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Anovel approach for tissue engineering applications based on the use of magnetoelectric materials is pre-
sented. This work proves that magnetoelectric Terfenol-D/poly(vinylidene fluoride-co-trifluoroethylene)
composites are able to provide mechanical and electrical stimuli to MC3T3-E1 pre-osteoblast cells and
that those stimuli can be remotely triggered by an applied magnetic field. Cell proliferation is enhanced
up to ~25% when cells are cultured under mechanical (up to 110 ppm) and electrical stimulation (up

to 0.115mV), showing that magnetoelectric cell stimulation is a novel and suitable approach for tissue
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engineering allowing magnetic, mechanical and electrical stimuli.
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1. Introduction

Tissue engineering (TE) techniques aim to mimic the physico-
chemical and bioactive characteristics of natural cellular matrices,
both for therapeutic applications and fundamental biological stud-
ies [1,2], the replacement and/or regeneration of lost/damaged
tissues or organs representing one of the main challenges [3-5].
Cells, scaffolds and growth factors are the three main components
of TE strategies [6].

Biomaterials interface plays an important role on cell adhe-
sion, proliferation and differentiation. Further, biomaterials can be
tailored not only to be passively tolerated by the organism, but
also to provide the appropriate environment to assist specific cell
responses [7].

In this way, diverse strategies are being implemented for the
development of novel scaffolds to support restoring native tissue
functionalities, including bone, muscle and nerve [1,8]. In partic-
ular, an increasing number of patients suffer from bone related
diseases [9], bone TE becoming increasingly relevant and with
strong socio-economic impact [10,11].
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Therefore, the development of new materials for bone TE is
under intense investigation [9,11]. Bone TE strategies are typically
based on scaffolds as passive cell supports, including porous mate-
rials [12], 3D architectures [13] and fibers [14] as well as materials
reinforced with hydroxyapatite [15], but a suitable approach has
not been achieved so far.

Most of those strategies do not take into account one of the
relevant properties of natural bone tissue, which is its piezo-
electricity [16]. This means that when a mechanical solicitation
(stress) is applied to the bone, it produces a voltage variation
that strongly influences characteristic and performance of bone
tissue all along its developing and functional time. In this way,
the use of electrically active biomaterials is an attractive and
probably necessary approach for bone TE. The potential of such
electroactive smart materials in this field exploited so far mainly
piezoelectric poly(vinylidene fluoride) (PVDF) or copolymers such
as poly(vinylidene fluoride-co-trifluoroethylene) (PVDF-TrFE), the
piezoelectric polymers with the largest response [17-19]. Indeed,
the influence of surface polarity of PVDF films on bone cell response
shows that polymer surface charges promote cell adhesion, pro-
liferation and differentiation [18,20]. Further, under dynamic
mechanical conditions, piezoelectric substrates improve osteoblast
growth and differentiation [17,18]. This biomimetic approach is
particularly relevant as bone, like other tissues, is physiologically
subjected to mechano-electrical solicitations related to walking,
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jumping and running [16]. However, in some cases, the patient is
immobilized due to serious health condition, and as a result the nat-
ural mechanical stimulus does not occur [21], thus decreasing the
effectiveness of piezoelectric biomaterials. Such limitation claims
for the development of new materials able to remotely mechani-
cal and/or electrically stimulate tissues from outside of the human
body [22,23] and/or for specific cell cultures in bioreactors.

Magnetoelectric (ME) composite materials provide such an
innovative tool, allowing the use of an external magnetic field
to remotely control tissue stimulation [23], without the need of
patient movement. Those composites consist on the combination
of magnetostrictive and piezoelectric materials, the ME effect being
the result of a product property [24]. The mechanical deformation
induced by a magnetic field due to the magnetostriction of one of
the components, results in a electrical polarization variation due
to the piezoelectric effect of the other phase, allowing large ME
effects at room temperature [25,26]. Thus, the magnetic actuation
ability of the ME composite allows the mechanical and electrical
stimulus of neighboring cells [27]. As bone TE requires biomaterials
with flexibility, lightweight, versatility and biocompatibility [8,28],
polymer-based ME materials can be taken to advantage [27].

Two main types of polymer-based ME composites can
be found in the literature: laminated composites and par-
ticulated micro and nanocomposites [27]. Despite the lower
ME response of P(VDF-TrFE)/CoFe;04 nanocomposites [29]
(42mV cm~! 0Oe~1)—four orders of magnitude lower than the one
(383Vcem~! Oe~1) reported for P(VDF-TrFE)/Metglas 2605SA1 lam-
inates [30] - its higher flexibility, simple fabrication, easy shaping,
the possibilities of miniaturization and the absence of degrada-
tion at the piezoelectric/magnetostrictive interface are obvious
advantages [27,30,31]. Further, particulate composites allow the
development of geometries suitable for tissue engineering, includ-
ing spheres [25] and fiber mats [32], allowing also cell culture
and specific TE approaches. Finally, the incorporation of mag-
netic nanoparticles into scaffolds acting synergistically with the
magnetic field in vivo will improve cellular proliferation and differ-
entiation, and promote an enhancement of tissue integration into
the scaffold, a crucial step towards the clinical applications of the
composites [33,34].

Thus, this work demonstrates the suitability of polymer-based
ME composites for tissue engineering, providing thus a novel
platform for innovative tissue engineering strategies based on
magnetic, electrical and mechanical stimuli. In particular, the
influence of the external magnetic field stimulation in MC3T3-E1
pre-osteoblast cells proliferation [35] on a Terfenol-D/P(VDF-TrFE)
ME composite scaffold is reported. Terfenol-D was chosen due to
its biocompatibility and high magnetostrictive coefficient [36,37]
and P(VDF-TrFE) due to its proven potential for bone, muscle, and
neuronal tissue engineering applications, biocompatibility, high
piezoelectric coefficient and crystallization on the piezoelectric
phase from solvent casted samples [38,39].

2. Experimental
2.1. Materials

All the chemicals and particles were used as received from
the suppliers: Terfenol-D (TD) ~1 wm of random particles from
Etrema Products, N,N-dimethylformamide (DMF, pure grade) from
Fluka and poly(vinylidene fluoride-co-trifluoroethylene), P(VDF-
TrFE), from Solvay Solexis.

Table 1
Scaffolds used for cell culture.

Denomination Samples Polarization Stimulus Film response

A PVDF-TrFE non poled X Magnetic None
B PVDF-TrFE/TD non poled x Mechanical
C PVDF-TrFE/TD “poled +" ./ Electrical

2.2. Films preparation

Films were prepared based on the method presented in [40,41]
for similar polymer-based composite compositions. In short,
Terfenol-D particles were added to DMF and placed in an ultra-
sound bath for 8h in order to ensure proper dispersion of the
particles. P(VDF-TrFE) polymer was then added and mixed during
2 h with the help of a mechanical Teflon stirrer, in an ultrasound
bath to avoid magnetic particle agglomeration during the mixing
process. After that, the solution was spread in a clean glass sub-
strate and solvent evaporation took place inside an oven at 210°C
for 10 min. Polymer crystallization was achieved by cooling down
films to room temperature. At the end of this process, TD parti-
cles were inside the polymer matrix and ~50 pm thick films were
peeled from the glass substrate.

TD/P(VDF-TrFE) composites with 40 weight percentage
(40wt.%) of TD particles content were produced, since preliminary
tests demonstrated that TD such composition provides a good ME
response with suitable mechanical properties (e.g., flexibility) [29].

Film poling was achieved using an optimized procedure, con-
sisting on a corona treatment at 10kV during 120 min at 120°C,
in a home-made chamber, and cooling down to room temperature
under applied electric field. The piezoelectric response (ds3) of the
samples was analyzed with a wide range ds3-meter (model 8000,
APC Int., Ltd.).

For in vitro assays, circular films were cut with 13 mm of diam-
eter. Non-poled films (with and without magnetic particles) were
used to study the effect of the magnetic field and magnetostriction
in the cell culture and poled films to study the influence of the ME
stimulus in cell behavior (Table 1).

For sterilization proposes, the films were exposed to ultraviolet
light (UV) for 1h on each side. After that, samples were placed in
standard 24-well cell culture plates and washed 5 times (5 min each
time) with a phosphate buffer saline (PBS) 1 x solution.

2.3. ME characterization

In order to obtain the out-of-plane ME coefficient o33, a DC and
AC magnetic field were applied along the direction of the electric
polarization of the composites, i.e., perpendicular to the surface.

The AC driving magnetic field of 10e amplitude at ~10kHz
(resonance frequency of the composite) was provided by a pair of
Helmholtz coils and the DC field with a maximum value of 0.5T
was applied by an electromagnet.

The resonance frequency (f;) of the composites was determined
by Eq. (1):

n B (1)

fr=j 0

where n, Ey and p are the harmonic mode order, in-plane Young’s
modulus and density of the composites, respectively.

The induced ME voltage was measured with a Standford
Research Lock-in amplifier (SR530).
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Fig. 1. (a) TD/P(VDF-TrFE) film and (b) corresponding ME characterization with o (ME coefficient), strain (¢) and voltage (V) values that will be generated during the dynamic

cell culture.

Based on Egs. (2) e (3), it is possible to determine the strain
(A) produced by the TD particles within the polymer matrix that is
transmitted to the MC3T3-E1 pre-osteoblast cells [41].

ds o
(5)- o
my x (1 —my) x (d;;/so x & x Ey x I x W/t) piezoelectric

where my, €, &, Ey, [, wand t are the volume fraction of the TD parti-
cles, the vacuum permittivity, the relative permittivity, the Young’s
modulus, the length, the width and the thickness of the composite,
respectively.

A= (g_;) « Bs (3)

where Bs is the maximum magnetic field generated by the biore-
actor.

2.4. Cell culture

MC3T3-E1 pre-osteoblast cells (Riken bank) were grown using
in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) containing
1gL-! glucose, 10% Fetal Bovine Serum (FBS, Biochrom) and 1%
penicillin/streptomycin (P/S, Biochrom) at 37 °C in 95% humidified
air containing 5% CO; incubator.

For all cell culture assays, cells were seeded on each well (5 x 104
cellsmL-!) and incubated at the above mentioned conditions for
24 h. After this incubation time, one plate was maintained at the
same conditions (static culture - cell culture without any stimula-
tion) and the other was transferred onto a home-made bioreactor
system (dynamic culture - cell culture under magnetic stimula-
tion) for up to 48 h with the following cycle: an active time of 16 h
under magnetic stimulus (divided into 10 min of active time and
20 min of repose time) followed by a non-active time of 8 h (no
magnetic stimulation). These conditions were selected in order to
mimic the human body mechanical stimulations (16 h of activity
and 8 h resting time [42,43]). The dynamic culture was performed
under magnetic stimulation at a frequency of 0.3 Hz. The 20 mm dis-
placement of permanent magnets below the culture wells allowed
the variation of the magnetic field from a maximum value of
2300e-00e within the culture wells, leading to ME voltages up
to 0.115mV. In each study, 2-3 replicates were used per studied
condition.

2.5. Cell viability assessment

Cell metabolic viability was carried out by performing
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium (MTS, Promega) assay. This is a
cell viability assay based on the bioreduction of the substrate
to a brown formazan product by NADPH or NADP produced by
mitochondrial enzymes, which are active in living cells.
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Fig. 2. MTS results from MC3T3-E1 osteoblast proliferation on the different films (A,
non-poled PVDF-TrFE samples, B, non-poled TD/PVDF-TrFE composites and C, poled
TD/PVDF-TrFE composites) under static and dynamic conditions up to 72 h. Values
shown as mean + SEM (Standard error of mean). * P<0.05 vs. Sample A under static
conditions; # P<0.05 vs. Sample B under dynamic conditions.
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Fig. 3. Cell density (cellmm-~2) of the different samples (A-C) under static ((C__]
) and dynamic conditions (24 ) up to 72h. * P<0.05 vs. Sample A under static
conditions; # P<0.05 vs. Sample B under dynamic conditions.

For this assay, the samples were transferred to a new 24-well
plate, MTS solution (in a 1:5 ratio) was added to each well and
the plate was placed in a 5% CO, incubator at 37°C. After 2h of
incubation, 100 L of each well was transferred to a 96-well plate
(n=3) and the optical density (OD) of each well was measured at
490 nm using a spectrophotometric plate reader (Biotech Synergy
HT). Triplicate measurements were performed on each sample.
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Static conditions

Dynamic conditions

Fig.4. Representative images of pre-osteoblast culture after 72 h on A, B and C scaffolds with static and dynamic conditions (nucleus stained with DAPI-blue and cytoskeleton
stained with TRITC-red). Scale bar =200 wm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

2.6. Cell morphology and cell number

The samples collected from cell culture were transferred for a
new 24-well plate, washed with PBS 1x and the cells fixed with 4%
formaldehyde (Panreac) for 10 min at 37°C in a 5% CO, incubator.

For cell number quantification, after fixation, all samples were
washed with PBS 1x and stained for 10 min with 1 wgmL-! of a4,6-
diamidino-2-phenylindole (DAPI, Sigma) solution. After that, the
samples were washed with PBS 1x and observed in a fluorescence
microscopy (Olympus BX51 Microscope). Twenty representative
fields of each well were selected in a blinded and systematic
procedure using 10x magnification. For cell counting, the Image]
software was used. Finally, cell number per mm? were calculated.

For cell morphology, after fixation, samples were washed with
PBS 1x three times and incubated in 0.1 wgmL~! of red phalloidin
(Sigma) solution for 45 min at room temperature. Finally, the sam-
ples were again washed with PBS 1x and incubated in 1 pgmL-!
DAPI solution for 10 min. Cells were washed again with PBS 1x and
then visualized in a fluorescence microscopy.

M

2.7. Statistical analysis

All quantitative data were analyzed using GraphPad Prism
(v6.00). For each data set, each condition was compared using one-
way analysis of variance (ANOVA) statistical evaluation followed by
Tukey’s test. Differences were considered to be significant when P <
0.05. The data of cell density are displayed in boxplots, the boxplots
containing the following descriptive statistics: median (horizontal
line), mean (square), interquartile range (box) and whiskers (out-
lier).

3. Results

It has been established that mechanical forces influence
osteoblast activity [44,45]. Beyond the mechanical stimulus, it has
been also proven that charged surfaces and piezoelectric materials
enhance bone tissue regeneration [17,46]. In view of these facts,
three different samples were used to prove the suitability of the ME
effect for tissue engineering applications: A — non-poled polymer

ee e e e e

10-20 pm

Effect

None

10-20 pm
Mechanical

10-20 pm
Mechano-electric

Fig. 5. Representative images of cell proliferation to each distinct scaffold.
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samples without magnetostrictive particles, acting as passive sup-
ports for cell culture (it is to notice here that poled samples without
magnetic fillers will not have any reaction to the magnetic field
either, showing therefore the same response that the non-poled
ones under dynamic conditions); B - non-poled polymeric sam-
ples with magnetostrictive particles, with can apply mechanical
stimulation to the cells when subjected to a varying magnetic field,
due to the magnetostrictive effect; and C - poled polymer samples
with magnetostrictive particles, which together with the mechan-
ical stimulation, will induce a varying electrical surface charge due
to the piezoelectric effect, as defined by the ME coupling.

It is important to notice at this point that the effect of sample
poling on protein adsorption and cell behavior has been pre-
viously addressed in [46] and [20], respectively. Sample poling
leads to an overall net surface charge influencing protein adsorp-
tion and cell response, as well as improved piezoelectric response
under mechanical stimuli [17,18]. In the present investigation, as a
magnetic stimulus is used to trigger the mechanical and the piezo-
electric response of the samples and once PVDF-TTFE poled samples
do notreact to the magnetic stimulus, non-poled PVDF-TrFE is used
as negative control. As both poled and non-poled samples do not
react to the applied magnetic field, the differences among them
would be the same as reported in [20,46]. There variations are not
relevant to the present investigation in which the effect of magne-
tostrictive and magnetoelectric effects are considered. With poled
PVDF-TrFE samples as negative control, no differences will exist
between static and dynamic magnetic conditions either, but we
could have a higher number of cells in the poled samples than in
the non-poled ones, as previously reported [46,20].

Fig. 1 shows an image of the TD/P(VDF-TrFE) ME composite film
and its ME characterization.

Fig. 1a shows the flexibility and easy shaping of the TD/P(VDF-
TrFE) film. The ME response of the TD/P(VDF-TrFE) composite
studied between —1000 and 1000 Oe is shown in Fig. 1b. The ME
coefficient (o), that correlates the voltage generated across the
material (AV) with the thickness (t) and the applied AC magnetic
field (Bac), @ = (AV)/(t x Bac), increases until the ME saturation is
reached (~35mVcm~! 0e-1) at ~500 Oe. For higher DC magnetic
fields, a decrease in the induced voltage is observed resulting from
the saturation of the magnetostriction [47-49].

Since the DC magnetic field at which the cell culture is per-
formed will vary between 0 and ~2300e (arrows of Fig. 1b),
the maximum o, strain and voltage within the films will be
23mVcm 1 0e~!, 110 ppm and 0.115mV, respectively. Without
the application of the DC field, «, strain and voltage values within
the films will be 0. In this way all these parameters will be continu-
ally changed from the maximum value to zero during the dynamic
cell culture and all the parameters will be kept zero during the static
condition.

The strain value was determined from Eqs. (2) and (3) (see
experimental methods) using the parameters shown in Table 2.

The influence of the magnetic stimulus on cell proliferation
in the different PVDF-TrFE and TD/PVDF-TrFE composite films is
represented in Fig. 2. As previously mentioned, cell culture was
performed in three modes: Samples A, non-poled PVDF-TrFE sam-
ples, with no mechanical or electrical reaction to the magnetic
field; samples B, non-poled TD/PVDF-TrFE composites, which pro-
duce mechanical variations of the magnetostrictive nanoparticles
in response to the magnetic field variation and samples C, poled
TD/PVDEF-TrFE composites, which also produce an electric voltage
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variation. Further, in order to mimic the human body mechanical
stimulation along the day, the dynamic culture was performed with
an active time of 16 h and a non-active time of 8 h.

It was observed that dynamic culture (cell culture under a vary-
ing magnetic field) improves cell proliferation on TD/PVDF-TrFE
films. No significant differences between the static and dynamic
conditions were observed on the negative control (PVDF-TrFE
films—A samples), revealing that MC3T3-E1 osteoblast prolifera-
tion is not affected by the application of DC magnetic fields on
samples without magnetostrictive nanoparticles.

On B samples, an increase of ~20% in cell number from static
to dynamic conditions was detected as a result of the mechani-
cal stimulation of cells, confirming the mechanical sensitivity of
osteoblasts reported on previous studies [44,45].

On the other hand, on C samples a higher increase of ~25% in
the number of cells from static to dynamic conditions was observed
as a result of the mechanical and electrical stimulation of cells. In
this way, together with the mechanical stimulus (up to 110 ppm
strain variation), the varying charged surfaces and electrical stim-
ulation (up to 0.115 mV voltage variation) enhance the bone tissue
proliferation [17,18].

The differences between the cell numbers detected on the B
and C scaffolds is related with the piezoelectric coefficient of the
later (d33 ~ —6 pCN~1-similar to piezoelectric coefficient found in
human bones [50]) resultant from the PVDF-TrFE poling. Such a
low value of d33, as compared with pristine PVDF-TrFE films [39],
is due to the large amount (40%) of TD particles (1 wm) that pre-
vent a homogeneous poling of the samples as a result of the low
resistance Terfenol-D particle percolation path [51].

Cell density on the different substrates was quantified and dis-
played in Fig. 3.

Fig. 3 shows that higher cell density values are obtained under
dynamic conditions on B and C samples, which is consistent with
the MTS results. The highest cell density value was detected on C
scaffolds under dynamic conditions with an average value of 962
cellsmm?, with minimal and maximal densities of 659 and 1455
cells mm? respectively, whereas in static conditions the average
value was 591 cellsmm?. Regarding B scaffolds, it was observed
an average value of 504 cellsmm? in static conditions and 817
cellsmm? in dynamic conditions. Finally, concerning A scaffolds,
similar average values (=550 cells mm?) were observed for both
conditions (static and dynamic). The lower the difference between
the highest and the smallest cell numbers for the same scaffold,
the more uniform will be the cell distribution in the biomaterial.
In this way, B and C scaffolds colonized under dynamic conditions
show preferential areas of cell growth as a result of the local inter-
actions between cells and mechanical/electrical stimulus (located
preferentially close to the magnetic particles).

Finally, cell morphology, number and density were analyzed by
fluorescence microscopy (Fig. 4).

No significant differences on cell morphology were found
between the different films. Nevertheless, results from Figs. 1 and 2
are confirmed: no differences are detected on cell behavior
between static and dynamic conditions on the A scaffolds; a high
number of cells was detected under dynamic conditions for B and C
scaffolds, the highest number of cells observed on the later. It was
also observed the existence of preferential areas of cell growth on
scaffolds with TD (B and C).

Table 2

o, mv, ds3, &, Ey, |, w, and t values used to determine A and dS/dh.
amVcm~! Oe! mv |d33| pCN-! & Ey GPa wxIxt(mm x mm x jm) ds/dH x 109 A ppm
23 0.2 6 25 14 10 x4 x 50 6 110
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4. Discussion

This reports shows the suitability of the ME effect for novel
tissue engineering strategies and, in particular, for bone tissue
engineering. The prepared films allow cell culture under magnetic,
mechanical and electrical stimuli (Fig. 5), triggered by an external
magnetic field, being the highest increase of ~25% in cells number
observed as a result of the mechanical and electrical stimulation of
cells. Simultaneously with the mechanical stimulus (up to 110 ppm
strain) - Fig. 5, mechanical -, the varying charged surfaces and
electrical stimulations (up to 0.115mV) - Fig. 5, mechano-electric,
enhanced the MC3T3-E1 pre-osteoblast cells proliferation.

Whereas, magnetic field does not seem to influence cell growth
[52], mechanical cues act in diverse cellular processes ranging from
proliferation to transcription and organogenesis due to changes in
gene expression, second messenger signaling (such as intracellu-
lar Ca2*), focal adhesion complexes and internal remodeling of the
cytoarchitecture [53,42]. Further, mechano-electrical stimulation
affects cell adhesion, orientation and migration and influences reg-
ulation of morphological and phenotypic processes involved in the
cell proliferation and differentiation [54,55], resulting in a change
in the cell membrane voltage, GAG synthesis, expression of extra-
cellular genes, reduction of inflammatory mediators, among others
[42]. Such effects that can be further investigated and tailored with
the help of this innovative platform for tissue engineering.

5. Conclusions

This work demonstrates the suitability of the magnetoelec-
tric effect for tissue engineering applications. Magnetoelectric
Terfenol-D/poly(vinylidene fluoride-co-trifluoroethylene) com-
posites, acting as cell supports, were used to provide mechanical
and electrical stimuli to MC3T3-E1 pre-osteoblast cells, the stimuli
being remotely triggered by the application of a varying magnetic
field. Cell proliferation was enhanced up to ~25% when cells are
cultured under mechanical and electrical stimulation. Thus, it is
shown that magnetoelectric cell stimulation is a suitable approach
for novel tissue engineering strategies, allowing magnetic, mechan-
ical and electrical stimuli of cells both in vivo and in vitro.
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