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SPECIAL ISSUE ARTICLE

Ferromagnetic shape memory alloys:
synthesis, characterisation and
biocompatibility of Fe–Pd for mechanical
coupling to cells

M. Zink*1 and S. G. Mayr2,3

Yielding magnetically switchable strains of several percentage, ferromagnetic shape memory

alloys (FSMAs) constitute a highly attractive materials class for engineering and biomedical

applications. The Fe–Pd alloy is considered as a promising candidate to fulfil this goal, yet

synthesis in the desirable martensite phase poses a major challenge, particularly when

miniaturised as thin films. The present contribution reviews recent progress in synthesis via the

splat-quenching and molecular beam epitaxy routes and reports on the physical picture that

emerges from systematic characterisation. Moreover, since no cell damaging temperature

variations are required to induce shape changes of FSMAs, Fe–Pd bears great potential for

medical devices if good biocompatibility is ensured. Here we review studies on cellular response

in contact with Fe–Pd, as well as morphological changes on roughness graded surfaces. We end

with a summary how polymer coatings can enhance bioactive properties of Fe–Pd to promote cell

adhesion and viability for future applications.

Keywords: Ferromagnetic? shape memory alloys, Molecular beam epitaxy, Thin films, Splat quenching, Biocompatibility, Polymer coating

This paper is part of a special issue on …

Introduction
Ferromagnetic shape memory (FMSM) alloys are a
rather new class of smart materials, which reveal
reversible shape changes by reorientation of martensite
variants in external magnetic fields, as first discovered by
Ullakko et al.1–3 Yielding high strains and low stresses
with switching frequencies up to some kHz at constant
temperature, they are generally considered complemen-
tary to piezos or classical (thermal) shape memory
materials, especially when requiring constant tempera-
ture and contact–less external control, e.g. in medical
applications. Macroscopic uniaxial strains as high as
10% in bulk Ni–Mn–Ga are feasible,4 provided that a
highly optimised microstructure and/or texture are
present. Alternatively, magnetically induced reorienta-
tion of martensitic variants with strains up to more than
5% are theoretically expected in Fe–Pd single crystals
(based on the c/a ratio of the unit cell),5–7 while
polycrystalline samples, depending on presence of
texture, reveal lower strains. Despite the lower strain

in Fe–Pd, when compared with Ni–Mn–Ga, this alloy
nevertheless bears a high potential due to its comple-
mentary features: Fe–Pd is characterised by more
favourable mechanical properties (more ductile, less
brittle) and better corrosion resistance, as well as, in a
sense, ‘opposite’ MSM effect: while in Ni–Mn–Ga, the
easy axis of magnetisation is oriented along the short c-
axis,4 in Fe–Pd the orientation is along the longer a-
axes. To contract an Ni–Mn–Ga stripe, a magnetic field
therefore has to be aligned along the stripe, whereas in
Fe–Pd the field has to be applied perpendicular to the
surface. Prerequisite for the occurrence of the MSM
effect in Fe–Pd is the metastable fct martensite phase,
obtainable by cooling of the high temperature fcc solid
solution (that is, the austenite or c phase),8 while
transformation into the competing bct phase or decom-
position into a-Fe and ordered FePd have to be
prevented by appropriate compositional tuning and
sufficiently high cooling rates, respectively.

Although macroscopic properties and processing of
bulk Fe–Pd samples are rather well established, the latter
are much less understood when miniaturised, e.g. for the
emerging fields of MEMS or medical applications. In
particular phase formation and twin boundary mobility
are severely affected by the presence of open surfaces,
substrates, strain fields and lattice defects, which on the
one hand reveal an additional complication, but also bear
the potential for optimisation and new applications.9,10

In fact, as recently shown for the complementary
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Ni–Mn–Ga system, maximum strains are not only
feasible in single crystals, but also in porous polycrystals
(that is, in presence of sufficient surfaces to relieve
constraints),11 which hints towards a high potential also
of thin films and foils. In particular free standing single
crystalline films are obviously the systems of choice, when
heading for miniaturisation, integration and medical
applications for which the properties of Fe–Pd clearly
seem more favourable than Ni–Mn–Ga.

Moreover, while the Ni–Mn–Ga alloys comprise the
cytotoxic elements Ni and Mn, the Fe–Pd system is
expected to exhibit a much better biocompatibility.
Fabricated as free-standing FMSM alloys, which con-
stitute not only the ‘superelastic’ thermal shape memory
effect, but also magnetically switchable shape changes,
Fe–Pd films could pave the way for magnetically
controlled stents, vena cava filters, abdominal aortic
aneurysm devices, and atrial septal defect occlusion
devices without possible temperature damaging effects.
However, the biocompatibility of the material must first
be proved well to avoid inflammatory processes and cell
death when incorporated in the human body. In this
paper we summarise recent investigations on the
interaction of FMSM alloys in contact with different
cell types, as well as simulated body fluid studies to
analyse possible corrosion effects. Coatings to enhance
cellular adhesion and proliferation are discussed, while
density functional theory calculations to quantify
interaction energies between Fe–Pd films and biopoly-
mers are presented.

Fe–Pd ferromagnetic shape memory
alloy thin films
To obtain free-standing thin films and foils suitable for
actuation at room temperature, two greatly independent
routes have been followed: within (i) a thin film
approach, highly textured or single crystalline Fe–Pd
based films with thicknesses up to some micrometres,
which were grown via molecular beam epitaxy, were
considered, while (ii) splat quenching from melt was
employed as an alternative high throughput method to
obtain polycrystalline textured foils with higher thick-
nesses (some tens of micrometres). While (i) promises to
yield maximum magnetostrains, (ii) poses a technique
more suitable for mass production on an industrial scale.
Common challenges for both approaches, (i) and (ii),
include synthesis of samples residing in the desirable
metastable fct martensitic phase at room temperature,
while preventing the occurrence of the competing bct
martensitic phase (unsuitable for magnetic actuation) or
demixing into a-Fe and ordered FePd.5 On the other
hand, (i) is more delicate due to the requirement of film
lift-off techniques, which we, however, succeeded to
develop in our previous work12 – as also summarised in
the following.

Tuning martensite transition in polycrystalline
Fe–Pd films
Early studies revealed that Fe–Pd films grow in a very
finely grained bcc structure13 when deposited at room
temperature onto SiO substrates. In order to obtain the
desired fcc/fct phases, a post-deposition annealing/
quenching approach was developed, based on (i) sealing
the samples into quartz tubes under an high purity
argon atmosphere, (ii) annealing for 15 min and (iii)

subsequent quenching in water. Depending on the
annealing temperatures, the fcc structure (Fig. 1) and
massive grain growth can be observed (see Ref. 13 for
details). Based on the compositional dependence of the
martensite–austenite phase transition in bulk single
crystals,5 our polycrystalline Fe–Pd films were further
optimised towards martensite at room temperature.

Freestanding single crystalline Fe–Pd films
As discussed above, development of freestanding films
with single crystalline properties is highly desirable to
allow for maximum strains and minimum magnetic
operating fields. By systematically exploring parameter
space, suitable growth conditions for single crystal
growth on MgO (100) have been identified (Fig. 2).9

Studies unveil a central importance of choosing a
sufficiently high substrate temperature and employing
a low energetic deposition method. In fact, when
employing pulsed laser deposition, epitaxy could be
shown to break down after a few tens of nanometres film
thickness due to peening stresses,14 while no such
thickness limit exists for molecular beam epitaxy.
Three different deposition temperatures will be dis-
cussed exemplary in the following, representing deposi-
tion conditions, where decomposition into bcc Fe/FePd
(T,690uC) or single phase growth (T.690uC) prevail.
Mind, that this critical temperature to avoid demixing is
significantly lower than suggested from bulk phase
diagrams (760uC)8 and observed in polycrystalline films
on SiO substrates (here decomposition still occurs at
temperatures as high as 770uC). This indicates that the
epitaxial relationship with MgO stabilises fcc Fe–Pd. As
the lattice mismatch is rather large (around 10%), stress
and stain relaxation are major issues in this context.
From substrate curvature measurements at substrate
temperatures of 630, 690, and 750uC (Fig. 2), epitaxial
growth of Fe–Pd on MgO can be subdivided into two
regimes: an initial highly strained regime, dominated by
the lattice mismatch, and strain relaxation at higher film
thicknesses, while epitaxy is maintained throughout.
Interruptions of the film growth process (as e.g.
performed for 690uC) do not affect stress evolution,
indicating an instantaneous stress relaxation during film
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1 X-ray diffraction scans of Fe70Pd30 grown at room tem-

perature and 400uC. After annealing at 900uC for 60 min,

an untextured fcc phase was observed. Reprinted with

permission from Ref. 13, Copyright 2008, AIP Publishing

LLC
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growth. As for the stress relaxation mechanisms,
thorough TEM investigations (an example is shown in
Fig. 2) indicate that partial dislocations in Fe/FePd and
full dislocations in single phase FePd dominate at
temperatures #690uC and §690uC, respectively.9 For
all films additional stress relaxation stems from tiny,
presumably stress-induced precipitations of Fe at the
MgO interface, which act as an intrinsic self–assembled
buffer layer between film and substrate (a-Fe has only a
misfit of 3?4% on MgO).

In the following we focus only on single phase
austenitic films grown at T§690uC, details and discus-
sions on the other temperatures can be found in Ref. 9.
The film grown at 690uC shows an almost constant
curvature for thicknesses exceeding 100 nm, apart from
minor deviations during the interruptions of film
growth. As the stress in the just grown layer is the first
derivative of the substrate curvature, we conclude that
film growth proceeds at zero stress, thus enabling
epitaxy up to very high film thicknesses (as confirmed
experimentally), despite the large initial lattice mismatch
of about 10%. These stress measurements are in
agreement with the findings that the Fe–Pd equilibrium
lattice constant is reached at film thicknesses of
y60 nm.9

Quite some effort in our preliminary work was spent
on developing lift-off techniques suitable to relief Fe–Pd
based films from MgO (001) substrates, particularly as
buffer-layer based approaches15 have been shown to
fail to yield fct martensitic phase required for mag-
netic actuation. As described in detail in a recent
publication,12 two approaches proved to be particularly
successful:

(i) in the first approach, an aqueous solution
of ethylenediaminetetraacetic acid (EDTA) or,
alternatively, its sodium salt (Na-EDTA) is
prepared. Exposing MgO to this solution, Mg
ions are initially released to water (according to
the small solubility of MgO in water), and
subsequently form with EDTA a stable Mg
chelate complex.16 By trapping Mg ions, the
latter reaction shifts the chemical equilibrium
between MgO and its aqueous solution, and thus

allows for its complete dissolution. Besides
temperature, the pH value turned out to be a
key parameter to tune the velocity of this process.
The actual lift-off time for FePd films turned out
to be especially short due to the particular
growth-related microstructure of our films: As
described above and reported in Ref. 9, the latter
is characterised by intrinsic Fe precipitation in
the very early stages of film growth, i.e. up to
some tens of nanometre thickness, to compensate
for the large misfit strains of y10% between
MgO (001) and FePd. Since especially Fe also
forms very stable chelate complexes with EDTA,
the intrinsic Fe precipitates at the substrate
interface are readily etched, while the Pd-richer
parts of the film remain greatly unaffected,
presumably due to passivation by the very noble
Pd. Only minor changes in the overall Fe
contents are detected (some percent), which have
to be compensated during film growth before
etching

(ii) in contrast to the previous method, dissolving the
MgO substrate in a saturated sodium bicarbonate
solution occurs at much lower rates of
y80 nm h21, while temperature cannot be ele-
vated much beyond room temperature due to the
onset of sodium bicarbonate dissociation. As a
primary advantage over (i), however, this treat-
ment leaves the film perfectly intact (including
also stoichiometry), as we show below. As a final
remark it is noteworthy that, in addition to these
elaborate lift-off approaches, the freeness of
stress gradients before etching, as established by
our growth conditions,9 is a central ingredient to
obtain technically meaningful films (Fig. 3a), or
curling-up after lift-off will render them unusable.

Figure 3 presents key structural characterisations of
freestanding FePd films prepared with the above-
mentioned recipes: comparing the H/2H X-ray diffrac-
tograms before and after lift-off (Fig. 3c) indicates the
absence of any structural changes, except for the
obvious vanishing of the MgO (001) substrate peaks.
In fact, pole figure measurements around the (200) and
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2 (Left) TEM measurement of MgO/FePd interface, indicating perfect epitaxy. (Right) In situ substrate curvature measure-

ments during epitaxial growth, showing a relaxation of the misfit stress in an initial phase, and stress-free growth in a

later stage. By convention, a positive slope corresponds to tensile stress. Reprinted from Ref. 9
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(111) peaks (Fig. 3d) unveil an excellent crystal quality
of our freestanding films, indistinguishable from single
crystals. In real space this is additionally corroborated
by high resolution transmission electron microscopy
measurements of the as lift-off film (Fig. 3b).

Annealing to obtain freestanding fct martensite
at room temperature
For the sake of clarity it is worth emphasising, that
within preparation and lift-off, samples continuously
reside within the fcc austenitic phase, while the
corresponding martensitic fct phase is required for
magnetically induced actuation. This issue will be
addressed in the following: As described above, lattice
mismatch between film and substrate is compensated,
besides the above mentioned Fe precipitates in substrate
proximity, by introduction of full dislocations into the
film.9 In the course of film release only parts of these
defects relax towards the surface, while the remaining
ones hinder transformation towards the fct martensitic
state. While the absence of structural changes towards
fct martensite in as released films as been attributed to
defect pinning, annealing treatment of as released films
is expected to induce healing-out of defects at the surface
via image forces and thus remedy this issue. To carefully
verify this scenario, a single epitaxially grown FePd film
on MgO (001) was prepared and cut into several pieces,
which were subsequently put into a sodium bicarbonate
solution. After almost complete dissolution of the MgO
substrates, the films were supported by thermally
oxidised silicon substrates to facilitate handling for

further experiments. It is worth emphasising that on
these substrates, the films are attached only by adhesion.
In order to reduce the number of defects in the films,
they were separately sealed into quartz tubes and
annealed at 1000uC. To avoid demixing during
cool-down, the quartz ampoules were dropped into
water, to achieve sufficiently high quenching rates of
y300 K s21. X-ray diffraction investigations performed
subsequently (Fig. 4) show that in a portion of the
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a light microscopy shows macroscopic integrity of a typical released film, which is mechanically supported by a SiO sub-
strate; b high resolution TEM micrograph of a portion of a released film, also mechanically supported by a SiO substrate,
unveils a perfect single crystalline structure; c comparison of h/2h X-ray diffraction (XRD) measurements (Cu Ka) before
(solid line) and after (dashed) lift-off confirms structural integrity throughout the process; d pole figures reflect the high
degree of crystallinity after film release. Reprinted from Ref. 12

3 Characterisation of freestanding FePd films, lift-off from MgO (001) <substrates

4 Structural changes in FePd freestanding single crystal-

line films due to different annealing treatments: after

exposure to 1000uC for 15 min, most of the film resides

in the desired fct martensitic phase, whereas annealing

at 1000uC for 20 h induces bcc structure. Reprinted

from Ref. 12
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sample where the substrate was not fully dissolved, the
structure remained unchanged after annealing. For the
film annealed for 15 min at 1000uC on the other hand,
only a small remainder of the fcc (200) peak is observed
at room temperature, while most of the film resides in
the fct martensite structure desired for actuation, as
indicated by the fct (002) peak. After very long
annealing times, the sample is completely in the bcc
structure, as shown by the (110) bcc peak. It is
interesting to note that the occurrence of this structure
has also been found in bulk polycrystalline FePd
samples after a long enough annealing treatment.17

Comparing substrate-attached with freestanding single
crystalline Fe–Pd ferromagnetic shape memory films has
since then led to useful physical insights on the impact of
substrate constraints on transformation,18 magnetic,19

mechanical,20 and magneto-mechanical21 properties.

Ferromagnetic shape memory splats on
Fe–Pd basis

Towards martensite splats at room temperature
The room temperature phase of rapidly quenched Fe–Pd
splats critically depends on the Pd content (Fig. 5). For
a Pd content of 30% or more, the foils crystallise in the
fcc austenite phase, which can transform to the
martensite phase upon cooling. A Pd content between
28 and 29% was found to directly lead to the fct
martensite phase at room temperature, which is neces-
sary for the MSM-effect. If the Pd content is below 28%,
a bcc phase occurs. This composition dependence is not
in complete accordance with results obtained by Cui
et al.,5 who found crystals with a Pd-content of 29% to
be in the bcc phase at room temperature. The existence
of fct phase for Pd content lower than 29 at-% was also
observed in Fe–28?8 at-% Pd melt-spun ribbons.22 On
the other hand, Matsui et al.23 observed a mixture of fct
and bcc for rapidly quenched ingots with a Pd-content
down to 28%. As there is hardly any bcc phase present in
the splats with a Pd-content of 28?2%, the extremely
rapid quench during the splatting process seems to
stabilise the fct phase. The samples undergo a reversible
transformation to the fcc phase upon heating to
moderate temperatures. This means that the stabilisa-
tion cannot be explained by simple kinetical suppression

of phase transformation. It is more likely that the finely
grained highly strained microstructure, which is char-
acteristic for rapid solidification, constrains the crystal-
lographic structure in a way that favours the low
symmetry martensite. The fct phase has an additional
degree of freedom due to its variable tetragonality,
which can locally accommodate strains at grain bound-
aries and defects. When these constraints are removed
by sufficiently long annealing or grain boundary etching,
the material transforms to the bcc phase.24

Microstructure and texture
For high performance in MSM actuation, a distinct in-
plane texture is desirable. Thus, a rolling texture was
induced by cold rolling FePd splats to a thickness of
y20 mm. The texture could be clearly observed in XRD
pole figure measurements but excessive deformation of
the crystal lattice lead to a transformation into the bcc
phase. Even though no general texture can be observed
in the as-splatted foils, a preferred orientation of
martensite variants is visible in the martensitic samples.
As can be seen in Fig. 5, the fct (200)/(020) peak
appears, but no (002) peak is visible. At higher angles,
we observe the (202)/(022) peak, but no (220) peak and
the (311)/(131) peak but no (113) peak; the physical
foundations are discussed in Ref. 17.

Annealing treatment and fcc/fct phase
stabilisation
Due to ultrafast solidification (106 K s21) during splat-
ting, the grain size of the samples is very small and a
high amount of defects is incorporated into the samples.
To improve the crystallinity and thus the transformation
behaviour, different annealing treatments were applied.
The samples were sealed into quartz tubes with
600 mbar Ar atmosphere before annealing. Austenitic
samples with a Pd content of 30% showed no significant
change in crystal structure after annealing at 900uC. In
some cases, Fe precipitates occurred, especially when the
quenching rate was low (oven cooled). Samples with a
Pd content of 29%, which were quenched in cold water
after annealing, partly transformed to the bct phase. The
amount of bct phase increased with increasing annealing
time and temperature. However, in some samples, small
amounts of Fe precipitates formed. As in the matrix of
these samples the Pd content was increased due to the Fe
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5 (Left) Operating principle of a splat quencher. (Middle) TEM micrographs reveal a columnar structure of the splats.

The inset shows a light microscopy image of a typical splat. (Right) At room temperature, martensite occurs in sam-

ples with a Pd content between 28 and 29%. (Middle) Reprinted from Ref. 24, Copyright 2010, with permission from

Elsevier. (Right) Reprinted from Ref. 25, Copyright (2012), with permission from Elsevier
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depletion, these splats transformed to the fcc austenite
phase (Fig. 6).

Impact of annealing on martensite–austenite
transition
All binary and ternary samples in the austenite phase
that show no Fe precipitates transform to the martensite
phase upon cooling, but the transformation temperature
is sometimes significantly lower than expected from
literature. To better understand the phase transforma-
tion and the influence of annealing thereon, the phase
transformation was systematically investigated for a
series of FePd samples that had been annealed at
different temperatures between 600 and 1000uC for
15 min. The samples show significant changes in crystal
structure, resistivity and magnetisation upon phase
transformation as depicted in Fig. 7. The temperature
dependence of the crystal structure was observed by
temperature dependent XRD scans. As the tetragonality
of the crystal unit cell increases, the fcc (200) peak shifts

to the fct (200) position, so that martensite start
temperature (Ms) and martensite finish temperature
(Mf) can be determined. The decrease in the resistance
of the samples shows a steeper slope during phase
transformation between Ms and Mf. The magnetic
moment measured in a small magnetic field of 300 Oe
(which is far from saturation), also shows a character-
istic drop at Ms. The magnetisation decreases in a
similar way as the tetragonality of the crystal unit cell
increases. From these changes, the transformation
temperature can be determined with high accuracy. Ms

and Mf were found to increase with increasing annealing
temperature (Fig. 7). The increase in Mf was much more
distinct, which means that the transformation range
becomes narrower, i.e. showing less hysteresis.24 TEM
investigations revealed a columnar microstructure of all
samples. As expected, the width of the columns increases
with increasing annealing temperature from 150–200 nm
in the as-splatted sample to 500–600 nm in the sample
annealed at 1000uC.
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6 Temperature-dependent XRD spectra of as-splatted and annealed samples (offset for clarity). The Be peak originates

from the beryllium window of the variable temperature X-ray chamber. Reprinted from Ref. 24, Copyright (2010), with

permission from Elsevier
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Biocompatibility

Ferromagnetic shape memory alloys in contact
with body fluids
Metallic alloys that comprise the thermal shape memory
effect such as NiTi (nitinol) are already employed for
biomedical devices such as stents.27 Although nickel is
known to be cytotoxic, a passivating oxide layer on the
surface highly reduces the amount of Ni ion release due
to corrosion effects in physiologic environment.28,29

Nevertheless, possible risks e.g. of thrombosis,30,31 as
well as tissue damaging effects due to the required
temperature changes when inducing the shape changing
properties, limit their application.

Ferromagnetic shape memory alloys such as Ni–Mn–
Ga and Fe–Pd can avoid these drawbacks. However,
since the materials have not been used in medical
applications yet, only a few studies have addressed the
biocompatibility of FMSM alloys so far. Corrosion
behaviour was first investigated for the initially dis-
covered Ni–Mn–Ga by Stepan et al.32 Single crystalline
bulk samples were soaked in Hank’s Balanced Salt
Solution at pH 7?4 and 37uC to mimic conditions
present in the human body. After a potentiodynamic
corrosion assay of 12 h pitting became visible – a clear
sign of ion release and destruction of the initially smooth
surface. Pouponneau et al.33 corroborated these finding
and showed that the release of nickel is even higher for
polycrystalline Ni–Mn–Ga because a protective oxide
layer as seen, e.g. for NiTi, does not form on single and
polycrystalline Ni–Mn–Ga.

Besides Ni–Mn–Ga, Fe–Pd based FMSM thin films
are a highly promising class of biomaterial due to their
chemical composition of less toxic Fe and Pd particles.
Recently, the in vitro biocompatibility of single crystal-
line Fe70Pd30 FSMA films grown on MgO single crystal
substrates was conducted by simulated body fluid
(SBF).34 The FSMA films were immersed in SBF for
65 h at 37uC. Less than 0?001 mg L21 Pd ions were
detected throughout, whereas the Fe concentration
clearly increased an order of magnitude, thus reflecting
a higher reactivity of Fe in the Fe–Pd alloy, as expected.

However, the iron concentration was still orders of
magnitude below the allowed limits proposed by the
Food and Drug Administration of the USA. Moreover,
after soaking in SBF apatite-like materials aggregation
on the surface was present which is very important for
tissue-bonding and adhesion of cells to the substrate.34

Cellular response in contact with Fe–Pd thin
films
Even though almost no sign of toxic iron release is
observed for Fe–Pd, this result cannot be considered as a
proof of a material’s biocompatibility. If and how cells
adhere, how they shape and exhibit focal contact sites to
the substrate in vitro give good hints for possible
cytotoxic effects.

Currently, only four study have been published which
investigate the biocompatibility of Fe–Pd. Ma et al.34

studied the interaction of the embryonic mouse fibro-
blast cell line NIH/3T3 with Fe70Pd30 by seeding the
cells onto the films and examining cell morphology and
viability employing fluorescent dyes to visualise cells on
the films. After 65 h cells were stained with calcein AM
(stains live cells in green) and with propidium iodide (PI,
for apoptotic cells with nuclei fluorescing in red). It
turned out that cells adhered and proliferated on the
surface of the films, and only very few apoptotic cells
could be found. Additionally, after cell detachment from
the films, no morphological, structural, and chemical
changes of the films, which could interfere with their
functionality, were detected. The results suggest that Fe–
Pd membranes are biocompatible and even bioactive.34

A detailed view on cell morphology and adhesion on
single crystalline Fe–Pd thin films is given in a recent
study by Allenstein et al.35 Here immunohistochemical
staining of the cellular actin cytoskeleton and the focal
contact sites for adhesion to substrates provided
evidence that the cells are well-spread on the substrate,
exhibit well-defined stress fibres and obtain a normal
morphology (Fig. 8). Interestingly, fibroblast cells need
some time to adapt to the Fe–Pd substrate: While the
mean projected area of cells after one day of culture was
found to be Acell51362¡126 mm2, an increase in cell
area by about 30% was seen after four days (Table 1).
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7 (Left) During martensite–austenite transformation, the splats show distinct changes in crystal structure (as e.g. deter-

mined by X-ray diffraction – left), resistance R(T) and magnetisation M(T). Transformation temperatures determined by

different methods increase with annealing temperature (right). (Left) Reprinted from Ref. 26. (Right) Reprinted from

Ref. 24, Copyright 2010, with permission from Elsevier
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Similar observations were made for primary human
osteoblast cells (HOB) on single crystal Fe–Pd thin
films.35 Here the average cell area increased from
2414¡113 to 3769¡314 mm2 from day 1 to day 4 in
culture. While the increase in cell area for fibroblast cells
goes in line with an increase in number of focal contacts,
which explains the larger cell area, for HOB the number
of focal contacts decreased in culture although the cells
were spread out much more. The shape factor s as a
normalised ratio between the cell area Acell and the
squared perimeter p: s54pAcell/p

2, which gives a
measure how spherical or irregular the cells are, also
reflected that the HOB cells became more rounded
during four days culture. Together with the decrease in
focal contact density such findings could be attributed to
the fact that cells are more mobile since a reduced
number of binding sites to the substrate is important for
cell motility. Only the projected cell area of the human
mammary breast epithelial cell line MCF-10A, which
was also examined in the study, did not show any time
dependence when cultured on Fe–Pd films and remained
around 730 mm2.

An important feature of good biocompatibility
besides morphological features of cells, such as spread-
ing of the cell body, is the proliferation of cells on the
substrate. Human osteoblast and epithelial cells on Fe–
Pd single crystal films divided with the same rate as
obtained from control experiments in which these cells
were cultured on normal plastic culture dished.35

However, fibroblast cells division rate was seen to be

slightly reduced although no signs of cytotoxicity
became evident. A slightly decrease proliferation might
be attributed to the observation that the cells need some
time to adhere and adapt to the Fe–Pd substrates.

In contrast to Fe–Pd, for thin films of Ni–Mn–Ga
deposited on SiO2 placed in a plastic Petri dish together
with NIH/3T3 fibroblasts we observed that the cells died
or pathologically transformed due to corrosion of the
film, dissolution of Ni and Mn ions and uptake by the
cells.36 Thus, Ni–Mn–Ga alloys are not biocompatible
and their application for medical devices requires
appropriate coatings to suppress ion release, while the
coating must still allow shape changes when external
magnetic fields are applied.

Effect of polymer coatings on cell response
In order to tune the interaction of cells with the Fe–Pd
surface, improved adhesion in line with a normal
proliferation rate can be reached when polymer coatings
are employed. Allenstein et al.35 used poly-L-lysine, a
polymer which promotes unspecific binding of cells, to
coat single crystalline Fe–Pd thin films. Both human
osteoblasts and epithelial cells spread much more on
coated substrates with projected cell areas of 4668¡290
and 1424¡129 mm2, respectively, compared to uncoated
samples (Table 1). Application of laminin and fibronec-
tin coatings, two proteins which contain the amino acid
sequence Arg-Gly-Asp (RGD) that specifically binds to
the focal contact sites of cells and are present in the
extracellular matrix, were further investigated to tune
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8 Confocal laser scanning microscopy images of NIH/3T3 cells cultured on Fe–Pd thin films for a one and b four days.

The actin cytoskeleton is stained in red and the focal contact sites in green =

Table 1 Cell parameters after culture on Fe–Pd thin films.

Cell type
Projected cell
area after 1 day

Projected cell
area after 4 days

Area of focal
contacts per
cell after 1 day

Area of focal
contacts per
cell after 4 days

Shape factor
of cells after
1 day

Shape factor
of cells after
4 days

Primary
human
ostheoblasts
(HOB)

2414¡113 mm2 3769¡314 mm2 148¡13 mm2 128¡15 mm2 0.41¡0.01 0.51¡0.03

Fibroblast
cells
(NIH/3T3)

1362¡126 mm2 1781¡177 mm2 61¡9 mm2 125¡28 mm2 0.40¡0.02 0.45¡0.03

Epithelial
cells
(MCF-10A)

732¡32 mm2 719¡45 mm2 34¡4 mm2 26¡4 mm2 0.71¡0.01 0.57¡0.03
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the interaction of HOB, MCF-10A and fibroblast cells
with Fe–Pd thin films. It turned out that osteoblasts
spread much more and form more focal contacts to the
substrate within four days culture on fibronectin coated
surfaces. Here, cells reach projected areas of 5110¡
409 mm2, while no change on laminin coated surfaces
became evident. Similar observations could be made for
epithelial cells which also spread more on fibronectin
coated Fe–Pd with areas of 1000¡38 mm2 compared to
controls without coating (see Table 1). In contrast,
fibroblasts are smaller on fibronectin and laminin coated
substrates with areas of 1227¡159 and 1267¡72 mm2,
respectively. These results show that adhesion of cells to
Fe–Pd is cell type dependent, while cells from connective
and epithelial tissue adapt well even to uncoated, non-
physiologic Fe–Pd films.

To this end, the question arises why cells adhere and
spread much better on Fe–Pd compared to other hard
matter, e.g. glass, as recently investigated by Zink et al.37

In this study, the interaction of the amino actid sequence
RGD with Fe–Pd thin films was employed by cell
experiments, delamination tests and density functional
theory (DFT) calculations. RGD is the major binding
motif for cells. It binds to the integrin receptors of cells
which form the focal contact complexes for cellular
adhesion to substrates. If no RGD-containing surfaces
are present in the surrounding of cells, RGD-containing
proteins are expressed and deposited to the substrate by

the cells’ themselves. This explains the results by
Allenstein et al. why cells need some days to spread on
the Fe–Pd surfaces and form more adhesion sites after
longer culture time.
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9 Overview of NIH/3T3 fibroblast cells cultured on a Fe–Pd, b RGD-coated Fe–Pd, c glass coverslips, and d RGD-coated

glass. Cells were initially stained with TRITC-conjugated phalloidin and subsequently imaged by confocal laser scan-

ning microscopy

10 Sketch of Fe–Pd thin film with an RGD molecule

attached to the surface via N–Fe and O–Fe bonds.

The structural confirmation of RGD and the binding

sites to Fe–Pd were obtained from DFT simulations as

described in detail in Ref. 37
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On the other hand, the binding strength of the RGD
molecule with the Fe–Pd substrate determines adhesion
of cells since forces exerted by cells to the RGD binding
site during spreading and migration must not be exceed
the binding strength of the RGD to the substrate to avoid
rupture of the molecule. Zink et al.37 showed that pure
RGD peptides can be employed to coat single crystalline
Fe–Pd thin films for strong adhesion with NIH 3T3
fibroblast cells. These cells adhere to the RGD on the Fe–
Pd substrates and spread well with a bipolar morphology
(Fig. 9). In contrast, control cells on glass were much
smaller and more spherical, a clear sign of bad adhesion.

Employing density functional theory simulations, the
authors obtained that RGD interacts with Fe–Pd via N–
Fe and O–Fe bonds, each with a bond strength of 1?13
and 1?03 nN, respectively (Fig. 10). Assuming that for
the fibroblasts on Fe–Pd up to 23?400 RGD-integrin
bonds are formed, each with bond strength of up to
0?17 nN, the weak link in the interaction is the RGD-
integrin bond, and RGD binds to Fe–Pd much stronger.
In contrast, the interaction of RGD with glass is
expected to be much weaker than the RGD-integrin
bond since here cells are rounded and exhibit much
smaller cell bodies. Thus, RGD is ripped off from the
surface when cells prepare for spreading and migration.

In this study, DFT simulation results were corrobo-
rated by delamination tests in which the RGD coating is
peeled off the Fe–Pd film. Here a cantilever-based laser
beam deflection dilatometer was set up to experimentally
measure the peel-off stress and the adhesion energy of
the RGD–Fe–Pd interaction. In summary, a peel-off
stress of (0?7¡0?4) mN mm22 and an adhesion energy
of (0?5¡0?3) J m22 was determined, which is in excel-
lent agreement with the bonding energy of 0?4 J m22

from DFT simulations.37

Influence of surface roughness on cell adhesion
Besides tuning the adhesion properties of cells on Fe–Pd
surfaces with bioactive coatings, morphological changes
of the Fe–Pd film surfaces themselves are possible to
influence cell response as recently shown by Allenstein
et al.35 In this study rapidly quenched polycrystalline
Fe–Pd samples were employed which exhibit an intrinsic
roughness graded profile as shown in Fig. 11a. It turned
out that within the first two days human osteoblast cells
colonise all parts of the splat samples, from the smooth
centre to the rough periphery, while epithelial cells
adhere and settle around the sample centre with the
smoother surface. Nevertheless, after 4 days in culture
also epithelial cells migrate towards rougher surface
areas and adhere along the periphery of the splat sample
(Fig. 11). To this end, the sensitivity of cell behaviour to
different surface morphologies is cell type dependent,
while cells themselves are also able to adapt to
unfavourable environments such as rough surfaces in
time.

Conclusion
The FSMA Fe–Pd is a smart functional material which
is able to perform reversible shape changes of several
percent by reorientation of martensite variants in
external magnetic fields. Fe–Pd is producible as poly-
crystalline bulk materials, as well as single crystalline
thin films. Epitaxially grown thin films can reach very
high film thicknesses .100 nm due to film growth at
zero stress, while substrate-deposited and freestanding
Fe–Pd films are possible. Since recently biocompatibility
assessments clearly showed that many different cell types
spread and proliferate well on Fe–Pd single crystal thin
films, as well as polycrystalline splat quenched samples,
whereas polymer coatings can even improve cell adhe-
sion, several applications in bioengineering and biome-
dicine are possible in the future.
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