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ABSTRACT: Understanding how the interfacial effects influence
cell adhesion and morphology is of fundamental interest for
controlling function, growth, and movement of cells in vitro and in
vivo. In particular, the influence of surface charges is well-known but
still controversial, especially when new functional materials and
methods are introduced. Here, the influence of the spontaneous
polarization of ferroelectric lithium niobate (LN) on the adhesion
properties of fibroblast cells is investigated. The spontaneous
polarization of LN has one of the largest known magnitudes at room
temperature (∼78 μC/cm2), and its orientation can be patterned
easily by an external voltage, this motivating highly the investigation of its interaction with cells. Immunofluorescence and
migration assays show strong evidence that the surface polarity regulates the adhesion functions, with enhanced spreading of the
cytoskeleton on the negative face. The results suggest the potential of LN as a platform for investigating the role of charges on
cellular processes, thus favoring new strategies in fabricating those biocompatible constructs used for tissue engineering. In fact,
the orientation of the high-magnitude polarization can be patterned easily and, in combination with piezoelectric, pyroelectric,
and photorefractive properties, may open the route to more sophisticated charge templates for modulating the cell response.
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■ INTRODUCTION

The interaction of cells with nonbiological materials is crucial for
controlling cell function, growth, and movement, in both in vitro
and in vivo environments, thus providing the criteria for
designing those biocompatible materials used for engineering
biohybrid organs.1−6 In fact, it is well-known that, during the
implantation of such devices, the material surface is exposed to
numerous proteins present in blood, interstitial fluids, and
damaged extracellular matrix (ECM), resulting in the formation
of a complex layer of adsorbed proteins at the material surface.7

Some of these proteins contain specific amino acid sequences
that bind to cell surface integrin receptors, thus influencing cell
behavior and gene expression.8 Recently, a wide variety of
materials demonstrating how the physicochemical properties of
the material influence the protein adsorption and therefore the
cell response have been studied. Some of these works focus their
attention on the interaction of cells with nanoparticles,9−11 while
others investigate the effect of hydrophobicity12,13 or the surface
potential in specific substrates,14 just to cite some. In particular,
in the past several decades, there have been many developments
in the so-called field of “bioceramics”, and Baxter and co-workers
published an excellent review on this topic.15 The electric
potentials, which occur in bones under mechanical loading, are
explained partially in terms of the piezoelectric properties of the
collagen.16 These potentials have been linked to the mechanical
adaptation of bones in response to loading,17,18 thus suggesting
that the addition of an electrically active component to an

implant material may improve healing and adaptation of the
surrounding tissue. Consequently, the level of interest in
bioinspired research that aims to understand if and how
polarization of piezoelectric ceramics can improve the response
of cells that synthesize bones (osteoblasts) to artificial implants
and grafts has increased.19−24 However, new biocompatible
platforms are always being sought to understand how materials
with different surface properties may influence and control the
cellular response, thus leading to the development of principles
that can be used for engineering useful implantable devices and
tissue-engineered constructs. In this framework, ferroelectric
crystals may have great potential, because of their unique
polarization effect, with a relatively high spontaneous polar-
ization that can be switched by an external electric field, because
of their inherent ability to sustain a charged surface in a variety of
environments.25 In particular, LN, with a value of ∼78 μC/cm2,
has one of the largest polarization magnitudes known at room
temperature, and is easily reversible for modulating the surface
charge polarity. LN is well-known in the field of electro-optics,
but its influence on living cells has been neglected. Some works
have dealt with the interaction and assembly of molecules and
particles with the modified surface of ferroelectric thin films or
crystals.26−29 However, to the best of our knowledge, only very
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recently has the biocompatibility of LN and lithium tantalate
(LT) been investigated for the first time,30 and a couple of works
on the response of cells cultured onto the surface of ferroelectric
bulk crystals have been published. Carville et al. studied the
interaction of osteoblast cells with the surface of LN crystals,
concluding that the surface charge promotes the cell attachment,
proliferation, and function, regardless of the polarization sign.31

Moreover, they present controversial results of cell proliferation,
compared to previous studies performed with bioceramics.15

Christophis et al. investigated the adhesion of fibroblast cells
onto periodically poled LT crystals functionalized by a protein-
based coating.32 They concluded that cells tend to orient their
nucleus, avoiding the positions of high field gradients, but
without any evident influence of the polarization sign on cell
adhesion. In this poor framework, it is clear that the matter is at a
very preliminary and controversial stage.
Here, we investigate the interaction of living NIH-3T3 mouse

embryonic fibroblast cells with the surface of c-cut polished
crystals of LN not only by observing the proliferation of the cells
but also by focusing attention, for the first time, on the effects of
the polarization sign on the cytoskeleton and focal adhesion
organization that, in turn, regulates a wide variety of cell
functions such as cell migration and fate. Immunofluorescence
and wound healing assays have been performed on cells plated on
surfaces with opposite polarities, and the results show a
remarkable relationship of cell morphology and migration with
polarization sign, thus throwing light on the controversial
subject. The results appear also to be in agreement with the
interpretations provided in the case of osteoblasts joined to
ceramics.15

■ EXPERIMENTAL SECTION
LithiumNiobate Crystal Samples. LN is a human-made dielectric

that does not exist in nature. It is a rhombohedral crystal that, at room
temperature, belongs to the 3m group and consists of planar sheets of
oxygen atoms in a distorted hexagonal close-packed configuration.33

Octahedral interstices are formed, one-third of which is occupied by
niobium (Nb) atoms, one-third is occupied by lithium (Li) atoms, and
the rest is vacant. Above the Curie temperature, Tc (around 1210 °C),
the phase is paraelectric (no spontaneous polarization), while in the
ferroelectric phase, below the Tc, LN exhibits spontaneous polarization
Ps along the c axis, resulting in a c+ face and a c− face. The c+ face
corresponds to the positive end of the dipole, and the c− face
corresponds to the negative end of the dipole. In this work, we used c-cut
LN crystal samples 500 μm thick and 2 cm × 2 cm large, cut out from
single-domain wafers 3 in. in diameter and polished optically on both
faces (purchased from Crystal Technology, Inc.).
In Vitro Cell Culture. The cell adhesion on the LN crystal samples

was evaluated in vitro using mouse embryonic fibroblast cells (NIH-
3T3). Cells were grown in Petri dishes in Dulbecco’s modified Eagle’s
medium (DMEM) containing 4.5 g/L D-glucose and supplemented with
10% FBS (fetal bovine serum), 100 units/mL penicillin, and 100 μg/mL
streptomycin. Subsequently, they were harvested from the tissue culture
flasks by incubation with a 0.05% trypsin/EDTA solution for 5 min. The
cells were then centrifuged, resuspended in a complete medium, and
then seeded on eight LN crystal substrates at a density of 1 × 105 cells/
mL; NIH-3T3 cells were then incubated in conventional 50 mm
diameter Petri dishes at 37 °C under a humidified 5% CO2 atmosphere.
Half of the substrates exposed the c− face, while the other exposed the c
+ face. Cell adhesion and spreading were observed over 24 h under a
standard inverted optical microscope (AxioVert, Carl Zeiss, Jena,
Germany).
Biocompatibility Assay. The biocompatibility of LN was tested

quantitatively by using a conventional live/dead viability/cytotoxicity
assay kit (Molecular Probes Invitrogen). The cells were seeded at a
density of 1 × 105 cells on three kinds of substrates, LN (c−), LN (c+),

and sterile glass, which was used as a control (Delchimica Scientific
Glassware),34 and were incubated in Petri dishes for 24 and 48 h. After
incubation, 1 mL of the combined live/dead cell staining solution (2 μM
calcein AM and 4 μM EthD-1 in D-PBS) was added to the dish and
incubated for 45 min at room temperature. The kit contains calcein-AM,
which stains live cells as green, and the ethidium homodimer, which
stains the dead cells as red. Samples were then observed under a
conventional fluorescence upright microscope (Axio Imager, Carl
Zeiss). To evaluate the proliferation rate, cells were harvested by
incubation with a 0.05% trypsin/EDTA solution for 5 min and counted
with a conventional Burker’s chamber.

Immunofluorescence.The cells were seeded on c−, c+, and glass as
a control and incubated for 48 h. After incubation, the medium was
aspirated and the samples were rinsed with a phosphate-buffered saline
(PBS) solution and fixed in 4% paraformaldehyde in PBS (pH 7.4) for
10 min at room temperature. The samples were then washed in PBS and
permeabilized with 0.1% Triton X-100 in PBS for 5 min and a blocking
solution (1% BSA in PBS) for 30 min. The nuclei were stained with blue
fluorescent Hoechst 33342 dye, trihydrochloride, trihydrate (Molecular
Probes Invitrogen) to reach a final concentration of 5 μg/mL, and the
actin was stained with the tetramethylrhodamine (TRITC)-conjugated
phalloidin to reveal the cytoskeleton network. Fluorescent phalloidin is
widely used in the study of actin networks in biology. Supplementary
immunostaining with antivinculin antibody was conducted to visualize
further the actin-based cytoskeleton in the cell−cell and cell−substrate
junctions.34,35 The cells were incubated first in primary antivinculin
antibody (Biorbyt Limited) diluted in blocking solution for 1 h and then
in secondary donkey anti-rabbit DyLight 488 (Thermo Scientific) at a
1:200 dilution in a blocking buffer solution for 45 min. For double
labeling, the TRITC-conjugated phalloidin was incubated simulta-
neously with the secondary antibody. The crystals were washed three
times in PBS between each antibody treatment. After being
permeabilized and stained, the samples were rinsed for 5 min three
times in PBS. Fluorescence micrographs were acquired by an inverted
laser scanning confocal microscope (Zeiss LSM 700), equipped with a
63× (1.4 NA) oil immersion objective.

Cell Migration Assay. A well-established in vitro scratch assay,
proposed by Liang et al.,36 was used to evaluate cell migration. This test
is based on the observation that, upon creation of an artificial gap into a
confluent cell monolayer, the cells on the edges of the gap move toward
the open region to close the scratch until new cell−cell contacts are
established again. It is reported that the cells initiate protrusion, migrate,
and finally close the wound. Therefore, this assay evaluates the cell
migration by estimating the speed of scratch healing, depending on the
substrate.37 The cells were seeded on c−, c+, and a glass slide as a
control, with a density of 1 × 105 cells, and incubated at 37 °C in a 5%
CO2 atmosphere for 24 h, allowing the cells to adhere and grow until
reaching ∼70−80% confluence as a monolayer. The cell monolayer was
scraped after 24 h along a straight line, by using the plastic tip of a P200
pipet, to reduce as much as possible the damage to cells and substrate.
Care has been taken in creating scratches of approximately similar size
for each substrate to minimize any possible variation caused by the
difference in the width of the scratches. The samples were washed twice
in 1 mL of growth medium to remove debris and to smooth the scratch
edges. The growth medium was replaced, and the dishes were placed
back into the culture incubator. The samples were taken out of the
incubator every 2 h to observe the scratch under an inverted microscope.
The width of the scratch was measured as a function of time to
determine the migration speed.

Statistical Analysis. The number of replicates for each experiment
was adjusted according to the variance obtained. In graphs, all data were
presented as means ± the standard deviation and evaluated for
difference by a Student’s t test. Differences were considered significant
when p < 0.05.

■ RESULTS AND DISCUSSION

Cell Viability and Proliferation. Cells were seeded on the c
+ and c− surfaces and observed under a standard inverted
microscope at different time intervals, to gain a first view of their
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adhesion and proliferation onto the surface of LN crystals free of
functionalization. Figure 1 reports the typical bright field images
recorded over the 24 h.

Cell spreading and adhesion appear to be similar on the two
kinds of substrates, demonstrating the biocompatibility of the LN
crystals in a first approximation. A more accurate evaluation of
this biocompatibility was performed by the live/dead assay
described previously, and Figure 2 shows the resulting
fluorescence images.

The microscope observations showed a slightly, although not
statistically significant, higher mortality for the cells seeded onto c
+ than for those seeded onto c− and glass. The cells were then
harvested and counted by a conventional Burker’s chamber, and
Figure 3 shows the proliferation rates.
Figure 4 shows the distributions of the live/dead cells over the

different substrates after incubation for 24 and 48 h. The mean
values for each substrate were evaluated over three biological
replicates. The proliferation rate looks similar on the faces of LN

and slightly higher than that on glass in the first 24 h, while
negligible differences are observed after 48 h for all of the
substrates. In fact, the population increases by∼90% on LN faces
and by ∼40% on glass, showing around 50% faster proliferation
on LN, compared to glass in the first 24 h. This is in good
agreement with the results reported by Carville et al.,31 who
found significant differences in osteoblast cell proliferation
between c+ and c− were observed after incubation for only 6
days.
These results demonstrate that the surface of the LN crystals

can be considered definitely biocompatible with negligible
differences in cell mortality between c− and c+.

Morphology of Actin Filaments and Focal Adhesions.
The adhesion and morphology of the cells were investigated via
immunofluorescence analysis. Figure 5 shows the typical
fluorescence images. The open source image processing program
ImageJ, developed at the National Institutes of Health (NIH),
was used to analyze the images.
The fluorescence images showed a non-negligible difference in

the morphology of the actin filaments between the cells adhered
on c− and c+, which is evidence of two classes of cells. The cells
adhering on c+ showed a round-like morphology, a smaller size
with a few irregular protrusions, and a marked decrease in the
number of actin stress fibers. Conversely, the cells grown on c−
exhibited a more elongated shape, with large spreading and more
prominent stress fibers. The fibroblasts grown on c+ had poorly
aligned stress fibers that could be viewed by fluorescence
microscopy. In the case of negative polarity (c−), such actin
fibers were a nearly universal feature of these cells. The less
developed stress fibers observed on c+ were not an indication of
toxicity, considering the results of the viability test reported
previously. Moreover, the poor alignment of the stress fibers on c
+ was more evident on more isolated cells. Figure 6 shows the
typical case of confluent cells on c+, where the cells that made
cell−cell contact frequently became elongated and developed
stress fibers.
The more isolated cells in Figure 5 show an amorphous actin

distribution with few stress fibers. Comparable cells on the same
surface polarity that hadmade intercellular contact (see Figure 6)
show the development of more stress fibers.
Multiple observations were made on different regions of the

samples, and the ImageJ was used to count the cells that belong
to the two classes of cell shape. Figure 7 shows quantitatively the
dependence of the cell shape on the polarity of the LN surface.
Approximately 80% of the cells grown on c− showed a more

elongated shape with well-aligned stress fibers. The examination
of the focal adhesion formation on c+ and c− showed a
significantly different morphology. After the cells had been plated
for 24 h, the focal adhesions formed on c−were much larger than
those formed on c+, as shown clearly in Figure 8.
The focal adhesions in cells plated on c− appeared elongated

and oriented along the major cell axis, co-co-aligned with the
stress fibers. Conversely, in the case of c+, the cells formed
smaller and radially oriented focal adhesions with low aspect
ratios.

Cell Migration. Figure 9 shows the typical bright field images
of the scratch created on c−, c+, and a glass slide as a control, at
equal time intervals.
Approximately 10 readings of the scratch width were

considered for each sample at each observation time, and the
mean values were calculated over three replicates of the
experiments. Figure 10 shows the evolution of the scratch
healing for the three substrates.

Figure 1.Typical bright field images of the cells seeded on c+ and c− free
of functionalization and at the same time intervals (scale bar of 100 μm).

Figure 2.Typical fluorescence images of the cells seeded on (a) c−, (b) c
+, and (c) glass, treated by the live/dead assay kit after incubation for 24
h.

Figure 3. Cell growth on the three different substrates. Data are not
statistically significant (t test; p > 0.1).
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The cell migration appeared to be clearly different for each
substrate with faster scratch healing in the case of the c+ face. The
cell layer advanced basically by spreading and translocation of
existing cells. This is further indicated by the decrease in cell
density as the layer advanced toward the wound and the increase
in mean cell area at the wound edge. The increase in cell area

appeared to be significantly (only at 8 h) faster on c+, with∼80%
healing, compared to the value of 65% reached on c−.
Lamellipodial protrusions are also known to guide cell
migration.38 During collective migration, cells at the wound
edge and within the cell layer all actively migrate with
lamellipodial protrusions extending mostly beneath adjacent
cells, in the case of the inner cells, and toward the wound closure
in the case of the edge cells. The cell protrusions in the closure
region are prominent in the case of c+ (see Figure 9), in
agreement with the faster wound healing exhibited by the
measurements. The slowest scratch healing rate was obtained in
the case of the glass slide, with ∼40% healing at the last point.
These results demonstrate that the positive polarity of the

Figure 4. Distribution of the number of live/dead cells over the three substrates (glass, c−, and c+) after incubation for (a) 24 and (b) 48 h. The mean
values were evaluated over three replicates of the experiment. Data are not statistically significant (t test; p > 0.1).

Figure 5.Confocal microscope images of cells seeded on c+ and c− after
being cultured for 24 h, with nuclei and actin stained byDAPI (blue) and
TRITC (red)-conjugated phalloidin, respectively.

Figure 6. Confocal microscope image of confluent cells seeded on c+
and after incubation for 24 h, with nuclei and actin stained with DAPI
and TRITC-conjugated phalloidin, respectively (scale bar of 20 μm).

Figure 7. Distribution of the number of cells with a more elongated
shape and aligned stress fibers. Statistical significance was evaluated by a
Student’s t test (p < 0.001).

Figure 8. Confocal microscope images of cells plated (a) on the c− face
and (b) on the c+ face and after incubation for 24 h, with nuclei, actin,
and vinculin stained with DAPI, TRITC-conjugated phalloidin, and
DyLight488 vinculin, respectively.
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substrate increases significantly the speed of migration of the
cells.

■ DISCUSSION
An early review by Davies39 studied the importance of surface
charges on cell behavior at the biomaterial interface and
demonstrated that surface charges have a profound effect on
biological responses. It was concluded that the surface charges
affect the adsorption of proteins onto the material surface and
subsequently influence the cell morphology and migration.
Those conclusions were based on studies of cells cultured on
charged polymer surfaces. This paper, instead, studies the in vitro
response of fibroblast cells to the highest polarization magnitude
of c-cut LN crystals (Ps = 78 μC/cm

2), thus paving the way to an
innovative platform for bioengineering applications. First, the
biocompatibility of these crystals was assessed by standard
viability assays. IUPAC (International Union of Pure and
Applied Chemistry) defines biocompatibility as the “ability to
be in contact with a living system without producing an adverse
effect”.40 The results of the viability assays show that the LN
crystals exhibit a biocompatible surface for the fibroblast cells. To
the best of our knowledge, the interaction of the cell with the
surface of these ferroelectric crystals has been explored poorly
with only a couple of works presented in the literature very
recently.31,32 Christophis et al.32 studied the adhesion of
fibroblast cells onto polarized ferroelectric samples function-

alized by a layer of fibronectin. They observed that the cells
reoriented the position of their nuclei, avoiding the positions of
high field gradients, without any additional observation about the
morphology of the cells. Carville et al.31 investigated the
promotion of adhesion of osteoblasts and mineralization onto
the surface of LN crystals, concluding that only the presence of
charge played a role, but not the sign of the polarization. Other
works deal with the bioactivity of LN and LT powders, but
without any attention to the adhesion and morphology of the
cells onto the crystal surface.30 Conversely, different papers have
been published in the past several years about the adhesion of
osteoblastic cells to polarized ceramic substrates.15,21−24 There-
fore, today the literature lacks publications concerning the
influence of the ferroelectric polarization on cell adhesion and
morphology.
The results reported here demonstrate clearly that the surface

polarity of the LN crystals has no significant effect on the
proliferation rate of the adhered cells but, instead, has a
substantial influence on the cell behavior in terms of morphology
and migration. In fact, immunofluorescence analysis showed that
the surface polarity induced remarkable differences in the
arrangement of both cytoskeleton actin filaments and focal
adhesions, and the migration assay demonstrated a significant
difference in wound healing rate. The cells grown on c−
presented a more pronounced spreading morphology, with well-
aligned stress fibers and focal adhesions. This behavior could be
explained by the differential adsorption of the chemical species
floating into the culture medium. Figure 11 shows the schematic
view of the mechanism proposed here for explaining how the
exchange of environmental ions and proteins on c+ and c− may
affect cell attachment.
The culture medium included different chemicals that had the

same opportunity to interact and to be adsorbed on the surface of
the crystal. However, the charged groups in the medium can be
repulsed or attracted by the polarization charge on the crystal
surface. Ca2+ ions are adsorbed predominantly on the negative

Figure 9. Typical optical microscope images of the evolution of the
scratch over 6 h for (a) c−, (b) c+, and (c) a glass slide as a control (scale
bar of 100 μm).

Figure 10. Percentage of scratch healing for each substrate. The mean
values were calculated over three replicates of the experiments. The
statistical significance was evaluated with a Student’s t test (p < 0.01).

Figure 11. Schematic view of the interaction between the polarized
surface of LN and the environmental species that contribute to cell
adhesion. Organic and inorganic ions, amino acids, and proteins float
around the crystal. Cations and positively charged ionic groups are
actively adsorbed on the negatively charged surface (c−), thus
contributing to the strong adhesion and spreading of the NIH-3T3
cells on this surface. Anions and negatively charged species are actively
adsorbed on the positively charged surface (c+), thus reducing
significantly the degree of cell spreading. The scheme is not to scale.
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polarity surface (c−) because of their superior binding affinity
relative to the other cations in the medium, such as Na+, K+, and
Mg2+. The cell membrane comprises a negatively charged
phospholipid bilayer with embedded proteins and sugars.41

These groups show divalent cation-dependent ligand binding
and form the well-known ECM, responsible for the cell adhesion
behavior. Therefore, the abundant Ca2+ ions adsorbed on the c−
face tend to attract those cell adhesion proteins, thus promoting
relatively strong cell adhesion. Conversely, the positive polarity
of c+ tends to attract anionic groups, such as HPO4

2− and/or
HCO3

2−, which have antiadhesive properties. This implies a
weak link between the cell and the substrate because there are
few points of interaction and attachment. Because the cell
morphology is related closely to the cell adhesion force, the most
important physiological result of this different interaction
between ions, cell adhesion proteins, and polarized surface is
the different morphology and assembly of the stress fibers and
focal adhesions. The cells assume a flat morphology, and the
adhesion plaque is extensive when a strong adhesion force is
exerted on the ECM. This is the case for c−, where a major
concentration of cations makes a stable and heavy link between
the cell and the substrate, thus producing a significant formation
and maintenance of well-aligned stress fibers and mainly
peripheral focal adhesions. This implies that cells possessed
better cell−substrate interaction to promote growth. Conversely,
the cells primarily have a spherical shape and do not exert a great
adhesion force on the matrix when poor attachment force exists.
This is the case of c+, where the cells have smaller focal adhesions
and poorly oriented actin networks. The vinculin expression had
a relatively sparse distribution around the nuclei, meaning that
fibroblasts spread less and had less traction force for anchoring
onto the substrate.42 This weaker adhesion explains the
prominent concrete and solid shape of the cells grown on c
+.43−45

The predominant well-organized stress fibers and peripheral
focal adhesions on c−, observed in our research, are in agreement
with the results concerning the cell migration rate. In fact, recent
studies have reported that stress fibers are abundant and well-
structured when cell adhesion is promoted and, conversely, they
are absent or not well-structured in the case of many highly
motile cells, such as leukocytes.46 This may explain the higher
wound healing rate observed in cells grown on c+, where the
predominant adsorption of anionic groups tends to weaken the
cell adhesion in favor of increased motility. The availability of an
innovative functional material able to control the cell migration
through surface charge is of great interest in different fields of
application, to understand better the role of polarity in cell
functions related to migration behavior. In fact, cell migration
plays a central role in diverse biological phenomena, including
the ability of the cell to answer to particular chemical or
mechanical stimuli. For example, cell migration is crucial during
development and wound healing.38,47 In fact, a well-controlled
cell migration is associated with normal development and
function, while a misregulated motility potentiates a multitude of
pathologies, including inflammation and cancer metastasis. Cell
migration is also essential for technological processes that
concern the tissue engineering applications, where it is of crucial
importance for colonizing the biomaterial scaffold. Not
surprisingly, a variety of cell migration assays have been designed
to investigate the critical components that control cell move-
ment.48

It is noteworthy that, different from the conclusions drawn by
Carville et al.,31 the findings presented here about the stronger

adhesion of fibroblasts on c− are in agreement with previous
studies by Kizuki et al.,24 who reported how the higher cell
affinity of the negative face of polarized ceramics was caused by
its ability to recruit the Ca2+ ions present in the culture medium,
thus confirming such an interpretation.

■ CONCLUSION
Cell behavior was investigated by cell culture on c-cut LN
crystals. Here, for the first time, significant differences in cell
behavior were observed on the faces of LN crystals with opposite
polarities. In particular, stronger cell adhesion with good
alignment of stress fibers and focal adhesions were found in
the case of the negative face (c−). Moreover, the consequent
influence on cell migration was revealed by standard assays that
showed a higher wound healing rate on c+, in full agreement with
well-established studies that show how stronger cell adhesion is
always associated with low-motility cells. The overall results
demonstrate that, contrary to a couple of works published
recently on this topic, the LN crystals can be definitely used as an
innovative platform for manipulating cells thorough the effects of
its high-magnitude spontaneous polarization, thus opening the
way to the development of new principles that can be used for
tissue engineering applications. In fact, compared to standard
biomaterials, this kind of platform could provide revolutionary
integrated functionalities than can modulate the cell response
through the surface charge patterning in combination with key
properties that include pyroelectricity, photorefractivity, and
optical nonlinearity.
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