

=
[--]
1

=]
S
L

-
L]
1

Relative metabolic activity (100%)
(=]
(-]

-

Control SS316L Fe Fe35Mn Fe+Mn Mn

Relative metabolic activity of 3T3 fibroblast cells in

presence of various metal powders at a fixed
concentration of 0.5 mg mi. Hermawan H. et al. Acta Biomateialia. 2010, 6(5): 1852-1860

=
(=]
i
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Investigation of Fe-based alloys

™ The alloying elements have the function
of decreasing the degradation resistance
of the iron, taking into account two
aspects: (i) the formation of a solid
solution such that the Fe matrix becomes
more susceptible to corrosion; (ii) the
formation of noble IMP particles that
generate microgalvanic corrosion and
promote active dissolution of the matrix.

™1 The newly developed Fe—Mn-Pd alloys
reveal a degradation resistance that is
one order of magnitude lower than
observed for pure iron. Additionally, the
mechanical performance is shown to be
adjustable.

ABMD

.5" Laboratory of Biomedical Materials and Devices

—M— Fe (carbon steel, sht)
—®— Fe-10Mn (ht 2)
—A— Fe-10Mn-1Pd (ht 2)

1.0 -

4 L |

0.5 / B
?_—

|

T T
0 24 48

Mass loss [mg/cm?]

Immersion time [h]

Mass loss over immersion time of Fe (carbon steel, sht),
Fe-10Mn (ht 2) and Fe-10Mn-1Pd (ht 2) subjected to
immersion testing. The insert shows a SEM image of
the surface of a Fe—10Mn-1Pd (ht 2) sample immersed
for 48 h in SBF

Schinhammer M, et al. Acta Biomateialia. 2010, 6(5): 1705-1713
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Investigation of Fe-based alloys

g

™1 In vitro effects of alloying elements Mn, Co, Al, W, Sn, B, C, S on pure
iron were investigated for future design of new biodegradable Fe-based
alloys used for coronary stents.

As-rolled j‘

400

| B pure iron
300 4 b - Fe-Mn

200

100

A%)

-
-1

-
ot

OB

15 -

Released ion concentrations (ng/mlL)
ST T

o
T T T T S N A TS

]
]
]
]
D’C
]
]

P
b

3 10 30 90 180
Immersion time (day) Surface morphologies of as-rolled Fe-3W alloy after
Released ion concentrations of as-rolled Fe-X binary 180 days immersion indicates the localized corrosion

alloys with pure iron as control in Hank’s solution at 3,
10, 30, 90 and 180 days

MD
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Zheng Y.F., et al. Acta Biomateialia. 2011, 7(3): 1407-1420
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Investigation of Fe-based alloys

120

100

pure iron
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pure iron
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Cell viability of ECV304 after 1, 2 and 4 days
incubation in as-rolled Fe-X binary alloys and pure
iron extraction mediums, with 316L stainless steel as
a reference.

ABMD
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I As-cast
44 I As-rolled

Hemolysis percentage (%)

Hemolysis percentage of as-cast and as-rolled Fe-X
binary alloys and pure iron, with 316L stainless steel
as a reference.

Zheng Y.F., et al. Acta Biomateialia. 2011, 7(3): 1407-1420
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The schematic diagrams illustrating both the corrosion mechanism and ideal corrosion process of Fe-
based biodegradable alloys in Hank’s solution.

Zheng Y.F., et al. Acta Biomateialia. 2011, 7(3): 1407-1420
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Investigation of Fe-based alloys

1 Fe30Mn6Si alloy was investigated as a

potential degradable biomaterial, with 04q@ > Puelon
the recently well-developed 05| e FeOMn

biodegradable metals, pure iron and [ Foon™0819V 10700 en’
Fe30Mn alloy, as comparison. 1

0.7 4

1 Fe30Mn6Si alloy consists of ¢ -
martensite and v -austenite at room
temperature, the mechanical property 0o
of Fe30Mn6Si alloy is higher than that
of the pure iron.

0.8 4

Potential vs. SCE (V)

-1.0 4

1 The corrosion rate of Fe30Mn6Si alloy ST e Curemdensiy ey
Is higher than that of Fe30Mn alloy.

1 Fe30Mn6Si alloy shows good Potentiodynamic polarization curves of Fe30Mn6Si
performance for blood vessel related immersed in Hank's solution with pure iron and

cellular application and the hemolysis Fe30Mn as control

percentage is less than 2%.
Zheng Y.F., et al. Materials Letters. 2011, 65: 540-543
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' Investigation of Fe-based alloys

Surface Modification
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Investigation of Fe-based alloys

1 Fe—0 thin films were prepared on the
pure iron by plasma immersion ion 55

implantation and deposition (PI11&D) to 0 3
improve its corrosion resistance and e

[T Fe-O film with O, flux of 3.4sccm
I 316L stainless steel

biocompatibility. T
] The phase structure of the films E 3
transformed from FeO to Fe,O, with the & , 3
increase of the oxygen flux. The number & 13
of platelet adhesion, platelet activation b
on the surface of FeO film were i
remarkably decreased compared with
pure iron.

1day 3days

1 After Synthesized Fe—O films by PILI&D Statistical resul'gs of the number of adhered endothelial
cells on Fe-O film with oxygen flux of 3.4 sccm and

at low OXygen flux, the blood 316L stainless steel.

compatibility and cell compatibility of
pure iron were significantly improved.

Schinhammer M, et al. Acta Biomateialia. 2010, 6(5): 1705-1713
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' Investigation of Fe-based alloys

Novel Preparation Method
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Investigation of Fe-based alloys

11 An electroforming technique was
developed for fabricating iron foils
targeted for application as biodegradable
cardiovascular stent material.

1 E-Fe possesses fine-grain microstructure,

suitable mechanical properties and Cathode Anode
moderate corrosion rate as a degradable =
stent material. Fe 2
()
2 SS o-Mn Electrolyte
B[ Faury . N - =
g | )
g E?y Heater Magnetic Stirrer
Degradation Rate i Schematic of electroforming apparatus

Comparison of different cardiovascular stent materials.
316L SS is not degradable and is presented in this
figure as the reference stent material for Comparison. Moravej M., et al. Acta Biomateialia. 2010, 6(5): 1726-1735
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Investigation of Fe-based alloys

"1 Cell viability results showed that E-Fe did not

result in a decrease in metabolic activity when 03

exposed to primary rat smooth muscle cells. | T ectetomeare

However, it caused a decrease in cell B e et

proliferation activity which could be beneficial -45-, 025 ,{,,-4‘

for the inhibition of in-stent restenosis. 3 oz 47

B Control [EH316L SS [JE-Fe [J E-Fe-annealed [JCTT-Fe :—S 045 4 /'/f' -

' s '
> 12 | 200 o 014 /'{
3 1 . . — y
S B 1 3 /
W s 0054 .
3 08 ‘ L )
it 0.6 - d T g3 0 ’ ’ ‘ ’ ’ ’ ’
== p 51y 100 £ 0 48 96 144 192 240 288 336 384
£ o / g Time (h)
02 | 5% % ] _

Fe ion release behaviour of electroformed and CTT
a 2 48 72 iron: E-Fe released a higher quantity of Fe ion than
Incubation time CTT-Fe did during the testing period. After
(Hours) annealing, the ion release of E-Fe decreased.

to the relative cell metabolic activities as a function of
incubation time at 24, 48 and 72 h (left axis), while the curve is

the total cell count measured at 24, 48, and 72 h (right axis).  gchinhammer M, et al. Acta Biomateialia. 2010, 6(5): 1843-1851
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