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Interaction of Ferromagnetic Shape Memory Alloys and
RGD Peptides for Mechanical Coupling to Cells: from

ADb Initio Calculations to Cell Studies

Mareike Zink, Florian Szillat, Uta Allenstein, and Stefan G. Mayr*

Due to their magneto-mechanical coupling and biocompatibility, Fe-Pd based
ferromagnetic shape memory alloys are a highly promising materials class for
application as contact-less magneto-mechanical transducers in biomedical
environments. For use in cell and tissue actuators or strain sensors, sufficient
adhesion to mediate strains clearly constitutes a prerequisite. As the RGD
sequence is the most important binding motif for mammalian cells, which
they express to facilitate adhesion, the potential of RGD coatings to achieve
this goal is explored. Employing large-scale density functional theory calcu-
lations the physics of bonding between RGD and Fe-Pd surfaces, which is
characterized by coordinate bonds of O and N atoms to Fe, accompanied by
electrostatic contributions, is clarified. Theoretical predictions on adhesion,
that are confirmed experimentally, suggest RGD as suitable strain mediator
to Fe-Pd surfaces. On the cell side, favorable adhesion properties of RGD-
coated Fe-Pd are manifested in cell morphology and spreading behavior.
Demonstrating that the adhesion forces between RGD and Fe-Pd exceed
those exerted by cells to the RGD coating, as well as traction forces acting
onto integrin bonds, the findings pave the way for novel type of applications
as cell and tissue actuator or sensor within the areas of tissue engineering

upon straining, they can be regarded as
perfect candidates for biomedical actua-
tion and sensing. This particularly holds
true, as they can be reversibly operated at
constant (body) temperature. Temperature
changes to induce a shape change, as in
conventional shape memory alloys (such
as NiTi),>* are not required. Besides their
ESM properties, these alloys still can be
operated as conventional shape memory
alloys, though, and also show such impor-
tant properties as pseudo(“super”)elas-
ticity and —plasticity. The “prototype” FSM
material, Ni-Mn-Ga, has been demon-
strated to be cytotoxic,®! while the Fe-Pd
FSM system!® proved to be biocompatible
in cell and simulated body fluid tests.!
Membranes of the latter alloy are thus
highly promising candidates for use in
biomechanical actuators or sensors for
shear strains and/or volume dilations of
several percent, and could find their way

and regenerative medicine.

1. Introduction

Ferromagnetic shape memory (FSM) alloys(!! constitute a novel
class of functional materials with strong magneto-mechanical
coupling, that have attracted significant interest for engineering
applications in the past years. Yielding magnetically switch-
able strains up 10%[ and, vice versa, magnetization changes
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into in vivo applications, including drug

delivery systems or adaptive implants.
Clearly such envisioned use relies on
sufficient mechanical coupling between
the FSM surface and living cells. Generally, adhesion of cells
to the extracellular matrix and other substrates determines
migration of cells, proliferation and tissue regeneration. Loss
in adhesion can lead to aniokis (detachment induced apoptosis)
due to focal adhesion kinase inactivation.®l Moreover, the per-
formance of implant materials in vivo depends on the ability
of the surrounding tissue to adhere to the biomedical device
such as hip prostheses to ensure osteointegration®'!l or to
synthetic vascular grafts to promote endothelial attachment.l'!
Cellular adhesion can be promoted by coating FSM substrates
with extracellular matrix (ECM) proteins, e.g., fibronectin or vit-
ronectin that are recognized by integrin receptors on the cellular
surface.l'’] However, as discovered in 1984 by Pierschbacher
and Ruoslahti, the arginine-glycine-aspartic (RGD) sequence of
fibronectin, and many other adhesion proteins, is a recognition
site, which can bind to 51 and avf33 integrins.'*1° RGD pep-
tides, which are not specifically designed to selectively bind to
certain receptors, can be recognized by all five av intergins, two
B1 and olIbB3 integrins on the cell surface,l'! which link the

ECM to the cytoskeleton.'”]

Although coatings composed of RGD-containing ligands
can promote bioactivity and osseointegration,!118-21 only

wileyonlinelibrary.com

dadvd T1TInd


http://doi.wiley.com/10.1002/adfm.201201789

-
™
s
[
-l
wd
=
™

1384  wileyonlinelibrary.com

Makies

immobilized RGD peptides support cell adhesion in vitro and
can effectively mediate strains between cells and Fe-Pd mem-
branes, while dissolved RGD molecules within the culture
medium inhibit cell attachment.[!3] To this end, the interaction
of the substrate material with the RGD peptides is of major
importance when functionalizing the surface for improved
cell attachment. Although integrins, such as o581 and ovf33,
bound to RGD are quickly recycled within approximately
30 minutes,??2 RGD peptides in solution would immediately
block the receptors again. Thus, only surfaces that strongly bind
RGD peptides prevent detachment and promote cell adhesion
and migration. Since cells express RGD containing proteins
themselves to adhere to substrates, the interaction of RGD with
Fe-Pd is supposed to determine cellular morphology, spreading
behavior, as well as proliferation and motility.

Motivated by this background, our present study first
employs large-scale ab initio density functional theory (DFT)[23!
calculations to clarify the physics of bonding between RGD
peptides and Fe-Pd surfaces. We demonstrate, that coordinate
bonds preferentially form between the O/N and Fe atoms of
RGD peptides and Fe-Pd surfaces, respectively, which ensures
stable attachment and the capability of transferring stresses
between cells and substrates. Based on these findings, we pro-
pose an easy-to-use single-step RGD coating strategy of Fe-Pd
FSM alloys, that yields functionalized surfaces for mechanical
transduction to cells. While on the Fe-Pd side this is experi-
mentally verified by delamination tests that show excellent
agreement with our DFT predictions in terms of adhesion, in
vitro cell assays with RGD-coated Fe-Pd substrates confirm
favorable attachment also on the cell side. Here the expression
of focal adhesion sites is quantitatively analysed and compared
to cells on uncoated surfaces, as well as control cells on glass
and RGD-coated glass. Thus, our finding can be regarded as a
key step towards novel applications of Fe-Pd based FSM alloys
in biological sciences and regenerative medicine.

2. Results

2.1. Physics of Bonding of RGD Peptides to Fe-Pd Membranes

When heading for applications of FSM membranes in cell
straining or sensing applications, excellent mechanical cou-
pling between cells and FSM membranes clearly constitutes a
prerequisite. While interaction between the presently employed
RGD peptide coating layer and cell integrins is established to
be rather strong on a biophysics energy scale,? bonding condi-
tions at the RGD peptide—Fe-Pd FSM interface have been much
less clear up to now, particularly as the disordered Fe-Pd alloy
surface involves a chemically highly reactive (Fe) and a greatly
inert (Pd) component, respectively. DFT based total energy
calculations®l are clearly the method of choice to gain new
insights by yielding quantitative ab initio predictions, including
the electronic and structural ground states as well as the physics
of bonding. It is worth noting here, that for systems as large
as the present this constitutes a numerically highly demanding
challenge requiring extensive use of massively parallel super-
computers.?’! In fact, as realistic empirical potentials and
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Figure 1. Fully relaxed atomic configuration of the RGD peptide, as
predicted by the present DFT calculations. Cyclic RGD forms by proton
transfer from O to N (1), accompanied by occurrence of two hydrogen
bonds (1) and (2).

force fields, which are computationally much less demanding
within, e.g., classical molecular dynamics simulations, do exist
for biological systems and metals but not for combinations of
both worlds, the use of an ab initio approach as DFT virtually
remains precondition for reliable theoretical predictions.

As first aspect in our DFT study, we address the electronic
and structural ground states of freestanding Fe-Pd membranes
and isolated RGD peptides. Due to the applied boundary condi-
tions (Section 5) the former are guaranteed to reside within the
face-centered-tetragonal (fct) martensite phase (that is required
for magnetic actuation), while, primarily due to size differences
between Fe and Pd ions and the presence of surfaces, ionic
structural relaxations prove to be highly relevant in reaching
the overall ground state. An extensive account on the resulting
structural, energetic and thermodynamic properties of Fe-Pd
membranes has been published recently.?®! As for the isolated
RGD peptide, careful structural relaxation of the initial textbook
structurel?’! results in a cyclic conformation (Figure 1), which
is characterized by i) a proton transfer from O to an opposing
N accompanied by a change of the adjacent C bond to a double
and single bond, respectively (as marked in Figure 1) and
ii) establishment of two hydrogen bonds (1 and 2 in Figure 1)
with one of them occurring in the location of the proton transfer.
Clearly these two hydrogen bonds are responsible for the ener-
getic preference of the observed cyclic conformation.

The cyclic RGD peptide in its relaxed vacuum configura-
tion is subsequently aligned parallel to the Fe-Pd surface and
brought into six different locations chosen randomly along
two different relaxed Fe-Pd surfaces. The initial distance was
chosen so as to maximize binding energy each,as probed with
numerous self-consistent electronic structure runs at fixed ion
positions. During subsequent careful ionic relaxation of these
six Fe-Pd/RGD configurations with the techniques described in
Section 5, the energy is further minimized, yielding configura-
tions with binding energies in the range from —3.49 to —4.45 eV

Adv. Funct. Mater. 2013, 23, 1383-1391
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Figure 2. Bond characteristics between the RGD peptide and the Fe-Pd ferromagnetic shape memory alloy at different locations along the surface.
Coordinate bonds preferentially establish between Fe and O, as well as Fe and N, while Pd is never observed to get involved in bonding. The corre-

sponding binding energies are given below the configurations.

(Figure 2). Employing the average (-3.95 eV) as typical binding
energy between a single RGD peptide and the Fe-Pd surface and
using the typical RGD dimension (1.2 nm X 1.2 nm), we thus
obtain 0.4 J/m? as an estimate for the typical binding energy
between an RGD film and Fe-Pd.

While it is primarily the RGD peptide, which, due to its soft-
ness in comparison to the Fe-Pd membrane, reveals structural
readjustments in the course of energy minimization, it is very
instructive to look a little deeper, i.e., atomically resolved, into
the physics of bonding. To identify possible bonding partners
between RGD and Fe-Pd, we first employed a bond length cri-
terion and have drawn a chemical bond in Figure 2, where the
sum of their covalent radiil?®l exceeds their actual distance. As
we will demonstrate below, this criterion reliably identifies the
key locations of coordinate bonding between RGD and Fe-Pd,
while additional weaker bonding also occurs between delocal-
ized electrons in Fe-Pd and RGD, respectively. Clearly, on the
RGD side the constituents with unbonded electron pairs close-
by (i.e., O and N) engage in bonds with Fe atoms of the FSM
membrane surface, while C and Pd were never observed to get
involved. Due to the random occupation of the FSM membrane
surface (“random solid solution”) with Fe and Pd, where thus
only Fe sites are “hot spots” for binding to RGD, this implies
highly heterogeneous binding characteristics between RGD
and Fe-Pd. In most favorable binding configurations the loci
and spacings between the Fe atoms on the surface will be com-
patible with O and N of the RGD polypeptide, while deviations
from this perfect configuration will first lead to stresses within
RGD and ultimatively in a reduction of the number of bonds to
Fe-Pd. This is reflected by a reduction of the RGD-Fe-Pd abso-
lute binding energy, as observed in Figure 2.

As for bonding geometry, it is furthermore very instructive to
evaluate the bond angles occurring at the RGD/Fe-Pd interface.
While N is always found to be coordinated as nearly perfect
regular tetrahedron, the C-O-Fe bond angles scatter between
126.6° and 151.8° with an average value of 139° + 9°.

Adv. Funct. Mater. 2013, 23, 1383-1391
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To explore the character of the atomic bonds between RGD
and Fe-Pd more thoroughly and, after all, confirm presence and
types of chemical bonds on hard grounds, we have explored the
electronic densities of states (DOS) of freestanding Fe-Pd mem-
branes, isolated RGD peptides as well as RGD peptides attached
to Fe-Pd membranes (Figure 3). Clearly the spin-polarized band
structure of Fe-Pd and discrete molecular orbitals of RGD are
discernible prior to aggregation, which show significant ener-
getic overlap within the lower half of the conduction band of
Fe-Pd. Due to the atomic proportions, the DOS after aggrega-
tion is severely dominated by Fe-Pd (Figure 3).

To assess the physics of bonding it is therefore very instruc-
tive to contemplate the density of states of the whole system
projected onto atomic orbitals of the bonding partners on
the RGD and Fe-Pd sides, viz. the Fe-N and Fe-O bonds

150 | ' IFeFl‘d —
RGD x 10 ~======-

'
1 l N !

5 —f——f—+—1 +
50 | FePd+RGD —— Al

25 20 -15 -10 5 0 5
E /eV
Figure 3. Electronic densities of states for freestanding Fe-Pd mem-
branes and isolated RGD peptides, as well as total electronic densities of
states after aggregation, exemplarily for configuration Figure 2A. Energies
are given relative to the Fermi energy; positive and negative values cor-
respond to spin up and spin down electrons, respectively.
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15[ Fe B Fe ] electrons in Fe-Pd and RGD, viz. in locations without ions on
- ] the symmetry axis of bonding. These delocalized-electron-
0.5 - f[\ i mediated bonds proved to be of o-type throughout; one example
05 F i is included in Figure 5D.
— \/\\‘M 1 As the presently dominating O-Fe and N-Fe bonds clearly
18 —t i have a large similarity to dipolar bonds in metal-organic
15 L1 Fe o/ O - complexes, where charge transfer can play an important role, we
Pk explored the net charge transfer between the RGD peptide and
i B A | Fe-Pd membrane upon aggregation. Employing the Lowdin
05+ o " and Bader*®l concepts (Table 1), charge transfer was determined
S5 [ ] to be lower than 0.237e, or 2%, throughout. Although charge
i - S : — transfer is thus of minor importance in the present case, we did
8151 Fe-N/Fe 7 detect a slight shift of charge within Fe-Pd surface from the O
£ 05 L ] and N bonding sites to other regions. This can be interpreted as
e electrostatic attraction by image charges in course of the large
-0.5 i ] electronegativity of O and N, respectively.
145+ ]
& T 2.2. Experimental Quantification of Adhesion
05 -
i |1 ] Among the detailed DFT predictions above, the presumably
! most relevant quantity from an experimental point of view is
1.5 | . given by the binding energy (0.4 ]/m?) of the RGD peptide to the

25 20 -15 -10 -5 0 5
E/eV

Figure 4. Projected densities of states onto Fe and O atomic orbitals
of the Fe-O bond as well as onto the Fe and N atomic orbitals of the
Fe-N bond between the RGD peptide and Fe-Pd membrane (exempla-
rily for configuration of Figure 2A). The type (o or m-like) and character
(bonding/antibonding (*)) of the bonds is also given. Energies are given
relative to the Fermi energy; positive and negative values correspond to
spin up and spin down electrons, respectively.

highlighted in Figure 2. We first focus on a representative Fe-O
bond (Figure 4, upper half), where a careful analysisP” yields
multiple resonances between the sp hybridized O and the Fe 4s
and 3d bands. To address the character (bonding/antibonding
(")) and type (o/n) of bonding, the local densities of states are
integrated along individual O resonance
peaks, and plotted as isosurfaces. While a
representative selection of the latter is pre-
sented in Figure 5, a more extensive evalua-
tion of the integrated local density of states
(ILDOS)PY for every resonance between Fe
and O yields the classification (o/m/c"/n")
given in Figure 4. For the Fe-N bond, on
the other hand, resonances are primarily
apparent between the sp3-hybridized N and
Fe 3d bands, which are similarly classified
into 0 and ¢" bonds. In both cases, viz. O-Fe
and N-Fe bonds, all but one resonance below
the Fermi energy are bonding. This large
majority of bonding orbitals thus is the phys-
ical origin of the rather strong adhesion of
the RGD peptide to Fe-Pd.

Besides the O-Fe and N-Fe bonds that have
been discussed up to now, we also detected
additional resonances between delocalized

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Fe-Pd membrane surface. Experimentally, the latter is addressed
by a delamination test, viz. by peeling the RGD peptide film
off the Fe-Pd membrane, while measuring the required work.
Employing a cantilever-based laser beam deflection dilatometer
(Section 5, Figure S1 (Supporting Information); for a detailed
account see Supporting Information, Section B), the peel-off
stress (defined as the maximum tensile stress in peel-off experi-
ments) is determined to be (0.7 = 0.4) mN/mm?, while we esti-
mate for the adhesion energy (0.5 + 0.3) J/m?.

2.3. Wettability with Water Before and After Coating

As adhesion of cells to substrates is crucially affected by their
wettability with water, it is very instructive to explore the impact
of the RGD coating with respect to this: While the contact

Figure 5. Local density of states, integrated around the peaks A—F (marked in Figure 4), exem-
plarily selected for the ionic configuration shown in Figure 2A. The isosurfaces of A-F corre-
spond to isovalues of 0.13, 0.67, 0.54, 0.017, 0.0035 and 0.0067 1/A> for A—F, respectively. While
antibonding 7 and o-like orbitals are discernible in A and B, respectively, = and o-like bonding
is observed in C—E and F, respectively.

Adv. Funct. Mater. 2013, 23, 1383-1391
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Table 1. Charge transfer (in units of e) between the RGD peptide and
the Fe-Pd membrane upon attachment. According to LowdinP? and
Bader®¥ analyses, charge transfer is less than 2% throughout.

RGD attached Fe-Pd attached ~ RGD only Fe-Pd only
Lowdin 134.34 1091.73 134.349 1091.57
Bader 136.237 1103.77 136.00 1104.00

anglel*¥ of water on an untreated Fe,;Pd; surface was measured
as Oiy0 = 104° £ 3°, an additional RGD coating changes wet-
ting behavior significantly. A strong tendency of wetting within
a few seconds indicates super-hydrophilicity here.

2.4. Cell Morphology and Adhesion

To study the influence of RGD coating on the morphology and
adhesion behavior of living cells, NIH 3T3 fibroblasts were
seeded onto uncoated and RGD-coated Fe-Pd substrates and
incubated for 4 days. Subsequently, the F-actin cytoskeleton was
stained with phalloidin to visualize structure and morphology
of the cells, while focal contacts were marked with anti-vinculin.
Confocal laser scanning microscopy imaging revealed that cells
spread well with normal heterogeneous, fibroblast cell shapes
(Supporting Information Figure S2 and Figure 6).

To quantify these observations, the average projected area of
the cells was calculated, yielding a value of (1780 £ 177) um?
on uncoated Fe-Pd (Figure 6). Furthermore, the dimensionless
shape factor o = 47A/p?, the normalized ratio of the cell area
A and the square of the perimeter p, was analyzed to deter-
mine the cellular shape in terms of circularity in more detail. A
shape factor close to 1 indicates circular cell areas, while values
close to zero are found for elongated objects with the shape of
a straight line. On uncoated Fe-Pd surfaces, a shape factor of
0.45 + 0.03 was obtained (Figure 6E), corroborating our visual
observations of irregular cell morphologies and polarized shapes.
The F-actin stress fibers were found to be well pronounced
within the cells as an indicator of spread cells (Figure 6A).
The area of the focal contacts in terms of the area of anti-vin-
culin stained contact sites was measured with image analysis
software. We found that a surface cell area of (125 + 28) um?
exhibited a fluorescent signal of the adhesion sites (Figure 6E),
which relates to a focal contact density (fraction of cell area
occupied by focal contacts) of 4.9% + 0.6%.

After coating the Fe-Pd substrates with RGD, fibroblasts well
adhered and spread on the coated membranes, while on average
the cell size in terms of projected area was reduced by 45% to
(995 + 24) um? (Supporting Information Figure S2B, Figure 6).
In contrast, the shape factor hardly increased to 0.49 £ 0.01. In
addition, the focal contact density remained almost unchanged
within the error bars with 4.7% * 0.5%. Thus, the total fraction
of cell area covered by focal contacts ((78 £ 12) um?) decreased
by the same factor as the projected cell area. Visual inspections
revealed F-actin stress fibers spanning the entire cell body as
seen for cells on untreated surfaces (Figure 6B).

To compare these findings with cells on other well-estab-
lished solid substrates, NIH 3T3 cells were seeded on untreated
and RGD-coated glass coverslips and analyzed, as described

Adv. Funct. Mater. 2013, 23, 1383-1391
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Figure 6. Confocal laser scanning microscopy pictures of NIH 3T3 fibrob-
lasts on A) Fe-Pd and B) RGD-coated Fe-Pd substrates. Control measure-
ments with cells on C) glass coverslips and D) RGD-coated glass. The red
signal shows the actin cytoskeleton and the green signal the focal contact
sites. E) Projected cell areas, total areas of focal contacts per cell and
calculated shape factors for cells cultured on Fe-Pd, RGD-coated Fe-Pd
films, as well as control measurements on glass and RGD-coated glass.
The error bars give the standard deviation.

before. As can be seen in Figure 6C, cells on uncoated glass
spread but were smaller compared to fibroblasts on Fe-Pd sub-
strates with average projected areas of (926 * 41) um?, while
the F-actin stress fibers were clearly visible (Figure 6C and
Supporting Information Figure S2C). The cell morphology
was more rounded, which is reflected in the shape factor of
0.53 + 0.01. However, the total area covered by focal contacts
was hardly reduced compared to uncoated Fe-Pd substrates with
a total value of (112 * 14) um?; this results in a clear increase in
focal contact density to 7.6% + 0.7% due to smaller cell areas.
After coating the glass coverslips with RGD, the projected
cell area decreased even further to (769 + 31) um?, less than
half the size on the untreated Fe-Pd surface (Figure 6D,E and
Supporting Information Figure S2D). The cells became even
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more rounded with a shape factor of 0.61 +
0.01. Interestingly, the total area covered by
focal contacts (80 * 8) um? was identical to
the focal contact area of RGD coated Fe-Pd
(Figure GE). However, the focal contact den-
sity doubled to 10.6% £ 0.1% due to differ-
ences in projected cell areas. Actin stress
fibers were hardly seen for cells on coated
glass substrates as visualized in Figure 6D.
In the bottom line, the smallest and most
spherical cells were determined on the RGD
coated glass substrates.

3. Discussion

Cells generally adapt to their chemical and
physical environments. The presently inves-
tigated “hard” substrate is characterized by
smooth surfaces and mechanical strengths
exceeding those cells can sense due to mech-
anotransduction®>3¢ by orders of mag-
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Figure 7. Origin of the bond angle of =147° in the formamide iron complex: the projected
density of states on the atomic orbitals of the bond constituents, Fe and O, for tilted and
linear bond alignment, reveal distinct resonances, that are visualized as isosurfaces of the cor-
responding integrated densities of states (isovalues A: 0.02, B: 0.00028 and C: 0.0056 A=%). For
linear alignment, resonances B and C reveal antibonding 7 character, while structural relaxation
towards a 147° inclination of Fe vs. O results in bonding o-like character by appropriate “over-
lapping” of O p, and Fe d,, orbitals, besides a further delocalization of the C-O 7 bond into the
Fe d,, orbital. Evaluation of the O orbital-specific PDOS yields sp-hybridization of O.
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nitudes. Cellular behavior is thus highly
influenced by other factors, such as chemical
composition, surface energy, electric charges, and corrosion
resistance. Coatings can tailor these properties and improve
cellular attachment. Especially proteins occurring within the
extracellular matrix of the mammalian body are highly relevant
for bioactivity enhancement, since they contain the RGD recog-
nition motif for cellular attachment via integrins and formation
of focal adhesion complexes.>”!

To wrap up the bonding characteristics between the RGD
polypeptide and the Fe-Pd FSM alloy surface, analysis of our
extensive DFT calculations clearly demonstrates presence of
chemical bonds. The latter primarily occur between Fe and O
or N atoms on the Fe-Pd and RGD sides, respectively, but also
in a weaker fashion between delocalized states within RGD and
the Fe-Pd band. While thus most relevant aspects of bonding
have been clarified, the C-O-Fe bond angles, however, remain
a puzzle. Depending on the detailed bonding conditions they
are found around 139° £ 9°. To obtain deeper insight into the
underlying electronic origins, we chose to stick with the sub-
system that mediates bonding between RGD and Fe-Pd, viz. the
formamide-iron complex. Performing a structural relaxation of
this complex results in a C-O-Fe bond angle of 147°, similar to
the one observed in our RGD/Fe-Pd system. To obtain a clue
about the electronic origins of this relaxation, we compared
the electronic structure of a relaxed with an unrelaxed (bond
angle of 180°) system (Figure 7). The PDOS onto the Fe and O
orbitals reveals three key resonances in the relaxed and unre-
laxed cases, the ILDOS of which are visualized as isosurfaces
on the rhs. in Figure 7. Comparing the structurally unrelaxed
to the relaxed configuration, it becomes clear that by bending
the C-O-Fe bond the system is capable of establishing a o-bond
instead of a m-bond in resonance C, while obtaining bonding
orbitals instead of antibonding in resonance B. Both changes
of electronic structure due to ionic relaxation towards a 147°
bond angle result in reduction of total energy,and thus make it
the preferred configuration. As for the C-O-Fe bond in the

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

RGD/Fe-Pd system, things are just the same, i.e., presence of
the 3d band instead of discrete 3d levels does not change the
physics of bonding fundamentally here.

As for a quantitative comparison of the bonding energies
predicted by DFT with our experiments, we obtain excellent
agreement (0.4 J/m? vs. (0.5 + 0.3) J/m?, respectively), which,
in fact, is far from trivial. In particular the experimentally per-
formed delamination tests are commonly prone to systematic
errors, as correct determination of the adhesion energies via
mechanical integration requires absence of dissipation per
se. Complications particularly arise from non-linear deforma-
tions within the coating, which generally affect peel force (see
e.g., ref. [38] and references therein for details). The presently
observed agreement thus can be regarded as indication that
reversibility is greatly fulfilled. This can be understood in terms
of the bonding energy between RGD and Fe-Pd, which is high
enough to prevent occurrence of thermally activated viscous-like
creep effects on the lab timescale at ambient temperatures (and
thus certainly also on the time scale determined by the velocity
of the step motor of 12 um/s, corresponding to a strain rate at
the RGD/Fe-Pd interface of some 10* s7!). This delamination
rate obviously is still slow enough to remain close to quasistatic
equilibrium throughout. With a peak strain of some 5% of the
Fe-Pd membrane, this means that in the whole anticipated
operation regime (from static to some kHz), the RGD/Fe-Pd
coupling remains close to quasistatic equilibrium and thus suf-
ficiently mediates strains to cells.

Biocompatibility assessments already showed that cells can
adhere and proliferate on the surface of Fe-Pd substrates.”!
However, the interaction of cells with different substrate mate-
rials is still a matter of debate, and contributions of surface and
interaction energies to the ability of cells to adhere and form
focal contacts are unknown. Expression of RGD containing
proteins by the cells themselves support adhesion, while fur-
thermore the adhesion of these proteins on the substrate is

Adv. Funct. Mater. 2013, 23, 1383-1391
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triggered by interaction and surface energy differences. Only
when bonding of the RGD-containing coating is strong enough
to prevent delamination of the RGD layer from the Fe-Pd sur-
face during cellular adhesion and motion, bioactivity of the sub-
strate can be enhanced.l3%*1

Our in vitro assessments demonstrate that NIH 3T3 fibrob-
lasts spread well on uncoated Fe-Pd substrates. To compare our
cell culture results with the behavior of cells on well-established
substrates, we furthermore investigated the interaction of fibrob-
lasts with uncoated glass coverslips. It turned out, that cells were
much larger and heterogeneous in shape on Fe-Pd samples. The
total cell areas covered by focal contacts are almost identical for
cells on Fe-Pd and glass substrates, which might be triggered by
surface energy differences that promote cell spreading on Fe-Pd.

Investigations on the interaction of bioglasses composed
of SiO,, Na,0, CaO and P,05 showed that large quantities of
silicon, as present in glass coverslips, lead to increased prolif-
eration of cells.*?l During mitosis cells round up, exhibit an
increased shape factor and decrease the projected area on the
substrate surface as seen in our experiments. Additionally,
increased surface wettability as observed for glass coverslips
with contact angles of ~51°3 compared to 104° + 3° on Fe-Pd
also enhances fibroblast proliferation.*l Thus, accelerated cell
division might contribute to the observed finding of smaller
and more rounded fibroblasts on glass. Future proliferation
assays will focus on a better understanding of wettability and
materials-induced cell division.

To understand the decrease in cell size after coating substrates
with RGD, the interaction of RGD with the environment needs
to be taken into account, viz. 1) the substrate material interaction
with the RGD coating by establishing chemical bonds as dis-
cussed above and 2) the bonding of RGD to the integrin receptors
of cells. Thus, two competing interactions act on RGD. While
cells bind to RGD, they spread and prepare for migration. If the
interaction between the RGD ligand and the substrate is lower
than maximum forces cells exert on their binding sites during
spreading and migration, the RGD peptide will get ripped-off the
surface. As a result cells cannot spread and migrate anymore,
round up and decrease in size. At a final step apoptosis will be
induced if adhesion of cells is completely hampered.

To quantify forces of cellular adhesion from our investiga-
tions, we assume an adhesion site spacing of 60 nm.[*>4¢ Thus,
about 300 integrin receptors per um?,*% and up to 23.400 RGD-
integrin bonds could be involved in cell-substrate adhesion on
the observed focal contact area of 78 um? on the RGD-coated
Fe-Pd film. This value corresponds to up to 23% of all pos-
sible a5p1 integrin receptors on the surface of a fibroblast cell
- in good agreement with ref. [47]. However, it is expected that
the RGD peptides rupture from the surface during spreading
and migration of cells only, if the forces exerted by cells to
the focal contact site are large enough. During retraction,
myosin-11 develops forces in the range of 1-10 nN/um? deter-
mined by traction force measurements of fibroblasts,6484
corresponding to up to 0.03 nN per integrin bond and even
0.10-0.17 nN for early adhesion units as reported by Moore
et al.B% For the RGD-FePd interaction, our DFT simulations
yielded maximum bonding strengths of 1.03 nN and 1.13 nN
between O-Fe and N-Fe, respectively, as determined for H ter-
minated formamide-iron and ammonia-iron complexes, which
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constitute subgroups of RGD attached to Fe-Pd. As additional
bonds between delocalized electrons and ionic contributions
due to image charges in Fe-Pd are not included, these consti-
tute lower limits. Thus, the “weak-link” in the adhesion binding
site during spreading and migration of cells is not the RGD
adhesion to the Fe-Pd substrate, but the RGD-integrin com-
plex itself, even when taking into account that 3-5 integrins are
required to couple to the cytoskeleton and form a focal contact
complex.’ To this end, pure RGD peptides constitute a biomi-
metic coating for Fe-Pd even without chemically advanced proc-
esses of peptide immobilization.

On the other hand, weaker bonding and more mobile RGD
peptides might be expected for the interaction of RGD and
glass because here cells are smaller and more rounded. Fur-
thermore, possible dissolution of RGD during cell culture must
be taken into account to understand why cells have reduced
projected cell and focal contact areas after RGD coating. Dis-
solution behavior depends on how strong the RGD is bound,
which for RGD layer thicknesses beyond one monolayer cer-
tainly decreases as a function of distance from Fe-Pd and in
surface proximity, respectively. A thick coating layer thus might
increase the amount of dissolved RGD molecules which can
bind to integrin receptors. Although recycling of RGD-bonded
o531 integrin receptors in NIH 3T3 fibroblasts occurs within
30 min,?? integrins will get blocked again immediately. Other
integrin receptors cannot compensate for the decreased number
of contact sites forming the adhesion bonds to the substrate. In
fact, 051 is the major binding site for adhesion strength.*43°]

The observed morphological changes might also correlate
with cell motility. Static, non-moving fibroblasts are usually
well spread with a large projected area and many stress fibers.
In contrast, motile cells tend to exhibit a round cell body with
a leading edge, the lamellipodium and a trailing tail.”! During
migration cells develop less focal adhesions than static cells.
Thus, future studies will focus on migration of cells on Fe-Pd
substrates and the effect of coatings on cell motility.

4, Conclusions

To conclude, we have studied for the first time the physics of
bonding between RGD peptides and metal surfaces for the bio-
medically promising example of the Fe-Pd ferromagnetic shape
memory alloy from first principles. A decent interaction of RGD
coatings with the substrate material, which is mediated by coor-
dinate bonds between N/O and Fe on the RGD and Fe-Pd sides,
respectively, and accompanied by electrostatic contributions,
opens the venue for improved in vivo performance of FSM-based
medical devices and allows in vitro applications as cell actuators
and sensors. Because 10-20% of all joint prostheses fail within
15 years after implantation, a deeper understanding on how cells
couple via RGD-integrin sites to metallic substrates generally lays
the foundations for new surface processing concepts to expand
lifespan and reduce replacement surgeries to a minimum.

5. Experimental Section

Additional details are included in the Supporting Information.
DFT Calculations: DFTI® based total energy calculations were
conducted employing a plane wave basis set in combination with
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ultrasoft pseudopotentialst®23 using a customized version of the pwscr
code.’¥l Dispersion forces were included within the semiempirical
DFT-D approach,®>°¢ while utilizing the spin-polarized general gradient
approximation according to Perdew-Burke-Ernzerhof (PBE). Atomic
disorder was treated within a special quasirandom structure (SQS)
approach,” which was structurally relaxed using the Broyden-Fletcher-
Goldfarb-Shanno (BFGS) scheme, before determining final energies,
charge densities and (projected) densities of states.

Delamination Tests and Adhesion: After depositing (120.0 £ 0.5) nm
Fe-Pd onto a (250 = 10) um thick Cirlex CL-HN polymer foils, the latter
were coated with RGD peptides and employed in a home-built cantilever
deflection dilatometer. Setup, an exemplary measurement, model
assumptions for data evaluation and possible sources of error are
discussed in detail in the Supporting Information, Section B. While more
than eight peel-off experiments on the RGD/Fe-Pd system under various
conditions were performed, peel-off stresses and works of delamination
shown in the present work were based on three independent
measurements in the optimized setup (see Supporting Information,
Section B), peeling with a speed of 12 um s7'.

Contact Angle Measurements: Wettability of pure and RGD-coated
Fe-Pd, respectively, with water was assessed by means of a commercial
contact angle measuring system (DSA2, Kruess GmbH, Germany)
using 4 L water drops. Uncertainty was determined from the standard
deviation of at least three independent drops measured ten times each.

RGD Coating Protocol: In order to coat 1.0 cm? thin FePd films with
RGD peptides, 2 ug RGD (Abbiotec, Cat. No. 350362) was dissolved
in 2 uL Millipore ultrapure water, and subsequently diluted with 70 pL
phosphate buffered saline (PBS). For cell experiments, the substrate was
incubated for 60 min at 37 °C, humidified air and 5% CO,. Subsequently,
remaining solution was removed from the surface and cells were seeded
immediately. For adhesion and surface wettability measurements,
substrates were kept at 37 °C for 50 min, the remaining solution was
removed and substrates were kept at 37 °C for additional 10 min to
obtain the required dry surfaces.

Cell Tests: Interaction of cells with coated and uncoated Fe-Pd thin
films was investigated with NIH 3T3 embryonic mouse fibroblasts.
Cells were cultured for 4 days on Fe-Pd and RGD-coated Fe-Pd films
with Dulbecco’s modified Eagle’s medium, high glucose, L-glutamine,
supplemented with 10% calf serum and penicillin/streptomycin at
37 °C, humidified air and 5% CO,. Millipore’s Actin Cytoskeleton
and Focal Adhesion Staining Kit was used to study F-actin and focal
contact organizations within the cells. TRITC-conjugated phalloidin was
employed to map F-actin filaments and vinculin monoclonal antibody
together with FITC-conjugated Goat Anti-Mouse 1gG for focal contact
sites. Cells were imaged with confocal laser scanning microscopy and
compared to reference cells cultured on glass and RGD-coated glass
coverslips under same conditions.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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