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A B S T R A C T

Biomaterial performance and integration of prostheses in vivo strongly depend on the ability of cells to ad-
here. Plasma-assisted functionalization of smart metals with biopolymers, including plasma polymerized L-ly-
sine (PPLL), constitutes a recently-developed promising approach to synthesize highly flexible, yet robust and
strongly adherent protein coatings that support cell-biomaterial interaction. In the present study we employ
single cell force spectroscopy to demonstrate that PPLL coatings promote early adhesion of fibroblast cells
on the ferromagnetic shape memory alloy Fe Pd – a promising magnetically switchable biomaterial. By
varying the contact time of a cell with the substrate surface, we show that the forces and work needed to fully
detach a cell increase with time and quantify bioactivity of the material. In contrast to glass and PPLL-coated
glass, cell detachment from Fe Pd requires much larger work, while a PPLL biofunctionalization further
improves cell adhesion and binding affinity by an increased detachment work on short time scales. Together
with a time-dependent bond model we postulate a transition from unspecific to specific cell adhesion on Fe
Pd and PPLL-coated Fe Pd, while on glass detachment forces are lower and level off to a saturation regime
on short times prior to the expected time necessary for specific integrin-based bond formation.

© 2018.

1. Introduction

Cell adhesion to the extracellular matrix (ECM) or any other scaf-
fold is a prerequisite for survival, proliferation and many other cellu-
lar processes. However, at a tissue-implant interface ECM molecules
that support specific cell adhesion are lacking, particularly when com-
posed of metals employed e.g. for joint replacements [1]. Bioactive
coatings can enhance biomaterial performance and cell attachment [2],
while alternatively cells deposit ECM molecules themselves to which
they then bind [3]. The first adhesion event between the cell and a bio-
material results in the formation of focal complexes and can be medi-
ated by hyaluronic acid, which occurs on time scales of seconds [4].
After this first soft-binding step, maturation to focal adhesion takes
place that strong and specific adhesion sites form via the interaction of
adhesion receptors with ECM molecules [5,6].

Within the last decade more and more artificial materials have
arisen for biomedical and biotechnological applications. In contact
with living cells, tissues and organs, new challenges have come up re-
garding the material - cell interface and coupling of the biomaterial
to the implant. The use of biomaterials include high-end applications
such as organ replacement [7], tissue engineering [8,9], dental [10],

⁎ Corresponding author.
Email address: zink@physik.uni-leipzig.de (M. Zink)

orthopedic [11] and cochlear implants [12], as well as cardiovascu-
lar [13], diagnostic [14] and pharmaceutical applications [15]. New
approaches aim to design biomaterials which are not solely replacing
damaged tissue by a passive implant that interfere with the surround-
ing tissue as little as possible, but active implants that interact with de-
sirable stimuli [16,17]. Nevertheless, functioning of medical devices
and implants relies on good integration and cellular adhesion in vivo.
However, many widely used implant materials naturally do not pro-
mote adequate cell adhesion for the integration of the implant, and
weak mechanical coupling, e.g. for bone prosthesis, can result in tissue
degeneration and implant loosening due to stress shielding [18]. One
difficulty is that the elastic moduli of widely used implant materials
composed of metals have elastic moduli decades larger than that of tis-
sues. Moreover, proteins that support cell adhesion such as fibronectin
hardly adsorb on stainless steel and titanium dioxide surfaces [19,20].
Coatings that promote adhesion, such as hydroxyapatite for improved
bone attachment, are frequently brittle and can rupture from the under-
lying implant.

Ferromagnetic shape memory alloys, including Fe Pd, consti-
tute an example of an upcoming smart materials class with promising
properties for biomedical applications [21]. Inducing high reversible
strains at moderate stresses in contact with tissues opens up the pos-
sibility of applying magnetic fields even long after insertion of the
implants for readjustment, while this alloy also comprises the super-
elastic effect of conventional shape memory materials [22]. Basic bio

https://doi.org/10.1016/j.matdes.2018.08.012
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compatibility of the Fe Pd alloy with murine fibroblast cells, pri-
mary human osteoblast cells and human mammary epithelial cells
has previously been investigated using immunofluorescence methods
[22,23]. Additionally, cell adhesion promoting biomolecules such as
fibronectin and laminin enhance cell attachment even more [22,24].
In fact, Allenstein et al. showed that plasma polymerized L-lysine
(PPLL) adsorbs and strongly binds to the Fe-site of the alloy in con-
trast to conventional poly-L-lysine coatings resulting in improved cell
adhesion and spreading [25]. PPLL is a flexible, yet ultra-durable
coating which demonstrates plasma-assisted functionalization a new
approach to couple proteins to a metal surface. Nevertheless, even for
uncoated Fe Pd the number of focal contacts of adherent cells is
higher compared to titanium and glass substrates; however, a quanti-
tative analysis of the acting adhesion forces is lacking [26].

Most studies addressing the interaction of cells with implant ma-
terials only focus on cell spreading behavior and the number of fo-
cal contacts that form during cell adhesion, while a quantitative analy-
sis of adhesion forces and work needed to detach the cells is not em-
ployed. In this study we quantify early adhesion forces of murine fi-
broblast cells on Fe Pd thin films, as well as samples coated with
PPLL by using AFM-based single cell force spectroscopy (SCFS) ini-
tially described by Benoit et al. [27]. Results were compared with cell
adhesion on pure glass and PPLL coated glass surfaces. During each
SCFS cycle, immobilized cells attached to a cantilever are pushed
to the substrate with a defined force and retracted again after a cer-
tain contact time. The respective detachment forces and the employed
work are monitored to quantify cell-surface interaction for the differ-
ent materials as a measure for bioactivity of the surface independent
of the type of cell-surface binding, viz. specific and unspecific bonds.
Moreover, a time-dependent bond formation model between cells and
substrates is employed to analyze the detachment forces and work ob-
tained from measurements with different contact times. Our results
demonstrate that early adhesion forces and the work necessary to de-
tach cells is much larger for Fe Pd and PPLL coated Fe Pd com-
pared to glass and PPLL-coated glass which quantifies good bioactiv-
ity of this ferromagnetic shape memory alloy and makes it a promising
candidate for medical applications.

2. Materials and methods

2.1. Fe-Pd film preparation and biofunctionalization

50nm thick polycrystalline Fe70Pd30 films were sputter deposited
onto soda lime glass substrates from a Fe70Pd30 alloy target (ACI Al-
loys, San Jose, CA); a film thickness as low as this guaranteed op-
tical transparency, while already revealing a fully closed surface un-
der the chosen deposition conditions. The procedure was carried out
in a chamber that was evacuated and flooded with an argon flow of
3.5 sccm which provides a sputtering pressure of 5× 10−3 mbar. Argon
plasma was excited by an RF input power of 45W. We would like to
point out that previous in vitro assessments on vapor-deposited as well
as sputtered single- and polycrystalline Fe70Pd30 thin films and rough-
ness graded polycrystalline splats of the same stoichiometry revealed
excellent biocompatibility and even bioactivity in contact with differ-
ent cell types including NIH 3 t3 fibroblasts [22,28].

Plasma polymerized L-lysine coating was employed as described
previously [25]. Briefly, L-lysine monomer powder (Sigma-Aldrich,
CAS No. L5501) that is diluted to a concentration of 0.009mol/l via
pure ethanol (Merck KGaA, CAS No. 64-17-5) was injected into a
pulsed plasma inside a quartz tube of 3cm inner diameter with a
flow rate of 0.24ml/min. The previously evacuated quartz tube is
flooded with 200 sccm argon flow that introduces 10mbar argon pres

sure. Excitation of the plasma is carried out inductively by a
13.56MHz RF-supply attached to a self-constructed matching net-
work. Plasma is stabilized at an input power of 15W pulsing with
80Hz and 8% duty cycle before adding the L-lysine solution. How-
ever, parameters are changed to 10W and 2% duty cycle during the
deposition. Films achieve a thickness of 50nm after around 60min.
Flow of plasma and lysine is turned off after deposition while argon
atmosphere is kept for additional 5min. After the procedure residual
lysine monomers that failed to cross-link to the coating are removed
by rinsing with deionized water. In the following, plasma polymerized
L-lysine coated Fe Pd samples are referred to as FePd + Lysine.

Control experiments were performed on pure glass substrates and
plasma polymerized L-lysine coated glass (glass + Lysine).

2.2. Cells and culturing procedures

We employed NIH/3T3 embryonic mouse fibroblast cells since
they have been widely used to study the biocompatibility and bioac-
tivity of many materials including the ferromagnetic shape memory
alloy Fe Pd [22,24,26]. Cells are incubated at 37°C in 5% CO2 hu-
midified atmosphere in full growth medium of Dulbecco's Modified
Eagles Medium (DMEM) (Biochrom, Cat. No. F0435) complemented
with 10% Calf Serum (CS) (PAA, Cat. No. B15-004) and 1% Peni-
cillin - Streptomycin antibiotic solution (PS) (Sigma-Aldrich, Cat. No.
P0781). Single cell force spectroscopy measurements were carried out
in pure DMEM to avoid the presence of adhesion influencing serum
proteins.

2.3. Single cell force spectroscopy and cantilevers

For single cell force spectroscopy (SCFS) measurements a JPK
CellHesion® 200 (JPK Instruments AG, Berlin) scanning force mi-
croscope is used which allows a cantilever deflection in z-direction of
100μm. The CellHesion® 200 is equipped on a Zeiss phase contrast
microscope. Tipless cantilevers (NanoWorld, Arrow TL2, NanoWorld
AG, Switzerland) are used with spring constants around 30mN m−1.

2.4. Cantilever functionalization and cell attachment

In our study, a cell is attached to a tipless cantilever prior to SCFS
measurements. To this end, the cantilever apex is functionalized using
a fibronectin coating which allows strong specific adhesion of the cell
to the cantilever surface. Cantilever coating solution (6μl fibronectin
and 44μl phosphate buffered saline (PBS) per cantilever) is mixed and
added to the cantilever. After incubating for 2h at 37°C, coated can-
tilevers are rinsed with PBS.

To capture and attach a single cell to the fibronectin-coated can-
tilever, a suspension of cells is added to a medium-filled culture dish.
The cantilever is positioned above a single cell and pushed down onto
the cell with a force of 0.5nN for 10s. Then the cantilever is retracted
with the attached cell. After a waiting time of 30–45min, in which the
probing cell can firmly attach to the cantilever, the SCFS measure-
ments were performed.

2.5. Cell-substrate adhesion measurement cycle

In one SCFS measurement cycle, the cell on the cantilever is
pushed onto the substrate (Fe Pd, FePd + Lysine, glass and
glass + Lysine, respectively) and retracted after a certain contact time.
During retraction the attachment force between cell and substrate is
measured as pulling force on the cantilever. Each captured single cell
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is measured for five different contact times (5 s, 10s, 20s, 40s, and
80s, respectively) in a row. The same set of measurements for five dif-
ferent contact times is also repeated five times for each captured single
cell on different positions over the substrate.

Acquired force-distance (FD) curves are corrected using baseline
and offset correction by the provided data management software of the
setup (sources of abnormalities in SCFS measurements and correction
methods are reviewed in Ref. [29]).

2.6. Data procession and statistical analysis

The maximum detachment force Fmax and work of detachment
Wdetach were obtained from force distance (FD) curves. Processing and
analysis of FD curves were carried out by the CellHesion 200 software
(JPK Instruments, Germany).

We carried out experiments on 4 glass, 4 PPLL coated glass, 5 Fe
Pd and 4 PPLL coated Fe Pd samples using fresh cells for each.

For each cell on the cantilever, we recorded 5 force distance curves for
5 contact times (25 FD curves in total) on different locations on the
sample surface. In total, we gained 425 FD curves for four different
contact times and four different substrate materials.

The distribution parameters (median, 1st and 3rd quartiles) are
used to quantify and compare cell-substrate interactions on different
materials. In fact, we employed median values instead of mean val-
ues for the data distribution of each contact time due to the stochastic
nature of the determined adhesion process (see Discussion) which are
not necessarily perfect normal distributions. In this case median val-
ues are a more robust and reliable measure against outliers and skewed
distributions compared to mean values to describe the central tendency
of distributions of each contact time.

3. Results

3.1. Force-distance behavior between cell and substrates

During each SCFS measurement a force-distance (FD) curve be-
tween the cantilever distance from the substrate and the acting force
is acquired as shown in Fig. 1. Here four regimes are visible: (1) ap-
proaching to the surface with the cell attached to the cantilever, (2)
getting into contact with the surface until a preset contact force is
reached, (3) retracting the cantilever after a certain contact time and
(4) moving away from the surface until the cell detaches from the
surface (Fig. 1). When the cell is pressed onto the substrate, cell-sur-
face adhesion points form, which sequentially break during retraction
and thus leave behind a unique and complex signature curve. Contact
times between cells and substrates of 5s up to 80s are employed.

In our study the largest adhesion force in the FD curve (Fmax) rep-
resents the maximum strength of cell–substrate binding before the cell
starts to detach. After Fmax is reached, the force decreases rapidly
while the number of bonds between cell and substrate decreases and
the applied force, which is held constant at 1nN, is shared between
less and less bonds. Wdetach is the work of detachment and is obtained
from the area under the FD curve during retraction (Fig. 1) by integrat-
ing over the measured force as a function of cantilever distance. We
would like to point out that Fmax and Wdetach can result from unspecific
bonds, e.g. via electrostatic interaction, as well as specific bonds such
as integrin-mediated interaction, or both binding types.

3.2. Forces during single cell detachment

The maximum detachment forces Fmax for NIH/3 t3 fibroblasts on
Fe Pd and plasma polymerized L-lysine (PPLL) coated samples, as

Fig. 1. Force-distance (FD) curve of a SCFS measurement in which a fibroblast cell at-
tached to a cantilever is pressed against a PPLL-coated Fe Pd (denoted as FePd + Ly-
sine) surface for 10s. Subsequently, the cantilever with the cell is retracted. There are
four basic regimes of the FD curve representing the cantilever approach to the surface
(light blue), getting into contact (red), retracting (and consequently detaching) (green)
and moving away from surface (dark blue). Fmax represents the maximum pulling force
value that is reached during retraction before detachment occurs and Wdetach represents
the work as the area under the retraction curve. The inset figure shows the cantilever
with a just captured cell. (For interpretation of the references to color in this figure leg-
end, the reader is referred to the web version of this article.)

well as control measurements with glass and PPLL-coated glass are
shown in Fig. 2 for different contact times.

It becomes evident that the maximum detachment force increases
with contact time for all substrate materials, while the maximum at-
tained force values are larger for glass and PPLL coated glass com-
pared to Fe Pd and PPLL-coated Fe Pd. However largest median
Fmax values are seen for Fe Pd substrates for the shortest contact

Fig. 2. Maximum detachment force distributions for different contact times of a fi-
broblast cell with four different surfaces (logarithmic scale is used to present differ-
ences more clearly). Central lines represent medians, hinges represent 1st and 3rd
quartiles, notches represent 95% confidence intervals of medians, whiskers represent
hinges ± 1.5IQR (Interquartile Range) while single points represent outliers.
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time of 5s (1.3 nN for Fe Pd vs. 0.7nN for glass), as well as for the
longest contact time of 80s (6.1 nN for Fe Pd vs. 2.8nN for glass)
(median values in Figs. 2 and 3). To analyze our observation of in-
creased detachment forces for longer contact times in more detail, we
employed a time dependent bond model proposed by P. Elter et al.
[30] Here the adhesion strength A is described as a function of the
form

with the contact time t. C1 defines a plateau height in units of a force
and C2 represents a time constant that defines the slope of the curve
with the unit of inverse time. can be understood as the
measure of maximum adhesion force that can be achieved between
a cell and a certain substrate. Thus, the adhesion strength is always
lower than C1 and reaches a maximum value of C1 only for long con-
tact times.

Within the time-dependent bond model, a certain point on the
curve describing the adhesion strength can be expressed by

with 0<σ≤1 being a proportionality constant between the adhesion
strength for the achieved force after a certain contact time and C1.
Thus, the time that is needed to reach a proportion of the maximum
value (the maximum value that can be reached according to the em-
ployed model), τ(σ) is given by

It can be seen that C2 alters the curvature of the curve that de-
fines τ(σ). For instance, the time needed to reach 95% of the maximum
(σ= 0.95) is

Fig. 3. Time-dependent adhesion bond model (solid curve) for median values of detachment forces for different contact times (points). The fits correspond to the time-dependent
bond model (Eq. (1)) with the model parameters C1, C2 and τ0.95.

(1)

(2)

(3)

(4)
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The application of Eq. (1) to our obtained maximum detachment
forces Fmax – which correspond to the adhesion strengths from the time
dependent bond model – for increasing contact times is shown in Fig.
3. From the obtained parameters C1 and τ0.95 we get the maximum at-
tainable force and the time needed to reach 95% of this force.

According to the employed time dependent bond model cells on
Fe Pd can attain a substantially higher maximum force value
(C1 = 6.9± 1.4nN) compared to other substrates, which is twice as high
as the second greatest C1 value found on glass (3.0 ± 0.3nN) (Fig. 3).
With plasma polymerized lysine coatings, the maximum forces for
Fe Pd and glass are similar and around 2.5nN. However, cells on
FePd + Lysine substrates reach the maximum force much faster than
on glass and glass + Lysine substrates as shown by the τ0.95 values in
Fig. 3.

Interestingly, plasma polymerized L-lysine coatings, which previ-
ously have been shown to enhance cell adhesion on Fe Pd [25], do
not increase the maximum force with which cells bind to the surface.
However, maximum detachment forces and detachment works are not
related directly, as the former strongly depend on the nature of detach-
ment, viz. covering the whole range from instantaneous to sequential;
Fmax thus cannot be interpreted as a measure of entire cell-surface in-
teraction.

3.3. Work during cell detachment

The detachment work needed to fully separate a cell from the sub-
strate surface, is shown in Fig. 4 for all employed materials. Here the
work Wdetach represents the sum of all rupture events via breakage of
all binding sites (specific or unspecific bonds or both) to the substrate
and therefore reflects the overall cell adhesion.

A general observation from Fig. 4 is that Wdetach increases with in-
creasing contact time as expected. The median values for the distri-
butions obtained for Fe Pd and FePd + Lysine are increasing with
contact times, while for glass + Lysine the detachment work saturates
after 20s contact time. Only for pure glass samples a continuous in

Fig. 4. Work of detachment value distributions as function of contact time for fibroblast
interaction with glass and Fe Pd including plasma-polymerized L-lysine coatings in
logarithmic scale. Central lines represent medians, hinges represent 1st and 3rd quar-
tiles, whiskers represent hinges ± 1.5IQR (Interquartile Range) while single points rep-
resent outliers.

crease is not observed and the median detachment work is slightly re-
duced from 2.3 fJ at 40s contact time to 1.6 fJ after 80s (median val-
ues in Figs. 4 and 5). The largest median detachment work is seen
after 80s for FePd + Lysine with 5.4 fJ (Figs. 4 and 5). On average
the detachment work for different contact times is generally larger on
pure Fe Pd than on glass and glass + Lysine, while largest values are
found for PPLL-coated Fe Pd.

We also applied the adhesion bond model to the median values of
Wdetach (Fig. 5) in which here A corresponds to the detachment work as
a function of contact time and C1 to the saturation work for long times.
Thus, from the maximum work to separate the cell from the surface, it
becomes evident that Fe Pd and FePd + Lysine outperform glass and
glass + Lysine substrates by generating much higher binding strengths,
probably by the formation of an increased number of bonds. Interest-
ingly glass + Lysine substrates exhibit a smaller maximum work of de-
tachment than pure glass.

τ0.95 is the time needed to reach 95% of the maximum detachment
work. For glass and glass + Lysine τ0.95 values around 30s were found,
while for FePd + Lysine a saturation time of 142s is determined. Thus,
as seen from Fig. 5, for Fe Pd the detachment work does not sat-
urate and the model curve shows a much larger slope at 80s contact
time compared to all other materials. In summary, from the obtained
detachment work values it becomes evident that much larger work is
needed to detach cells from Fe Pd and PPLL coated Fe Pd com-
pared to pure and coated glass surfaces. Moreover, PPLL promotes
entire cell adhesion even better than Fe Pd since for FePd + Lysine
the largest detachment work for long contact times is found with a C1
value of (6.5 ± 0.9) fJ.

4. Discussion

Even though cell adhesion is a prerequisite for cell proliferation
and migration, as well as the performance of many implant materi-
als, which must be integrated in the human body by strong binding to
the surrounding tissue, it is still difficult to quantitatively assess the
interaction of cells with a biomaterial. Cell adhesion is mainly inves-
tigated by detaching single cells or cell populations from a surface.
For single cell detachment optical and magnetic tweezers [31–33], as
well as micropipette aspiration [34] can be employed, while for cell
populations mainly centrifugation techniques [35], spinning disks [36]
and flow chambers [37] are applied (for an overview see Ref. [38]).
Sobral et al. demonstrated an accelerated buoyancy adhesion assay in
combination with morphometric analysis of adherent osteoblast cells
on microgrooved surfaces [39]. With this technique it is possible to
correlate cell spreading effects with adhesion forces. However, when
quantifying the interaction of a cell with different biomaterials, it is
important that the detachment forces and works are related to identi-
cal cell areas that are probed. Since the detachment work is the sum-
mation of energy of all rupture events, it is directly connected to the
number of bonds formed between the cell and the substrate and there-
fore a direct measure of the bioactivity of the surface – independent
of the type of cell-substrate binding. Thus, we employ a single cell
force spectroscopy technique (for SCFS details see Ref. [27, 40, 41])
to quantify cell adhesion forces in terms of forces necessary to detach
a cell in contact with a substrate and the corresponding detachment
work. Here we cannot determine the contact area of a cell pressed
against the substrates. However, since always the same cell type is em-
ployed with identical protocols, we expect that the cell-surface con-
tact area is similar in all experiments. Moreover, the contact time of
the cell to the investigated substrate is too short for cell spreading.
Thus, an increase in the detachment work due to an increase in the
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Fig. 5. Median values (points) of the detachment work as function of contact time (solid curve) for different substrate materials. The fits correspond to the time-dependent bond model
(Eq. (1)) with the model parameters C1, C2 and τ0.95.

number of bonds for increasing cell areas during spreading is ne-
glected.

In our study we investigated cell-substrate interaction of NIH/3T3
fibroblast cells with four different materials: (1) the ferromagnetic
shape memory alloy Fe Pd, (2) plasma polymerized L-lysine (PPLL)
coated Fe Pd, (3) glass cover slips and (4) PPLL coated glass. As
recently shown, PPLL is a novel bioactive coating that supports cell
adhesion and unspecific binding of cells [25]. Our SCFS data are com-
pared with a time-dependent bond formation model which does not
take the type of adhesion – specific or unspecific cell-substrate bind-
ing – into account and only describes the evolution of detachment
forces and work. However, these parameters are a quantitative mea-
sure of a material's bioactivity on short time scales.

Before cell-surface interaction sites mature into focal adhesions,
dot-like nascent adhesions and focal complexes form on time scales
of tens of seconds, thus time scales employed in our SCFS measure-
ments [4,42–45]. However, such binding events can only occur if
ECM molecules that can bind to integrin receptors on the cell sur-
face are present on the substrate surface. Due to the short contact
time, expression and deposition of ECM molecules such as fibronectin
from the cell to the substrate is not expected. Nevertheless, adherent
cells continuously produce fibronectin [46]. In fact, preliminary data
on fibroblast adhesion to titanium substrates show, that 30min after
cell seeding fibronectin is already expressed and 60min after seeding

enough fibronectin is already deposited on the cell surface that the
formation of specific adhesion contacts via integrin receptors are ob-
served [47]. Therefore, the employed 45min waiting time for the cell
to adhere to the cantilever is expected to be sufficient for fibronectin
to be produced and transported to the cell surface which can then in-
teract with the biomaterial during SCFS measurements and results in
specific binding events between the cell and the substrate surface.

Besides the described specific binding events, unspecific binding
are further expected to be present since PPLL interacts with fibroblast
cells via electrostatic forces [25]. Thus, even without a direct evalu-
ation of binding sites, we propose that from the calculated saturation
times and the increased detachment forces and works, that unspecific
and specific bonds form between the cell and the substrates which
both contribute to a good bioactivity of the material.

It must be noted that the maximum detachment force may ether
be limited by the interaction of (a) an ECM molecule with the cell or
(b) binding of the molecule to the substrate. This could also explain
why on glass smaller detachment forces are seen compared to Fe
Pd. Our previous study showed that already physisorbed RGD mole-
cules bind much stronger to Fe Pd surfaces compared to glass [24]
and the “weak link” in cell-surface interaction is the binding of the
molecule to the substrate, not to the cell. Due to prevalence of covalent
bonds, this will be even more valid for PPLL functionalization. Thus,
we expect that PPLL only weakly binds to glass that cells peel off the
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coating during retraction of the cell – as similarly found before for cell
spreading on RGD-coated glass [24] – resulting in a smaller detach-
ment work for PPLL-coated glass compared to pure glass substrates.
This observation is also in line with our determined saturation times,
which show that on glass and PPLL-coated glass the maximum de-
tachment forces occur on time scales below 73s, thus likely before
specific adhesion sites could be formed. Even though specific bonds
form, rupture might occur on the surface-ECM molecule site and not
on the molecule-cell interaction. To this end, we attribute differences
in cell adhesion not to variations of the molecular structure of PPLL
and poly-L-lysine varying upon different materials, but to differences
in interaction strength of the functionalization to the underlying sub-
strate – in line with previous studies [24,25].

However, it is questionable why the saturation time for a maximum
detachment force on PPLL-coated Fe Pd already occurs after 28s.
Most likely specific adhesions need longer contact times that were not
reached in our experiments and the determined detachment forces re-
sult from unspecific binding sites. Comparison with saturation times
of the maximum detachment work also shows that for PPLL-coated
Fe Pd the maximum number of binding sites for the employed con-
tact area (which results from saturation of the detachment work) is
not reached within the maximum contact time of 80s, showing that
more bonds are still forming. However, it is difficult to identify rup-
ture events of specific bonds from the FD curve which are supposed
to occur as “jumps”. Counting the number of these events is not re-
liable since they overlap with rupture and bond-breaking events of
other specific and unspecific binding sites. Nevertheless, from a qual-
itative analysis of the FD curves it could be assumed that the num-
ber of “jumps” increases with contact time. Thus, in contrast to glass
and PPLL-coated glass, Fe Pd and PPLL-coated Fe Pd promote
cell adhesion and most likely the formation of specific, integrin-me-
diated bonds since also the saturation times for the maximum detach-
ment work is exceeding the times needed for early adhesion formation
such as focal complexes.

Our obtained values of detachment forces and works are similar to
SCFS studies of fibroblast adhesion on various materials including ti-
tanium, glass, and silicon including fibronectin coatings [30,48–51].
Elter et al. investigated the effect of fibronectin on fibroblast adhe-
sion to silicon substrates. For a contact time of 10s the mean maxi-
mum adhesion force was measured to be around 1nN similar to our
detachment forces, while the mean adhesion energy (viz. the detach-
ment work) was around 3.8 fJ [48]. In our study the detachment work
is found to be lower (around 1 fJ), while the C1 parameter, which de-
scribes the saturation work for longer times, varies between 0.7 fJ and
6.5 fJ for the different substrate materials. These values are compara-
ble to the force distribution and C1 parameters reported by Elter et al.
for early adhesion of fibroblasts on titanium substrates [30]. To this
end, we conclude that PPLL on Fe Pd supports early fibroblast ad-
hesion much better than planar titanium surfaces and to a similar ex-
tent as a fibronectin coating.

Aliuos et al. reported a maximum detachment force of fibroblasts
on glass of approximately 1nN for 30s contact time [49], similar to
reports by Wittenburg et al. [51] and in line with our values around
1.5nN for 20s contact time. Interestingly, the reported detachment
works exhibit a much wider distribution and, e.g. for fibroblast de-
tachment from differently treated glass surfaces values below 5fJ up
to >13 fJ are described [51]. Thus, the number of early bonds, which
is represented by the detachment work, drastically depends on the
material and contact time. Nevertheless, we would like to point out
that the adhesion receptors are distributed randomly on the cell sur-
face [52] and the formation of bonds and adhesion clusters can be de-
scribed as a stochastic process [53]. To this end, broader work distrib

utions can be expected. Additionally, cell membrane fluctuations of
the order of a few nanometers influence cell adhesion as well which
make bond formation a statistical process [54]. Thus, when a cell
comes into contact with the substrate, formation of binding sites is not
an instantaneous process but occurs when cell receptors and ligands
match. Thus, over time more and more bonds form which assemble
into complexes. Due to the statistical nature of such processes wider
force and work distributions and larger error bars can be expected as
seen in our measurements.

It can be expected that for longer contact times of several minutes
up to hours, the time-dependent bond model is not valid anymore. The
parameter C1 describes the saturation force or work. However, as seen
for contact times of 30min, detachment forces and works are up to
three orders of magnitude larger compared to contact times of tens of
seconds as reported by Weber et al. [55,56]. Thus, during maturation
of focal complexes to focal adhesions on time scales of several tens
of minutes, much stronger interaction sites area formed which would
result in a further increase of the detachment force and work after
the saturation regime in the time-dependent bond model. Additionally,
spreading of cells and an increased projected cell area also contribute
to enhanced adhesion in terms of increased detachment work.

In summary, our SCFS study on early cell adhesion clearly reveals
Fe Pd as a bioactive material that promotes fast cell attachment to
the surface. We expect that both unspecific and specific binding – such
as the assembly of focal complexes – contribute to the observed adhe-
sion events. Moreover, a PPLL coating further improves cell attach-
ment. Future studies will address a detailed evaluation of cell-surface
interactions with respect to a detailed evaluation of the specific bond
formation via integrin receptors, as well as the impact of short term ad-
hesion on maturation of adhesion sites and adhesion strength on longer
time scales of several hours.

5. Conclusion

SCFS is a powerful tool to quantify early cell adhesion in terms of
forces and work necessary to detach cells from a surface on short time
scales. Here we demonstrated that these data give evidence of strongly
enhanced bioactivity of the ferromagnetic shape memory alloy Fe
Pd when plasma-functionalized with lysine coating compared to cells
on plain Fe Pd, as well as glass substrates and PPLL coated glass
as reference. This behavior is not only attributed to an improved bind-
ing of cells to the PPLL coating, but also to the strong interaction of
PPLL to the Fe-site of the underlying Fe Pd substrate that directly
results from plasma processing, while adhesion of PPLL coating to
glass is evidently much weaker which can result in peel-off during
cell retraction. Moreover, we conclude that enhanced early adhesion
correlates with formation of strong contact sites such as focal adhe-
sions on longer terms since previous studies clearly showed that Fe
Pd and especially with PPLL coating are bioactive substrates that pro-
mote cell spreading and adhesion on longer times. In fact, after a few
days cells are much larger with an increased contact area and exhibit
more focal adhesion sites compared to cells on glass substrates [25].

Since the type of cell-surface interaction is important for a better
understanding of the bioactive properties of a biomaterial, future stud-
ies will focus on a detailed evaluation of cellular binding site forma-
tion such as specific contacts via immunohistochemistry. Moreover,
the effect of the molecular structure and morphology of the underly-
ing biofunctionalization on the maturation of focal complexes to focal
adhesions will be addressed to investigate the molecular origin of the
bioactive properties of the PPLL coating.
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