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ABSTRACT

A new system was designed to selectively control cel-
lular adhesion to medical implants. The system is
based on magnetoelastic (ME) materials that can be
remotely set to generate mechanical vibrations at sub-
micron levels with predetermined amplitude and fre-
quency. Previous studies have demonstrated the ca-
pacity of these vibrations to control cellular adhesion
at a substrate surface. In this work, an ME film with
two conjoined strips was developed to investigate the
potential of this system to provide region specific con-
trol of cellular adhesion. In vitro cell culture experi-
ments performed with L929 fibroblasts indicate that
cellular adhesion can be increased or decreased at
different regions of the film by changing the fre-
quency of the magnetic field.
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1. INTRODUCTION

The host response plays a significant role in the longe-
vity and success of implantable devices. For example, fi-
brosis, defined as excessive growth of fibrous connective
tissues during a reparative or reactive process, may lead
to reduction in the functional stability of an implant as
the overgrown tissues can often lead to tissue consoli-
dation and increased stiffness local to the implant, event-
ually significantly affecting performance [1]. Post-im-
plantation host response often starts with an acute re-
generative phase followed by a chronic phase [1]. The in-
tensity and outcomes of these reactions are dependent on
the physical and chemical properties of the implantable
device, as well as the local environment [2]. As a result,
a number of strategies have been developed to minimize
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the host response by altering the surface properties (sur-
face roughness, hydrophobicity, stiffness, etc.) [3-6] of
implants or controlling the local environment [7].

In previous work, we established a possible therapeu-
tic technique for controlling pathological fibrosis. The
technique is based on magnetoelastic (ME) materials that
can be remotely set to generate a static or dynamic strain
of predetermined amplitude and frequency when an AC
magnetic field is applied [8]. When activated by the mag-
netic field, the ME material changes dimensions, effect-
ively converting magnetic energy to mechanical energy
in the form of vibrations [8]. The advantage of this tech-
nique is that these materials can be remotely activated
post-implantation to modulate and monitor cell adhesion.

Previous results indicated that although the ME ma-
terial was not biocompatible, its biocompatibility could
be significantly improved with proper surface function-
alization [8-10]. For example, in vivo and in vitro experi-
ments indicated that Parylene-C coatings provide long-
term stability to the ME material [9]. Previous experi-
ments also indicated that submicron vibrations (0.1 pm -
0.15 pum) cause a significant decrease in adhesion of fi-
broblasts [8-10]. Furthermore, the vibrations did not in-
duce apoptosis [8], indicating that this approach may be
a viable solution to control fibrosis.

The primary goal of this work is to create a surface
that would allow for spatial control of local cell adhesion.
In addition, this work investigates whether very low am-
plitude vibrations (<10 nm) can increase fibroblast ad-
hesion even though larger vibrations (0.1 - 0.15 pm)
have been shown to decrease adhesion. To achieve these
goals, two tasks were performed: 1) a single ME strip
was used to test if very low vibrations (<10 nm) can in-
crease fibroblast adhesion, and 2) an ME film with two
conjoined strips was used to investigate the ability of ME
vibrations to provide unique levels of cellular adhesion
on each strip, where regional vibrations can be controlled
independently by altering the frequency of the magnetic
field.
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2. METHODS AND MATERIALS
2.1. Fabrication of the ME Film

A commercial magnetoelastic material, Metglas 2826 MB
(Fe4oNizgMo4B;1g) from Metglas, Inc., was used to create
ME films for both experiments. The material was a 12.7
mm wide ribbon with a thickness of 28 um. For the first
task, the ME films were rectangles created by mechani-
cally shearing the Metglas ribbon into strips with dimen-
sions of 12.7 mm x 5 mm. The strips were sonicated in
isopropanol for 5 minutes and annealed for 2 hours at
125°C to remove internal stress. For the second task, two
rectangular conjoined strips of 12.3 mm x 2.7 mm and
13.7 mm x 2.7 mm were created. The strips were sepa-
rated by a gap of 1.0 mm via a bridge of 0.5 mm wide
(see Figure 1). The conjoined ME strips were created
with an etching process. First, both sides of the as-pur-
chased ME ribbon were coated with Nazdar® 59,000
Series Enamel Plus Gloss Screen Ink 59,192. After the
ink dried, the outline of the conjoined strips was carved
on one of the painted surface with a CNC Microplotter
Mill, exposing the ME material beneath. The patterned
ME ribbon was then immersed in a ferric chloride etch-
ing bath for 20 - 30 minutes at 45°C to etch out of the
conjoined strips. The ink was removed from the strips by
rubbing with acetone and the conjoined strips were then
sonicated and annealed as previously described. Pary-
lene-C was coated onto the ME films for both experi-
ments using a Parylene deposition system (PDS 2010
LABCOTER™ 2) with the manufacturer’s recommended
protocol. The films were then etched with oxygen plasma
(200 mTorr) using a March Jupiter Il RIE system to cre-
ate a surface conducive to cell adhesion. All ME films
were sterilized with ethylene oxide gas before cell cul-
ture.

2.2. Characterization of the ME Film

The ME films were vibrated independently using a cus-
tomized system previously developed [8-10]. The ME
films were placed in a chamber slide within a magnetic
coil. A custom, microcontroller-based ME interrogation

Figure 1. lllustration of the two con-
joined ME strips, which have two dis-
tinct resonant frequencies so each strip
can be set to vibrate independently.
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system was used to generate the excitation magnetic
fields. The resonant behavior of the ME films were de-
termined by measuring their magnetic field response at
varying frequencies.

2.3. Cell Culture Experiments

L929 fibroblasts (ATCC CCCL-1) were used in all ex-
periments involving cell culture. The cells were main-
tained in standard culture medium composed of 10%
fetal bovine serum (FBS) and 0.5% ATCC Penicillin/
Streptomycin in Dulbecco’s Modified Eagles Medium
(Cellgro Catalog No. 10-017-CM). Chamber slides (Lab-
Tek™-Chamber Slide™ system) were used to hold the
ME films and cell cultures. Calcien-AM (Fluka 11783)
was used to fluorescently label live cells adhered to the
ME substrate surface. Images were taken with an upright
Olympus BX51 microscope, and cellular adhesion was
determined by direct cell counting.

The rectangular ME films used in the first task were
placed in the chamber slide, followed by cells seeded at a
density of 1 x 10* cells/cm?. These ME films were sepa-
rated into two groups: control (no vibrational loading),
and vibrational loading at 171 - 176 kHz which was at
least 10 kHz higher than the resonant frequency of the
strip. After 48 hours of incubation at 37°C and 5% CO,,
ME vibrations were applied to the ME film for 1 hour
followed by staining with Calcien-AM.

For the second task, the two conjoined ME strips were
separated into three groups: control (no vibrational load-
ing); vibrational loading at 171 - 176 kHz, and vibra-
tional loading at 152 - 157 kHz. The experimental proc-
ess was identical to that previously described for the first
task.

2.4. Statistical Analysis

Statistical analyses were made using standard student’s
t-test or analysis of variance (ANOVA) on JMP software.
All experiments were conducted in triplicate, unless oth-
erwise stated. Data is expressed as the mean = S.E.M.
(standard error of the mean) and p-values less than 0.05
(p < 0.05) were considered significant.

3. RESULTS AND DISCUSSION
3.1. Characterization of the ME Film

The resonance of the single strip ME film is plotted in
Figure 2. The resonant frequency of the strip was about
160 kHz. Figure 2 also indicates the frequency range of
excitation field applied to the single strip ME films,
which was at least 10 kHz higher than the resonant fre-
quency of these strips. The resonance of the two-strip
ME film is shown in Figure 3. As each ME strip has a
distinct resonant frequency, two resonant peaks were ob-
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Figure 2. The resonance of the single rectangular ME strip.
The excitation frequency range is also indicated.
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Figure 3. The resonances of the two conjoined ME strips. The
excitation frequency ranges are also indicated. Two sets of vi-
brational loads were applied: one occurred at a frequency that
included the resonant frequency of the larger strip while the
other for the smaller strip.

served. The excitation frequencies applied to these films
are also indicated.

3.2. Cell Culture on ME Films

Adhesion of L929 fibroblasts to the ME films can be
controlled by changing the vibration magnitude, which
can be easily achieved by changing the frequency of the
excitation field (see Figure 3). As shown in Figure 4
A)-F), qualitative images of fibroblast adhesion indicated
significant differences between controls and vibrated
groups (at resonant frequency and off-resonant frequency)
when quantified. Compared to the controls (no vibration),
ME strips that were vibrated at the resonant frequency
showed a significant decrease. On the other hand, ME
strips that were vibrated at off resonant frequency showed
an increase in cell adhesion when compared to the con-
trols.

As indicated in Figure 5, ME films that were vibrated
at the resonant frequency showed significant reduction in
cell adhesion (p < 0.05) while films that were vibrated at
frequencies away from the resonance showed an increase
in cell adhesion. These quantitative results demonstrate
that the larger vibrations (0.1 - 0.15 um) inhibited cell
adhesion. However, at low vibration levels (<10 nm), a
result of excitation by magnetic fields of frequencies at
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least 10 kHz from the resonant frequency, cell adhesion
increased. Therefore, these results suggest that ME mate-
rials have the potential to create a surface that can be
precisely tuned for increasing or decreasing cell adhesion
for specific applications.

Results from Figures 4 and 5 indicate that under cer-
tain conditions, vibrations can also increase cell adhesion.
This behavior was not reported in our previous work that
focused on vibrational strains at 0.1 - 0.15 ym. To ensure
the increase in cell adhesion is not caused by the inter-
ference from the neighboring vibrating strip, single strip
ME films (task 1) were used to load cells with off fre-
quency vibrations. Similar to the observations on 2-stip
ME films, qualitative results from the single-strip ME
films indicated that application of very small vibrations
at off resonant frequency increased fibroblast adhesion
compared to static controls. This observation is consis-
tent with other studies, in which nanometer vibrations
also showed an increase in fibroblast adhesion [11].
Quantitative results indicated that off-resonant frequency
vibrations significantly increase (p < 0.05) fibroblast
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Figure 4. Qualitative results showing the effects of ME vibra-
tions on fibroblast cell adhesion on plasma-treated Parylene-C
coated ME films. Images of fibroblast cells show differences in
adhesion on the large strip A)-C) and small strip D)-F) between
non-vibrated, vibrated at off-resonant frequency, and vibrated
at resonant frequency.
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Figure 5. Effects of ME vibrations on fibroblast cell ad-
hesion to plasma-treated Parylene-C coated ME films.
ME applied vibrations greatly affect fibroblast cell adhe-
sion. Larger vibrations were shown to significantly de-
crease cell adhesion while smaller ME vibrations were
shown to increase cell adhesion. Statistically significant
differences (p < 0.05) between groups are indicated ().

Figure 6. Qualitative results showing effects of ME vi-
brations on fibroblast cell adhesion to plasma-treated
Parylene-C coated ME films. Images of fibroblast cells
show differences in cell adhesion between non-vibrated A)
and vibrated at off resonant frequency B).
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Figure 7. Effects of vibrations (<10 nm) on fibroblast
adhesion to plasma-treated Parylene-C coated ME
films. Small vibrations were shown to significantly in-
crease cell adhesion. Statistically significant differ-
ences (p < 0.05) between groups are indicated ().

adhesion to ME materials, as illustrated in Figures 6 and

7. These results demonstrate that ME materials can be
designed to increase or decrease fibroblast cell adhesion

Copyright © 2013 SciRes.

depending on desired cell attachment response.

4. CONCLUSION

In vitro experiments showed that vibrational ME films
can be used to control cell adhesion by changing the di-
mension of the material and/or the excitation frequency.
By applying an AC magnetic field at the resonance of the
ME film (vibration strain of 0.1 - 0.15 um) local adhe-
sion of fibroblasts was decreased. However, by applying
an AC magnetic field at a frequency far from the ME
film’s resonant frequency (vibration strain of <10 nm),
an increase in local fibroblast adhesion was observed.
The ability to increase or decrease cell adhesion may al-
low for the design of a complex implant interface where
local cell adhesion behavior can be tailored in concert
with surface modification to improve overall long-term
implant integration and stability.
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