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ABSTRACT

Two new Fe-based alloys, Fe-10Mn6SilPd and Fe-3@i&l, have been fabricated by
arc-melting followed by copper mold suction castifighe Fe-30Mn6SilPd alloy mainly
consists ofe-martensite and-austenite Fe-rich phases whereas the Fe-10Mn6SallBy
primarily containso-Fe(Mn)-ferrite phase. Additionally, Pd-rich preitgtes were detected in
both alloys. Good mechanical response was obsdmyedanoindentation: hardness values
around 5.6 GPa and 4.2 GPa and reduced Young's losogalues of 125 GPa and 93 GPa
were measured for the as-prepared Fe-10Mn6SilPdas80Mn6SilPd alloys, respectively.
Both alloys are thus harder and exhibit lower Ydsngodulus than 316L stainless steel,
which is one of the most common Fe-based referematerials for biomedical applications.
Compared with the ferromagnetic Fe-10Mn6SilPd altbg paramagnetic Fe-30Mn6Sil1Pd
alloy is more appropriate to be used as an immarte it would be compatible with nuclear
magnetic resonance (NMR) andagnetic resonance imagin@g/RI) analyses. Concerning
biocompatibitliy, the more hydrophilic Fe-10Mn6Sd.Bhows improved cell adhesion but its
pronounced ion leaching has a negative effect enptioliferation of cells. The influence of
immersion in simulated body fluid on compositionicrastructure, mechanical and magnetic
properties of both alloys is assessed, and theletion between microstructure evolution and

physical properties is discussed.



1. Introduction

Over the past few years, the interest in novel peent and biodegradable metallic alloys
has been continuously increasing. While Ti allogweh established as the ideal materials for
permanent orthopaedic implants, Mg-based and Fedbadloys are considered potential
candidates to be used as temporary medical biodagi@ implants, such as stents or bone
replacement$® The main advantage of biodegradable implants, emetpbwith permanent
ones, is that a secondary surgery for implant rethoan be avoided, improving the patient’s
comfort and reducing the cost of medical treatméfg. and its alloys are free from toxic
elements, and exhibit fast biodegradability andoaing’s modulus closer to that of the human
bone. However, the high degradation rates of Mgyallmay limit their use in certain
applications where the implant needs to stay inbibay for at least a specific period of time.
Furthermore, the accompanying considerable amoointsydrogen release could impede a
good connectivity between osteocytes and the also, for some applications, the strength
and ductility of Mg-alloys are not good enough $apporting our bod$°

Recently, because of the good preliminary resulitained inin-vitro and in-vivo
experiments, attention is being paid to Fe-bast/sal® However, the degradation rate of
most Fe-based alloys is still too low to meet tguirements of degradable stent applicatfons.
In addition, some Fe-based alloys are ferromagnétigs precluding their use in specific
usages where nuclear magnetic resonance (NMR) ognetia resonance imaging
(MRI) analyses are required to monitor the patsergtovery after surgery.

During the last few years, FeMf;*> FeMnPd® and FeMnSF alloys with enhanced
degradation rates and mechanical properties sinal#nose of 316L stainless steel have been
manufactured for stent materials. The addition @f Mthin the solubility limit of Fe reduces
the standard electrode potential of Fe to make drensusceptible to corrosidfi:*? The
addition of noble alloying elements, such as Pdy ganerate small and homogeneously
dispersed Pd-rich precipitates that act as cathsités to induce microgalvanic corrosion.
Previous studies have shown that silicon additioReé-30Mn alloy increases its corrosion rate.
This fact has been attributed to largeaustenite contents, which corrodes faster than
e-martensite, in the alloys containing silicEhMoreover, the tensile strength increases
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significantly with the increase of Si content iretRe-Mn-Si alloy*** Besides, the Fe-Mn-Si
alloy has been studied for a long tih& because of its shape memory behavior, which may
also be of interest for some applications in thentgdical field (e.g., stents3.For instance,
with the appropiate transformation temperature emdrostructure, they might be used as
self-explandable stents taking advantage of therglgsticity effect thus, minimizing the risk
to damage the vascular tissue due to inflamati@mdywed by the balloon expansion in the

regular stenting procedure of non-superelastiastéh

The goal of this work is to obtain suitable Fe-lohaboys with improved properties to be
used in biomedical applications. With this purposeo different compositions have been
designed. On one side, the addition of 1% of Pthéoternary Fe-30Mn-6Si is expected to
increase its degradation rate because of the faymat small and homogeneously dispersed
Pd-rich precipitates. On the other side, the aollitf 6% of Si to the ternary Fe-10Mn-1Pd,
besides increasing the strength of the alloy, geeted to aid the healing process and to help
the immunologic system, as silicon is an essentiakral in the human body [13]. So far only
the binary and ternary alloys have been investijatee idea of our work was to produce a
quaternary alloys to take advantage of all thees@mntioned properties in a synergetic way.
the present manuscript two newly developed Fe-1®iiBd and Fe-30Mn6SilPd have been
fabricated and their properties (magnetic, meclanicorrosion resistance, wettability and
biocompatibility) have been characterized. While #e-10Mn6SilPd alloy is ferromagnetic,
Fe-30Mn6SilPd remains non-magnetic both in theags-state and after short- and long-term
immersion tests in Hank’s solution. The evolutidmocrostructure and mechanical properties
during the course of immersion experiments has lésnassessed. From the biological point
of view, two different parameters have been analyzgtotoxicity, which allows determining
whether the partial dissolution of the alloy prodsi@ decrease in the cell number with time;
and proliferation, which enables to determine mady df the alloy causes cytotoxicity, but also

if cells can divide and proliferate (increase aitmumber over time).



2. Materials and methods

2.1. Materials

Commercial Fe (97%), Si (99%), Mn (99%) and Pd99%) were mechanically milled in
a shaker mill device (SPEX 8000 M) at room tempemtwith a nominal composition of
Fe-10Mn6SilPd and Fe-30Mn6SilPd (wt.%). The powdene milled under Ar atmosphere
in a ball-to-powder weight ratio of 1:1 for 15 hll &he operations prior to milling (weighting
of the powder and sealing of the container) wereedim a glove box under Ar atmosphere
(<0.2 G ppm, <0.1 HO ppm) to avoid oxidation or any other atmospheonatamination.
Subsequently, the powders were consolidated byiaxiahcold press under a pressure of 100
MPa to obtain disks of approximately 5 mm in thieks. Then, the disks were melted in a mini
arc-melting furnance (MAM1, Edmund Buhler Lab Tem)der Ar atmosphere and suction
casted into a copper mold to produce cylindricadsraof 3 mm in diameter and a few
centimeters in length.

The same procedure was used to produce a conglfal corrosion experiments with a
nominal compostion of Fe-30Mn-6Sihe real composition of the as-cast rods measuyed b
energy dispersive X-ray spectroscopy (EDX) was R&9n-5.71Sil1.19Pd and
Fe-29.17Mn5.76Si1.26Pd  (wt.%).

2.2. Immersion tests

Prior to immersion tests, pieces of 3 mm in diamated 1 mm thickness of the as-cast
alloys were cold-embedded in epoxy resin and graymdo P4000 grit with SiC. The alloys
were then immersed in 28 ml of Hank's balancedssdiition at 37+1 °C for different times, up
to 120 days. The volume of solution was selectecbtform with the ASTM-G31-72 norm.
Hank’s balanced salt solution (HBSS) is a widelyedisimulated physiological fluid to
reproduce in vivo conditions [x2,x3,x4,x5]. Aftanimersion, the samples were removed from

Hank's solution, rinsed with alcohol, and dried #@r. The microstructure, mechanical



properties and magnetic behavior were subsequassigssed as a function of immersion time.
Also, 3 ml of Hank’s solution were pipeted off teasure the ion released concentration of Fe,
Mn, Si and Pd by inductively coupled plasma atoemgission spectroscopy (ICP-AES). In
parallel, alloys were also immersed in 1 ml of dbo’s Modified Eagle’s Medium (DMEM,
Gibco) with 10% foetal bovine serum (FBS, Gibcoyl ancubated under standard conditions
(37°C and 5% Cg) for different times, to measure ion release biy-IKES in exactly the same
conditions as for the cell cultures. In order tau@e the tests are reproducible, three replicates

were prepared and analyzed per sample.

2.3. Structural Characterization

Scanning electron microscopy (SEM) using a ZeisgliNManicroscope equipped with
energy dispersive X-ray spectroscopy (EDX) was usednorphological and compositional
analyses. X-ray diffraction (XRD) was carried osing a Philips X'Pert diffractometer with
Cu Ka radiation. The measurements were performed iratigeilar range 25-100° with a step
size of 0.04°. Differential Scanning CalorimetrySD) (Perkin EImer, DSC 8000) was used to

detect the austenite to martensite phase transfiommia the alloy with 30 wt. % of Mn.

2.4. Characterization of the physical and mechanical properties

Nanoindentation measurements were carried oueimshcast and immersed samples using
a UMIS nanoindenter from Fischer-Cripps Laboramrieith a Berkovich pyramidal-shaped
diamond indenter. Prior to nanoindentation, theas-samples were polished to mirror-like
appearance using in the final step 1um diamondisaoluThe roughness of the as-cast samples
has been measured with a Leica DCM 3D system thrabmes confocal and interferometry
technologies. The maximum applied load was 500 i results were averaged over more
than 20 indents to obtain statistically reliabléada’he Berkovich hardnesbi) and reduced
Young's modulus K, values were evaluated from the load-displacenmntes at the
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beginning of the unloading segments, using the atetf Oliver and PharY. Hysteresis loops
were collected using a vibrating sample magneton{gt®M) from Oxford Instruments, with a

maximum applied magnetic field of 12 kOe at roomperature.

2.5. Electrochemical potentiodynamic polarization measurements and wettability

The corrosion behavior of the as-cast alloys wasluated by potentiodynamic
polarization, which was carried out in a single pamment, double-walled cell with a typical
three-electrode configuration (Autolab) at 37+1 RC Hank’s solution, analogous to the
cofiguration we have previously used for Ti-baseidmaterials.’ A double junction
Ag/AgClI with 3 M KCI inner solution and 1 M NaCl ter solution was used as the reference
electrode while a Pt sheet was used as countetradec Prior to the measurements, the
specimens were immersed in the electrolyte fortd dbtain the open circuit potential (OCP).
Three samples of each composition were measurprbt@ good repeatability. The upper and
lower potential limits of linear sweep voltammetwgre set at —300 mV and +1500 mV with
respect to the OCP. The scan rate was 0.5 mV/s.

To assess the wettability, the contact angles wetermined by means of the sessile drop
technique, using a surface analyzer (CAM 200, #sen). The liquid utilized for the

measurements wasud droplets of Hank’s solution at room temperature.

2.6. Cytotoxicity tests and proliferation assays

Saos-2 human osteosarcoma cells (ATCC) were cdltr®MEM with 10% FBS under
standard conditions. To assess cytotoxicity, atiiisks were cleaned with absolute ethanol,
introduced into a 4-multiwell culture plate andrsitieed by UV light for at least 2 h. Once
sterilized, 50,000 cells were seeded into each amdl cultured for 1, 3, 7 and 40 days. Cell
viability on disk surfaces was evaluated using ltihve/Dead Viability/Cytotoxicity kit for
mammalian cells (Invitrogen), according to the nfanturer’s protocol. Images from different
regions of the alloy disk and from the control atdt (without disk) were captured using an
Olympus IX71 inverted microscope equipped with lepifescence. For proliferation assay, a
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total amount of 50,000 Saos-2 cells were seedenl @gich well of a 4-multiwell plate
containing the alloy disk. After 24 h, disks wittheered cells on their surface were transferred
to a 96-multiwell plate, and medium with 10% of Aar Blue (Invitrogen) was added into
each well and incubated for 4 h at 37°C and 5%, @@otected from direct light. Then, the
supernatant was collected and the fluorescencereas using a Cary Eclipse fluorescence
spectrophotometer (Agilent Technologies). Cellstlom disk were incubated again with fresh
medium, and the Alamar Blue analysis was repedt8&d & 14 and 60 days. Negative controls
without cells were also analyzed.

The same samples used for the cytotoxicity and pseiliferation assays were then
processed to be observed by SEM. Cultured cell® wiesed twice in phosphate buffered
saline (PBS), fixed in 4% paraformaldehyde (PFAgn®) in PBS for 45 min at room
temperature and rinsed twice in PBS. Cell dehyonatvas performed in a series of ethanol
(50%, 70%, 90% and twice 100%), 7 min each. Finakynples were dried using hexamethyl
disilazane (Electron Microscopy Sciences) for 1\,miounted on special stubs and analyzed

using SEM.

2.7. Hemolysis test

To evaluate the hemocompatibility of the alloys, ¥/ml of Fe10MnSiPd and Fe30MnSiPd
were soaked in 10 ml PBS in centrifuge tubes and &k 37 °C for 30 min. Then, 0.2 ml of
diluted blood (4 ml of human blood in 5 ml PBS) wexdded to the samples and kept at 37°C
for 1 h. Next, tubes were centrifuged at 2500 rpm5 min. The supernatant from each tube
was transferred to a well of a 24-well plate and dptical density (OD) was recorded in a
spectrophotometer at 545 nm wavelength. A negaiiwveérol (10 ml PBS with 0.2 ml diluted
blood) and positive control (10 ml distilled wateith 0.2 ml diluted blood) were also
recorded. The hemolysis ratio (HR) was calculatedtoaling to the equation: HR=
[(ODt-ODn) / (ODp-ODN)] x 100%. The ODt is the OMlue of the tested group. The ODn

and ODp are the OD values of negative and positiverols, respectively.



3. Results and discussion

3.1. Microstructure and compositional analyses

3.1.1. Morphology and crystallographic phase composition of the as-cast alloys

Figure 1 shows the SEM micrographs (backscattelectrens) of the Fe-10Mn6SilPd
(panel a) and Fe-30Mn6Sil1Pd (panel b) as-castalBgth of them show the typical dendritic
morphology: a lighter phase enriched in Fe (acogrdo EDX analysis), embedded in a darker
phase slightly enriched in Si and Mn (see FigurenlSupporting Information, S.1.). The bright
spots distributed within the darker phase are Ell-precipitates (Figure 1S in S.1.). The
formation of noble Pd-rich precipitates is expedtethduce microgalvanic corrosion, which is
supposed to enhance the degradatiorf @ftéhe alloys. Figure 1c illustrates the XRD patte
of as-cast the Fe-10Mn6SilPd and Fe-30Mn6SilPdsalldhe alloy with 10 wt.% Mn is
composed ofi-Fe (space group Im3m and cell paramater2.88 A). Conversely, the as-cast
alloy with 30 wt.% Mn mainly consists efmartensite (Pgmmc,a = 2.55 A,c = 4.14 A), and
y-austenite (Fm3ng = 3.60 A) phases.

The alloy with 30 wt.% Mn is a shape memory alloydaan exhibit superelasticity or
shape memory effect depending on the stable phathe dest temperature. Both alloys were
characterized in the as-cast condition without ectinpg them to any thermal treatment.
Consequently, at room temperature, the alloy wilBo3of Mn has a mixed microstructure
(austenite and martensite phases) but, by adjusti@gesting temperature or subjecting the
alloy to an appropriate heat treatment, pure aiistaesponsible of superelasticity behavior, or
martensite, responsible of shape memory effect]dctwe obtained. Differential scanning
calorimetry (DSC) at 10 K/min was used to identifg transformation temperatures (Figure 2S
in S.I.). The austenite finish and start tempeestyrand the martensite start and finish
temperatures are, respectively =~ 250 °C,As~ 150 °C,Ms~ 58 °C andVt~ -30 °C. In
agreement with DSC measurements and, as evideycE&D, the Fe-30Mn6Sil1Pd alloy is a

mixture of austenite and martensite at room tentpexgFigure 1). However, if the alloy was



cooled to belowMs, (i.e., T < =30 °C) and subsequently warmed upotmm temperature at
open air, the resulting phase would be only maitierend the alloy would exhibit shape
memory behavior at room temperattitdn the same way, superelasticity would be expected

above 250 °G° Hence, this feature can broaden the applicatiowieviv of this particular alloy.

3.1.2. Surface morphology and chemical analyses as a function of immersion time

The morphological evolution of both alloys aftemrarsion in Hank’s solution for 1 and 4
months is illustrated in Figure 2. After 1 montiotdifferent regions can be distinguished at
the surface of the Fe-10Mn6SilPd alloy: a rouglegion, covered with corrosion products,
and a smoother region, free from corrosion produldte partial coverage with the rough layer
indicates that this layer is probably not very wadhered to the surface of the alloy and tends
to peel off upon cleaning the sample. Conversdig, dlloy with 30% of Mn is completely
covered with a well-adhered and considerably sneotbxide layer. Similar trends are
observed after 4 months of immersion, i.e., whileather compact oxide layer covers the
surface of the alloy with 30% Mn, a cracked anael@d off oxide layer can be observed in the
alloy with 10% of Mn. These observations revealt tthee samples exhibit a characteristic
“cracked-earth” appearance which is often encoedter this type of samples after immersion
tests and probably caused by dehydration of theadegjon layer after removal from the
electrolyte” > Further evidence of the poor and good adhesidheobxide layer for the alloys
with 10 and 30% of Mn, respectively, after immensfor one month in Hank’s solution can be
observed in the cross section SEM images (Fign3jhe Fe-10Mn6SilPd alloy it was difficult
to find a zone with the oxide layer completely elied to the surface, and the areas where the
layer did not peel off were thin and often crack€dnversely, in the Fe-30Mn6Sil1Pd alloy, a
compact 3-5 um thick oxide layer was observed actios entire surface. EDX mappings of
both alloys after 1 month of immersion in Hank’dusion reveal that the outermost layer
covering the alloys has less amount of Fe and Mn th the initially bulk material and it is
enriched in O and P. Some Ca- rich agglomeratebeaiso detected. Also, in both cases but,

most clearly observed in the EDX mapping of th@ylvith 30 % of Mn, a Si-rich layer is
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formed next to the alloy but note that the outermager is completely depleted in Si,
indication of its fastest degradation.

After 4 months immersion, the thickness of the eXalyer increased (~40n for the alloy
with 30 % Mn and ~12m for the alloy with 10 % Mn) but in the alloy wit0% of Mn it was
still difficult to find a well-adhered corrosion guiuct layer (Figure 3S in the S.1.). The EDX
mappings shown in Figure 4 reveal that the oxigerldormed in the Fe-30Mn6Sil1Pd alloy is
rich in Si and O and is depleted in Fe and Mn, wt@mpared with the elemental composition
of the metallic material underneath. Si is knowiéoan element prone to oxidation. In fact, in
alkaline solutions, the standard reduction potéfi§ for the reaction Sig3 + 3H,0 + 4é >
Si + 60H is -1.69 V. The standard potential for Pd, Fe limdare the following ones: ks’ "/pq
= 0.95V, Brre = -0.44 V and Byn?wn = -1.18V?* Therefore, among all these elements,
silicon is the one with the more negative stangerigntial, thus probably the more prone to be
oxidized. Even kinetics of degradation /corrosieteen both alloys are different, same trends
are observed in terms of oxide/hydroxide formatias can be observed in the SEM
cross-section image (Fig. xy Sl) of the alloy with % of Mn.

To gain further insight on the corrosion produgtels, XRD analysis (Fig.z SlI) were
carried out on the alloys after 1, 2 and 4 monthisnonersion in Hank’s solution. The results
are in fairly agreement with SEM observations. als were detected in the alloy with 10 %
of Mn as the corrosion product layers were thin aot continuous. Conversely, in the alloy
with 30 % of Mn additional peaks belonging to Fe@l &iQ were observed after 2 and 4
months of immersion,

The amounts of Fe and Mn ions released from th@(fn6Si1Pd and Fe-30Mn6SilPd
alloys after immersion in Hank’s solution (28 noy 7, 30, 60 and 120 days is shown in Figure
5. Larger amounts of the two main elements, FeMngdare released from the alloy with 10
wt. % of Mn even if the initial amount of Mn waswer in this case than for the alloy with 30 %
Mn. Therefore, the extraction tests, carried owdgnordance with the ASTM-G31-72 standard,
clearly reveal a higher degradation rate for thiisya The Pd concentration was close to the
detection limit of the equipment. As a general drean sharp increase of ion concentration with
immersion time is observed; however, after 60 ddysjncrease of ion concentrations tends to
level off. The parabolic shape of the ion concdiracurves has been previously attributed to
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the formation of degradation products on the alagurface. This oxide/hydroxide degradation
layer hinders the ion release as the alloy is naliiect contact with media and degradation
needs to take place by diffusion of Fe and Mn itmeugh the laye™* These results are in
good agreement with our SEM observations where&éehiand denser degradation layers are
observed for the alloy with 30 % of Mn and thinaerd looser ones are formed in the alloy
with 10 % of Mn. In addition, a drastic reductionthe Fe ion concentration is observed after
long-term immersion for the Fe-10Mn6Sil1Pd alloyisTWwas accompanied with the formation
of particle precipitates at the bottom of the Hangblution container, probably in the form of
Fe oxides or hydroxides, which were excluded fa ittn release analyses. The differences
observed between both alloys (i.e. ion release gmto(oxides) formation) can be mainly
attributed to the different microstructures of tléoys. While in the Fe-10Mn6SilPd alloy
atoms are arranged in one only crystal structime lfody-centered cubic crystal structure of Fe
with Mn atoms occupying substitutional positions),the Fe-30Mn6SilPd alloy alloy two
crystal structures (a face-centered cubic an adwa structure) coexists. Hence, different

corrosion/degradation characteristics are expdméadeen both alloys.

3.2. Evolution of magnetic and mechanical properties

The magnetic behavior of both alloys after immersi® compared with their magnetic
behavior before immersion in Figure 6. In the astcstate the alloy with 10% Mn is
ferromagnetic, as it is mainly composed of fergtease. On the contrary, the alloy with 30%
Mn is mainly paramagnetic as a result of the nomgimetic nature of the-austenite and
e-martensite phases.

After immersion, the magnetization of the ferrometgn Fe-10Mn6SilPd alloy remains
almost unaltered, while the coercivity decreasghty. Conversely, the Fe-30Mn6Si1Pd alloy
does not become ferromagnetic after immersion inkHasolution. In view of these magnetic
properties, these two alloys could find differepplcations in the biomedical field. While the
Fe-10Mn6SilPd alloy could be used as building blocknagnetically (wirelessly)-actuated

microrobots (e.g., for drug deliver§)?°the Fe-30Mn6Si1Pd alloy would be more appropriate
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to be used as an orthopaedic implant because nsmagnetic character would make it
compatible with NMR and MRI analyses.

The mechanical properties of the as-cast and inmedemloys were measured by
nanoindentation. The purpose of carrying out natenation in the alloys after immersion is
to capture the mechanical properties of the casrodayers formed during the course of
immersion tests rather than to study the overaltharical behavior of the alloys. The
roughness averages (Ra) of the as-cast samplesBvddream and 6.6 nm for the alloys with 10
and 30 % of Mn, respectively.

Figure 4S shows the typical load-unload curves bé tFe-10Mn6SilPd and
Fe-30Mn6SilPd alloys after 1-month immersion. Hois tparticular case, the maximum
penetration depth is 2.2 um for the alloy with 10M¥% and 2.8 um for the alloy with 30% Mn.
The measurements carried out after 1 month of irmimiershow that the penetration depth is
larger than the thickness limit that is usually sidered as necessary in order to avoid the
contribution from the substrate or the underlyingtenial in the obtained results (typically, the
maximum penetration depth must be lower than"14b@ thickness of the sampfe Hence,
especially for short-term immersioh and E; of the oxide layers are influenced by the
properties of the bulk material. For longer immemnstimes, the oxide layers become thicker
and the obtained values ldfandE; are thus mainly those of these oxide layers.

The dependences & and H for both samples as a function of immersion time a
presented in Figure 7. Both in the as-cast condiéind after immersion, the Fe-10Mn6Sil1Pd
alloy exhibits larger hardness than the Fe-30MnB&ialloy. Since Mn is mechanically harder
than Fe, the differertl values are probably due to the dissimilar crystatiphic phases that
constitute these alloys. Namely, the presence stieaite (mechanically softer phase) probably
contributes to the observed decrease of hardnebe iIRe-30Mn6SilPd alloy. In both casHs,
andE; progressively decrease with the immersion time. folhmation of surface oxides cannot
explain this result by itself, since usually oxithaterials are mechanically harder and exhibit
higher Young's modulus than metallic alloys. Howevas already discussed, these oxide
layers are not flat and smooth. Actually, they téodshow a particulate and porous surface
appearance (see inset in Figure 7a). The occurafmiaface roughness and porosity is known
to reduce bottH andE;.* RemarkablyE; of both alloys reaches values close to 20 GPa afte
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long-term immersion, a value which is close to Weng’s modulus of human bones (3-27
GPa), hence favoring good biomechanical compaibietween an eventual implant and the

neighboring bone tissifé.

3.3. Corrosion Behavior

The potentiodynamic polarization curves obtained fine Fe-10Mn6SilPd and
Fe-30Mn6SilPd in Hank’s solution are illustratedFigure 8. For comparison purposes, the
potentiodynamic polarization curve of the Fe-30MBi-6s also provided. The three alloys
showed a similar profile; namely, they underwermtidacorrosion immediately after the.gg
values were surpassed pointing to a uniform casrosnechanism, probably related to metal
dissolution. At approximately 0.5 V vs. Ag/AgGl stabilized. This passive region could be
ascribed to the protective/blocking effect impaitgdthe oxide layers formed onto the alloy.
Ecor for the Fe-10Mn6SilPd alloy is shifted towards enguositive values, reflecting the
different chemical composition of the material asubgesting a delayed onset of material
corrosion.

The potentiodynamic curve of the control alloy éitsi a corrosion potential {&;) of 0.70.

This value is higher than that of the alloy witid0f Mn (E.or = 0.63) but lower than that of
the alloy with 30 % of Mn (&= 0.77). Therefore, it seems that the additioth &6 of Pd to

the ternary Fe-Mn-Si alloy improves the corrosiater In turn, Liu et al [13] demonstrated that
based on electrochemical data, the Fe30Mn6Si albybits larger corrosion rate than Fe30Mn
and pure iron. Previous ICP results (Figure 5)dath that the for short time immersion (7 and
30 days) the total amount of ions released is #jidarger for the alloy with 30 % of Mn,
however, after long-term immersion, the alloy wih® Mn degrades considerably more than
the alloy with 30% Mn. This suggests that, the eXalyer formed onto the Fe-30Mn6Sil1Pd
alloy is more compact, which further hinders iolease to some extent and slows down
biodegradation. Indeed, cross-section SEM analjGgare 4) indicate that the oxide layer for
the Fe-10Mn6Sil1Pd alloy is much thinner and disomaius. Even though both
potentiodynamic polarization curves are very similae lower corrosion potential and the less
pronounced slope of the of the anodic branch otloy with 30 % of Mn might explain the

14



different behavior observed between both alloysnduthe degradation experiments; however,

for longer immersion periods similar degradatiorvgsion is expected for both compositions.

3.4. Wettability

Contact angle measurements assessed in Hank’sosahaedium are presented in Figure 9.
The alloy with 30 % Mn exhibits sligthly higher dant angle (82 £ 4°) than the alloy with 10%
Mn (67 = 6°). Typically, the contact angle value dee regarded as a parameter indicative of
adhesion properties: smaller contact angles inglibatter adhesion properties. Materials that
exhibit contact angles larger than 90° are hydrbmhand are expected to exhibit poorer cell
adhesiorf® Consequently, the lower wetting angle measuredh& Fe-10Mn6SilPd alloy
compared to the observed in the Fe-30Mn6SilPd atlay be indicative of improved cell

adhesion for this alloy in the as-cast state.

3.5. Biocompatibility

Concerning alloys biocompatibility, two differenypes of analyses were performed:
cytotoxicity and cell proliferation. Cytotoxicitynalysis allows determining whether the alloy
produces a cytotoxic effect (i.e., a decrease @nlitre cell number with time), whereas cell
proliferation analysis allows to assess whethds @gglowing on the alloy can proliferate (i.e.,
increase their number over time).

Live/Dead kit was used to determine cytotoxicity different time intervals on each
composition. As shown in Figure 10, after cell adlig for 1 day, the number of Saos-2 cells
attached to the surface of Fe-10Mn6SilPd was hitifteer for Fe-30Mn6SilPd. This result is
in agreement with the lower contact angle measfoethe Fe-10Mn6Sil1Pd (Figure 9), which
favors cell adhesion. Indeed, previous studies heperted that 64° contact angles allowed an
optimal cell adhesion compared with 90° contactes)gconsidered as hydrophobic surfaces.
The number of live cells after one day in culturasvinigher than 90% in both cases. However,
after 3 and 7 days of culture, the results wereensad: the number of live cells on
Fe-10Mn6SilPd was dramatically reduced, whereasciteased for cells cultured on the
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Fe-30Mn6Sil1Pd alloy. Finally, after 40 days in audt very few cells remained attached to the
surface of the Fe-10Mn6Si1Pd alloy, but the surfaficEée-30Mn6Si1Pd was still covered with
a monolayer of live Saos-2 cells.

The results of Saos-2 cells proliferation can lensae Figure 10g. After one day in culture,
the fluorescence intensity of live cells on thelledn6Si1Pd alloy was more than three times
the value of cells on the Fe-30Mn6SilPd alloy. Hesve the total cell number on the
Fe-10Mn6SilPd alloy decreased with time, becomingpst null after 60 days, while for the
Fe-30Mn6SilPd alloy it progressively increased withiure time.

One possible explanation for the observed trendelhviability and proliferation on the
two alloys could be the pronounced degradatiorhefRe-10Mn6Si1Pd alloy that occurs upon
immersion. However, the ICP analyses carried olldviong the ASTM-G31-72 norm (Figure
5) did not evidence pronounced ion release duheditst 30 days of immersion. Probably, the
large volume of Hank’s solution used precludes earcldetection, by ICP, of the alloys’
dissolution during the first days of immersion sipite of the obvious formation of a corrosion
oxide layer after a few weeks inside the Hank'sisoh (Figures 2 and 3). To better understand
the cytotoxicity of the two alloys, ICP analysesravalso carried out on droplets extracted from
the small volumes of DMEM with 10% FBS required foe cell culture assays. Figure 11
reveals that in such concentrated conditions, proced ion release takes place from the very
few days of immersion and, as expected, the Fe-B3riPd alloy degrades much faster than
the Fe-30Mn6SilPd one, in agreement with FigurdHge pronounced ion release, together
with the poor adhesion of the corrosion oxide lagethe Fe-10Mn6Sil1Pd alloy (Figures 2 and
3), probably account for the progressive decreétieencells in this particular material.

Regarding cell morphology, SEM analysis of Saogiis@rown on alloy surfaces showed
differences in shape and spreading between congusiaind time intervals (Figure 12). After
24 h in culture, cells observed on top of the FBHIESiI1Pd alloy presented a flattened and
polygonal morphology with membrane projections. ldger, after 3 days in culture, a decrease
in the number of cells was observed, and thoskrstihaining on the alloy were no longer
completely adhered to the surface. They were roorghape, a sign of the difficulty for the
cells to remain attached. Conversely, althoughatively small amount of cells were attached
to the surface of the Fe-30Mn6SilPd alloy afteag, dome of them were well adhered, with
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fusiform and flattened shapes. In this case, timelb@r of well-spread cells increased with time,
achieving a monolayer of cells after long-term axgt

Altogether, the results indicate a completely défe behavior of the cells on top of both
alloys. Cells initially adhered more easily ontece tire-10Mn6SilPd alloy than on the
Fe-30Mn6SilPd one, as expected by the higher hjiicipy of Fe-10Mn6SilPd surface.
But, eventually, the ions and debris released thto medium due to the degradation of the
Fe-10Mn6Sil1Pd alloy produced a negative effecthencells, resulting in their detachment and
subsequent death. Contrarily, the few cells thatvable to attach to the Fe-30Mn6SilPd alloy
surface were able to remain adhered over time aoltfgyate. This is in accordance with the
SEM images of the 30% Mn alloy after 1 month of isi@n in Hank’s solution, which showed
that the surface of the alloy was completely codength a well-adhered and considerably
smooth oxide layer which, in turn, hinders ion aske and degradation. On the contrary, the
alloy with 10% Mn exhibited a cracked and loosedexlayer, which facilitates ion release,

hence hampering cell proliferation on the alloyisface.

3.6. Hemolysis

The HR of Fe1l0MnSiPd and Fe30MnSiPd were 1.6 and€spectively. Both values were
lower than 5%, indicating that both alloys are @molytic, according to the Standard
Practice for Assessment of Hemolytic PropertieBlaferials (ASTM-F756-08). Thus,
Fe-30Mn6Sil1Pd could be a good candidate for bicamipdievices.

4. Conclusions

1. Structural analyses reveal that the Fe-30Mn6SilRuy aonsists ofe-martensite,
y-austenite and homogeneously dispersed Pd-riclipiteds, while the Fe-10Mn6SilPd
alloy contains a-ferrite and Pd-rich precipitates. In the as-casnhdition, good
mechanical response was observed by nanoindentatotness values of 5.6 GPa and
4.2 GPa, and reduced Young’'s modulus of 125.2 GiEe3.1 GPa were measured for
the Fe-10Mn6SilPd and Fe-30Mn6SilPd alloys, resmdyt
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. Contrary to the ferromagnetic response of the RdrlBBi1Pd alloy, the paramagnetic
Fe-30Mn6SilPd alloy is more appropriate to be wmea@dn implant since it would be
compatible with nuclear magnetic resonance and ptagimaging analyses.

. A'loose oxide layer tends to form with immersianéiin the the Fe-10Mn6Si1Pd alloy,
whereas the corrosion layer is more robust for ®He+8%6Si1Pd alloy. As a consequence,
higher ion release concentration is observed #®matloy with 10 % Mn.

. The formation of rough and porous oxide layershat surface of the alloys during
immersion contributes to decrease the indentatemdriess and the reduced Young's
modulus with immersion time, while virtually no vations in the overall magnetic
properties of both samples are observed.

. Both Fe-10Mn6SilPd and Fe-30Mn6SilPd are initiddipcompatible. The more
hydrophilic character of the Fe-10Mn6SilPd allog @ssessed by wettability tests)
favors the initial cell adhesion. However, the fatian of a cracked, loosely attached,
oxide layer in this case, facilitates a pronouncad release, hence hampering cell
proliferation on the surface of this alloy, as camgul to Fe-30Mn6Sil1Pd.

. Overall, the Fe-30Mn6Sil1Pd alloy is a promisingdidate for bioimplant applications

since it combines a non-magnetic character withddgemos-2 cell proliferation.
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Fig. 1. SEM images of (a) Fe-10Mn6Sil1Pd and (b) Fe-30MbB&ipolished alloys. (c) XRD
patterns of as-cast Fe-10Mn6SilPd and Fe-30Mn6SdlRgs. Note that the small peaks
denoted with * andt belong to thex-Fe phase and come from thg &d W L, reflections,
respectively. The other peaks come from thgddiation.
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Fig. 2. Low magnification SEM micrographs of: (a,c) FeMi6Si1Pd alloy after immersion in
Hank’s solution [for (&) 1 month and (c) 4 monthahd (b,d) Fe-30Mn6SilPd alloy after
immersion for (b) 1 month and (d) 4 months.
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Fig. 3: Cross section SEM images of (a) Fe-10Mn6SilPd(bh&e-30Mn6SilPd alloys after
1 month of immersion in Hank’s solution.

Fig. 4. Cross section SEM images of Fe-30Mn6SilPd aftenersion in Hank’s solution for 4
months together with the element distributions o580 Fe, Mn and Pd.
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Fig. 5: ICP ions release concentrations of Fe-10Mn6Silivt Fee-30Mn6SilPd alloys as a
function of immersion time in Hank’s solution, ded out in accordance with the
ASTM-G31-72 norm, i.e., using a large volume of Karsolution (see text for details).
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Fig. 6. Dependence of the magnetization as a functionagblied magnetic field for
Fe-10Mn6SiPd and Fe-30Mn6SiPd as a function of irsioe time
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Fig. 7: Dependence of the reduced Young's modulissgnd hardnessH| for Fe-10Mn6Sil1Pd
and Fe-30Mn6SilPd as a function of immersion tiffiee inset in (a) shows an on-top
high-resolution SEM image of the corrosion oxidgelacorresponding to the Fe-30Mn6SilPd
after immersion for 120 days, where it can be gbanhit shows a rather particulate and porous
morphology.
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Fig. 8: Potentiodynamic polarization curves for Fe-basimys in Hank’s solution at 3°C.

Fig. 9: Contact angle measurements for (a) Fe-10Mn6Satiddb) Fe-30Mn6SilPd, both
assessed in Hank’s solution medium.
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Fig. 10: Saos-2 cells cultured onto Fe-10MnSiPd and Fef8iMd alloys. Cell viability on
(a-c) Fe-10MnSiPd and (d-f) Fe-30MnSiPd alloys(atd) 1 day, (b,e) 7 days and (c-f) 40
days. Live cells stained in green and dead cdimatl in red on. (g) Saos-2 cell proliferation
on both alloy surfaces measured by Alamar Blueriscence at 1, 3, 7, 14 and 60 days.
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Fig. 11. Evolution of the ICP ions release concentrations of Fe-10Mn6SilPd an
Fe-30Mn6SilPd alloys as a function of immersionetim Hank’s solution for the same
conditions used in the biological tests, i.e. veitamall volume of solution (see text for details).
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Fig. 12 SEM images of Saos-2 cells grown on (a-c) FeAA8Md and (d-f) Fe-30MnSiPd
after (a,d) 1 day, (b,e) 3 days and (c,f) 7 days.
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Supporting I nfor mation

Fe

Fig. 1S: EDX elemental mapping of the Fe-30Mn6SilPd alldjainly 3 regions are
distinguished: light grey dendrites (enriched ir), karker regions slightly enriched in Si and
Mn and small Pd-rich precipitates randomly distrdzliwithin the darker grey areas.
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Fig. 2S: DSC curves of the Fe-30Mn6SilPd alloy. The autstdmish and start temperatures,
and the martensite start and finish temperatures Aar 250 °C,As= 150 °C,Ms~ 58 °C
andM; =~ —30 °C, respectively.
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Fig. 3S: Cross section SEM images after 4 months immergioiank’s solution of (a)
Fel0Mn6SiPd and (b) Fe30Mn6SiPd alloys.
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Fig. 4S. Load-unload nanoindentation curves of the Fe-168MRd and Fe-30Mn6SiPd alloys
measured to a maximum load of 500 mN
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