-

P
brought to you by . CORE

View metadata, citation and similar papers at core.ac.uk

provided by Apollo

Received: 30 May 2017

Accepted: 22 August 2017

DOI: 10.1111/jace.15193

ORIGINAL ARTICLE

J American Ceramic Society

Cytotoxicity, chemical stability, and surface properties of
ferroelectric ceramics for biomaterials

Matias Acosta' I
Jan SchultheiB!

Maciej Sitarz’

nstitute of Materials Science,
Department of Geo- and Materials
Science, Technische Universitat
Darmstadt, Darmstadt, Germany

Institute of Biomaterials, Department of
Materials Science and Engineering,
Friedrich-Alexander-Universitit Erlangen-
Niirnberg, Erlangen, Germany

3Faculty of Materials Science and
Ceramics, AGH University of Science
and Technology, Cracow, Poland

4Physics of Surfaces, Institute of
Materials Science, Technische Universitat
Darmstadt, Darmstadt, Germany

SCenter of Smart Interfaces, Technische
Universitat Darmstadt, Darmstadt,
Germany

Correspondence

Aldo R. Boccaccini, Institute of Biomaterials,
Department of Materials Science and
Engineering, Friedrich-Alexander-Universitat
Erlangen-Niirnberg Erlangen, Germany.
Email: aldo.boccaccini @ww.uni-erlangen.de
Jurij Koruza, Jurij Koruza, Institute of Materials
Science, Department of Geo- and Materials
Science, Technische Universitat Darmstadt,
Darmstadt, Germany.

Email: koruza@ceramics.tu-darmstadt.de

Funding information

Narodowe Centrum Nauki, Grant/Award
Number: 2014/15/B/ST8/02827; Deutsche
Forschungsgemeinschaft, Grant/Award
Number: Leibniz program under RO954/
22-1, KO 5100/1-1

1 | INTRODUCTION

Surface properties determine the adaptation of a biomaterial
to the physiological environment and are thus essential for
their proper function. Ferroelectrics are an important class
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Abstract

Surface chemistry and topo-physical properties determine the interactions of bio-
materials with their physiological environment. Ferroelectrics hold great promise
as the next generation of scaffolds for tissue repair since they feature tunable sur-
face electrical charges, piezoelectricity, and sensing capabilities. We investigate
the topography, wettability, chemical stability, and cytotoxicity in salient ferro-
electric systems such as (1—x) (Na;;Bi;;,)TiO3—xBaTiOsz, (1—x)Ba(Zry,Tigg)
03—x(Bag7Cag3)TiO3, and Pb(Zr,Ti)O3 to test their suitability as biomaterials.
The lead-free ferroelectrics promote in vitro cell viability and proliferation to a
considerably high extent. 0.94 mol % (Naj;Bi;»)TiO3—0.06 mol% BaTiO3
showed the greatest potential leading to a cell viability of (149 £ 30)% and DNA
synthesis of (299 £ 85)% in comparison to the reference. Lead leaching from Pb
(Zr,T1)O5 negatively affected the cultured cells. Wettability and chemical stability
are key factors that determine the cytotoxicity of ferroelectrics. These variables
have to be considered in the design of novel electroactive scaffolds based on fer-

roelectric ceramics.

KEYWORDS
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materials

of electroactive biomaterials, owing to their capability to
interact with cells through electrical signals. Nonetheless,
so far only a few works have addressed the interaction of
different classes of ferroelectrics with physiological media.
The interactions between the biomaterial surface and cells
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determine, for example, morphology, proliferation, differen-
tiation, and function. Variables such as surface chemistry,
topography, wettability, and chemical stability have been
traditionally considered as crucial parameters that determine
cell expressions.'™ Thus, a careful analysis of these param-
eters is mandatory for the design of biomaterials.

Surface electrical charges in biomaterials have also been
recognized as an important parameter that determines cell
activity.”” This is a result of cellular endogenous electrical
and transmembrane voltage potentials.®*'* For electroactive
biomaterials, such as piezoelectrics, the terms “smart bio-
materials™ or “the fourth generation of biomaterials”'’
have been coined. These materials feature the unique capa-
bility to interact with their physiological environment
through electrical signals to foment tissue regeneration and
sense cellular responses. As electroactive materials, ferro-
electrics constitute a sub-class of piezoelectric materials.

Ferroelectrics are characterized by a spontaneous polar-
ization that manifests as surface electrical charges. They fea-
ture extremely high piezoelectricity and sensing capabilities
rendering that application of an electric field or mechanical
load can be used for tuning their surface electrical charges.
Thus, due to their surface electrical charges and piezoelec-
tricity, they can interact with cells electrically or via nanos-
cale mechanical stimulation.'''® Ferroelectrics neither
require external power sources to manifest surface electric
charges, nor electrodes, which is a clear advantage over other
electroactive materials.'' Despite the enormous potential of
ferroelectrics as novel “smart biomaterials,” studies on their
topo-physical properties, their chemistry, chemical stability,
and cytotoxicity are still missing. This knowledge, however,
is essential for theoretical and experimental works focusing
on bioelectric signaling with ferroelectrics.

The most widely used ferroelectric material is Pb(Zr,Ti)
O3 (PZT), because of its superior piezoelectric properties
and continuous engineering efforts over more than 5 dec-
ades.'* Despite its outstanding electromechanical proper-
ties, major concerns regarding the toxicity of Pb'>!’
triggered the development of lead-free ferroelectrics.'®
Currently, the most thoroughly investigated lead-free ferro-
electrics are BaTiO; (BT)-based, (Na;,»Bi;»)TiO5; (NBT)-
based, and (K sNags)NbO3; (KNN)-based materials.'® The
(1—x)(Na;»Bi»)TiOs—xBaTiO; (NBT—x mol% BT) is the
most intensively investigated system from the NBT-based
materials family since the discovery in 1991. It has high
electromechanical properties and can be sintered at rela-
tively low temperatures between 1100°C and 1200°C.*
Although Bi is a heavy metal, studies in humans showed
that this chemical element does not seem to have detrimental
effects on human health.>'** The suitability of NBT-based
compositions as biomaterials remains largely unknown. The
(1—x)Ba(Zrp 5 Tip.g)03—x(Bag7Cag3)TiO;  (BZT—x mol%
BCT) is by far the most salient example from the family of
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BT-based materials due to its outstanding piezoelectricity.*?
Very recent works highlighted the potential applicability of
BZT-BCT as biocompatible nanogenerators** and thin
films,? albeit no investigation of topo-physical features and
chemical stability has been done. Several KNN-based mate-
rials with remarkable piezoelectric properties have also been
reported,® although their processing remains challenging?’
and cytotoxicity of several compositions did not reveal
promising results.?*%°

Taking into account the perspectives on the develop-
ment of ferroelectrics as electroactive biomaterials, we
investigate topography, wettability, chemical stability, and
cytotoxicity of salient ferroelectric systems. We focus our
experiments on NBT-6BT, BZT-60BCT, and PZT. We
selected the lead-free compositions because their ds; val-
ues are similar. We contrast these results with PZT in
order to get insights into the cytotoxicity caused by lead
in classical piezoelectric ceramics. We demonstrate that
lead-free ferroelectrics hold great promise as biomaterials
because they promote mouse embryonic fibroblast (MEF)
activity and DNA synthesis to a considerably high
extent.

2 | EXPERIMENTAL PROCEDURE

2.1 | Materials

Three ferroelectric materials were selected for this investiga-
tion based on their technological relevance. Namely, the 0.94
(Nay, Biy)TiO5—0.06BaTiO;, 0.40Ba(Zrg,Tijg)O3-0.60
(Bag7Cap3)TiO3, and commercially available soft PZT PIC
151 (PI Ceramic GmbH, Germany). The lead-free ferro-
electrics were synthesized via a solid state mixed oxide route
with raw chemicals from Alfa Aesar (Alfa Aesar GmbH &
Co., Karlsruhe, Germany). The raw chemicals Bi,O5 (purity
99.975%), Na,O5 (purity 99.5%), TiO, (purity 99.6%),
BaCO; (purity 99.8%), CaCOj (purity 99.5%), and ZrO, (pu-
rity 99.5%) were mixed according to the respective stoi-
chiometry. The synthesis procedure of NBT-6BT calcined
powders is described elsewhere.’® Calcination was done at
800°C for 3 hours, with a heating rate of 5°C/min. The pro-
cessing details for the BZT-60BCT powders can be found
elsewhere.*! Calcination was done at 1300°C for 2 hours.
Calcined powders of both systems were pressed into green
bodies of 40 g with dimensions of (70 x 40 x 5) mm®. The
procedure to compact such specimens has been described
previously.>* While no binder was used for NBT-6BT, 2 g
of binder (5 wt% Polyvinyl butyral and 95 wt% ethanol)
were required for the green bodies of BZT-60BCT. Green
bodies of NBT-6BT were initially shaped using 53 MPa
uniaxial pressure for 10 minutes (type 2SPW25, Walter Neff
Maschinenbau, Karlsruhe, Germany), whereas for BZT-
60BCT the initial shape was done using 6 MPa uniaxial
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pressure during 10 minutes (type 2SPW25, Walter Neff
Maschinenbau, Karlsruhe, Germany). After the initial shap-
ing, cold isostatic pressing at 300 MPa for 1.5 minutes was
applied to the green bodies of both systems (KIP 100 E,
Paul-Otto Weber GmbH, Germany). Sintering of NBT-6BT
green bodies was done at 1100°C for 3 hours with a heating
rate of 5°C/min. For BZT-60BCT, the binder was burned
out at 600°C for 3 hours, with a heating rate of 0.5°C/min.
Thereafter, sintering was done at 1500°C for 2 hours with a
heating rate of 5°C/min. Following this procedure, all syn-
thesized samples showed relative densities above 95% and
grain size and morphology as described elsewhere.*®!

Several disc-shaped samples of 0.5 mm thickness and
10 mm diameter were drilled from each material system.
After the drilling process, all specimens were ground using a
semiautomatic grinding station with a diamond coated
(15 pm diameter) grinding wheel (ZB 42T, Ziersch Ferti-
gungstechnik GmbH & Co. KG, Germany). Thereafter, all
samples were cleaned in acetone in an ultrasonic bath. After-
ward, all samples were annealed at 400°C to remove residual
stresses that were induced by the grinding process.

2.2 | Surface topography

The nano-roughness of the samples was studied using a
Nanowizard 3 Bioscience (JPK Instruments AG, Germany).
PPP-ZEIHR cantilevers (Nanosensors, NanoWorld AG,
Germany) with a resonance frequency of about 130 kHz
and a force constant of about 20 N/m were used to scan
the sample surfaces. Three identical samples were scanned
at three different points each. Mean values and standard
deviation were calculated from these data. The investigated
area was (1.5 x 1.5) pym? with a scanning rate of 0.4 Hz.
The roughness parameters R, (average roughness) and Ry
(root mean square roughness) were calculated according to
the standard JIS B 0601: 1994. Micro-roughness was also
characterized in all samples. No substantial differences
between the samples roughness was measured, thus we do
not discuss details on these measurements here.

2.3 | Wettability

The wettability of the piezoceramics was studied by
means of static contact angle (CA) measurements (OCA
20, Dataphysics Instruments GmbH, Germany). A droplet
of 2 pL. deionized water (resistivity 18.2 MQ-cm) was
placed on the surface and the CA was derived using
Youngs-Laplace fitting to the drop shape. The mean value
of the water CA was obtained from at least five droplets
on each sample.

The surface energy (SE) of the piezoceramics was deter-
mined using three test liquids namely, water, diiodo-
methane and ethylene glycol at room temperature. The

surface energy value was calculated according to Owens,
Wendt, Rabel and Kaelble (OWRK) method which gives
both the disperse (SEgisperse) and the polar part (SEpqpa,) of
the surface energy.

2.4 | Chemical stability

Prior to the chemical analysis of leaching ions in simulated
body fluid (SBF), the samples were sterilized at 100°C. The
concentration of the relevant cations for this work in SBF (fol-
lowing indications as described in the next paragraph) were
94.2 mmol-L~" Na*, 3.84 mmol'.L™" K*, 1.18 mmol-L™"
Mg*, and 1.88 mmol-L™' Ca**. The pH value of the SBF
prior to soaking experiments was 7.40. Immersion in SBF
was done at 37°C for times of 1 hour (0.042 days), 24 hours
(1 day), 240 hours (10 days), and 720 hours (30 days) using
aratio of 0.2 g sample to 20 mL of solution.

The resulting solutions with leached ions were then ana-
lyzed directly using an inductively coupled plasma mass spec-
trometer (ICP-MS) (6100 Perkin Elmer PerkinElmer Inc.,
United States) with a detection limit between 0.01 pg/L and
100 g/ as well as with an inductively coupled plasma
optical emission spectrometer (ICP-OES) (Plasm 40 Perkin
Elmer, PerkinElmer Inc., United States) with detection limit
between 1 pg/L and 1000 g/L. ICP-MS was chosen for Ba,
Bi, Pb, Ti, and Zr ions because of their very low concen-
tration in the SBF, whereas ICP-OES was used to detect
Ca and Na cations because of their high concentration as
consequence of their inherent presence in the SBF. The
concentration of ions in SBF was also measured for refer-
ence. All the ICP measurements were performed in an
accredited laboratory following the standards PN-EN ISO
11885:2009 for ICP-OES and PN-EN ISO 17294-2:2006
for ICP-MS. For statistical purposes, measurements were
performed on three different samples for each soaking time.
The results are reported in the form of a mean value and
standard deviation.

2.5 | Cytotoxicity

Mouse embryonic fibroblast (MEF) cells were used to assess
the cell-surface interactions, as described elsewhere.>> MEF
cells were seeded at a density of 100 000 cells/sample, cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco®, Thermo Fisher Scientific GmbH, Germany) supple-
mented with 10% (v/v) fetal calf serum (FCS) (Sigma-Aldrich
GmbH, Germany) and 1% (v/v) antibiotic-antimycotic
(Gibco®, Germany) and incubated in a humidified atmo-
sphere of 95% relative humidity and 5% CO,, 37°C.

After an incubation period of 24 hours, MEF cells were
analyzed for cell proliferation by quantifying the amount of
DNA synthesis, cell activity by assessing cell viability and
cell morphology by scanning electron microscopy (SEM)
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(Auriga CrossBeam, Carl Zeiss Microscopy GmbH, Ger-
many). The 5-bromo-2’-deoxyuridine (BrdU) assay (Roche
Diagnostics GmbH, Germany) is based on the detection of
BrdU incorporation into genomic DNA of proliferating
cells. Following incorporation, BrdU was then colorimetri-
cally detected by an ELISA reader (Phomo, Anthos
Mikrosysteme GmbH, Germany).

The viability of seeded MEFs on the samples was
assessed through the enzymatic conversion of tetrazolium
salt (WST-8 assay kit, Sigma-Aldrich GmbH, Germany)
after 24 hours of cultivation. Culture media was completely
removed from the incubated films and subsequently added
1% (v/v) WST-8 assay kit containing culture medium and
incubated for 2 hours. 100 pL of supernatant from each sam-
ple was transferred into a well of a 96 well-plate and mea-
sured the absorbance at 450 nm with a microplate reader
(PHOmo, Autobio Labtec Instruments co. Ltd., China).

For the SEM investigation, the MEF cells were fixed
with a solution containing 3% (v/v) glutaraldehyde (Sigma-
Aldrich GmbH, Germany) and 3% (v/v) paraformaldehyde
(Sigma-Aldrich GmbH, Germany) in 0.2 mol-L™' sodium
cacodylate buffer (pH 7.4) and rinsed three times with
phosphate-buffered saline (PBS) solution. In a next step,
the samples were incubated in a diluted ethanol series start-
ing from a concentration of 30% up to 99.8%. Afterward,
the samples were critical point dried (EM CPD300, Leica
Camera AG, Germany) and analyzed in SEM (Auriga
CrossBeam, Carl Zeiss Microscopy GmbH, Germany).

2.5.1 | Statistics

For the cell viability studies, the results are presented using
the mean value and standard deviation of four replicates of
each sample type. All results were normalized to cell growth
on the cell culture well-plate surface (REF = 100%). The dif-
ferences in analysis parameters between the different samples
investigated were evaluated by one-way analysis of variance
(ANOVA). The level of the statistical significance was
defined at P < .05 (Origin 8.1G, Origin Lab Corporations,
USA). The significance level was set as P < .05: not signifi-
cant, P < .01: significant, and P < .001: highly significant.
The Turkey test was used for comparing the mean values.

3 | RESULTS

3.1 | Surface topography

Figure 1A-C show the topographies obtained by atomic
force microscopy (AFM) for NBT-6BT, BZT-60BCT, and
PZT, respectively. The sample surfaces were ground by a
semiautomatic grinding station. The grinding procedure
caused characteristic micro-roughness for all samples with
regular changes in topography in the range between 10 pm
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and 20 pm (not shown). This micron-size topography is
not expected to alter cell adhesion, spreading, or activity to
a great extent.>* Thus, we focus further on the investigation
of the nano-roughness that has been generally recognized
as a major factor determining the cell activity.*

Figure 1 also shows the nano-roughness parameters
used for the topography characterization that includes the
average roughness (R,) and root mean square roughness
(Rims)- The average roughness values are all within the
same order of magnitude. The slight deviations between
the samples topographies can be attributed to their different
hardness.*>*® The root mean square roughness indicates lit-
tle variations between the lead-free ferroelectrics (Fig-
ure 1A-B), although PZT has a slightly lower root mean
square roughness.

3.2 | Wettability

The contact angle (CA) of water at room temperature was
used to determine the wettability of the ferroelectric materi-
als. The CA of water on NBT-6BT, BZT-60BZT, and
PZT surfaces is displayed in Figure 2A-C, respectively.
Despite the minor differences in the surface topography,
the three system surfaces showed a clear difference in their
wettability.

The lead-free ferroelectrics have a hydrophilic nature.
The NBT-6BT is the most hydrophilic system with a
CA = (59 £ 8)°. The BZT-60BCT is also hydrophilic and
has CA = (87 £ 4)°. Considering the high CA of BZT-
60BCT and the measurement uncertainty, it is clear that
this material is quite close to being hydrophobic. PZT is
the only clear hydrophobic system, as indicated by a
CA = (104 + 4)°.

The SE measurements indicated that NBT-6BT had the
highest SE value of 52 mJ/m? with SEgisperse = 40.09 mJ/
m” and SEpop, = 11.69 mJ/m°. The BZT-60BCT exhibited
a SE of 46.2 mJ/m°, where the SEgisperse = 44.91 mJ/m*
and SEpgp.r = 1.25 mJ/m?. The PZT had the lowest SE
value of 42.72 mJ/m* with SEqjor & 0.

3.3 | Chemical stability

Figure 3 introduces the results of the chemical stability
experiment performed for all systems in SBF at 37°C. Fig-
ure 3A presents the ion dissolution of Ba and Pb cations as
a function of soaking time. Due to the relatively low con-
centration of these cations in SBF, the measurements were
performed by means of ICP-MS. After 30 days of soaking
time the concentrations of Bi, Ti, and Zr cations in the
SBF were below the detection limit of the instrument.
Thus, considering the detection limit of our experimental
setup of 0.01 pg/L, we can assure a considerably low or
even negligible leaching of Bi, Ti, and Zr -cations.
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WNBT-6BT ® BZT-60BCT
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0.2_|.|“m
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(A) NBT-6BT (8) BZT-60BCT

Figure 3B displays the concentration of the Na and Ca
cations as a function of soaking time, measured with ICP-
OES. This technique was used because of the high concen-
tration of these cations in the SBF. All cations increase
their concentration exponentially with increasing soaking
time, although Ba leached from BZT-60BCT and Pb lea-
ched from PZT seem to saturate after 10 days of soaking
time.

From the detectable cations with low concentration (Fig-
ure 3A), it is seen that Ba increases its concentration more
rapidly than Pb. The BZT-60BCT has a higher concentra-
tion of Ba so this cation increases its concentration in the
leached SBF one order of magnitude more than in the case
of NBT-6BT. Pb is also leaching with a detectable concen-
tration even after 1 day of soaking time. Despite the high
content of Na and Ca in the SBF, there is still a driving
force that leads to leaching of Na and Ca into the SBF.
The chemical instability of ferroelectrics influences cells
adhesion and proliferation, as will be discussed in Sec-
tion 4.

3.4 | Cytotoxicity

The activity of MEF is a conclusive test to evaluate the
cytotoxicity of biomaterials.>’ Figure 4 displays the MEF
viability and proliferation results obtained after 24 hours of
cultivation. The results were normalized to the cell growth
on a Petri dish. The significance level for the results is
indicated by the symbol “*” within the figure and was set
as *P < .05: not significant, **P < .01: significant, and
*##%P < .001: highly significant. Both lead-free ferro-
electrics induced a considerable enhancement of cell viabil-
ity with the results being statistically highly significant, as
pointed out in Figure 4. This is indicated by the high cell
viability of (149 £ 30)% in the cells cultivated on NBT—

R,=(6%2.5) nm
Rims=(7%3) nm

70 nm

FIGURE 1 Sample surfaces and
roughness parameters measured by AFM
for (A) NBT-6BT, (B) BZT-60BCT, and
(C) PZT [Color figure can be viewed at
wileyonlinelibrary.com]

© PZT

FIGURE 2 Pictures of the CA of
water on (A) NBT-6BT, (B) BZT-60BCT,
and (C) PZT [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 3 Leaching experiment in SBF. (A) Cation
concentration measured by means of ICP-MS. (B) Cation
concentration measured by means of ICP-OES. Note that Bi, Ti, and
Zr cations are not present in the figures because their concentration
remained below the detection limit of the measurements even after
30 days of soaking time [Color figure can be viewed at
wileyonlinelibrary.com]

6BT, as well as in BZT-60BZT with a cell viability of
(138 £ 35)%. In contrast, PZT did not enhance cell viabil-
ity since we measured a value of (98 £ 14)% compared to
the reference.

The proliferation of MEF cells indicated by their DNA
synthesis revealed the same trends as the viability tests.
Both lead-free ferroelectrics induced a considerably high
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DNA synthesis, with an enhancement of (299 + 85)% in
NBT-6BT and of (310 &+ 80)% in BZT-60BZT as com-
pared to the reference. For PZT, the DNA synthesis activ-
ity in MEF cells was much lower. A DNA synthesis of
(115 £ 25)% was measured for PZT as compared to
the reference. The results give a substantial indication
of the biocompatibility of the investigated lead-free
ferroelectrics.

Figure 5 shows SEM micrographs for (A), (D) NBT-
6BT; (B), (E) BZT-60BCT; and (C), (F) PZT surfaces after
24 hours of MEF incubation. The MEF cells almost com-
pletely cover the surface of the NBT-6BT and form a mul-
tilayer structure (Figure 5A), thus it was not possible to
analyze single cells. The overall morphology of the cell
multilayer indicated a preferred growth orientation.

The cell density on BZT-60BCT (Figure 5B,E) was
lower than on NBT-6BT. The MEF cells spread quite con-
siderably but did not completely cover the materials’ sur-
face (Figure 5B). Single cells could be detected with the
presence of filopodia or very thin extensions. Very recently
similar results have been reported for BZT-45BCT thin
films.?> Even in the case of PZT (Figure 5C,F), MEF cells
spread extensively, although they covered a much smaller
surface area in comparison to the other samples. The MEF
cells on PZT were also much more flattened than in lead-
free ferroelectrics. In this case, single cells characterized by
a polygonal shape with filopodia or very thin extensions
were easily distinguishable. For BZT-60BCT and PZT, we
did not discern preferred growth orientation of the MEF
cells.

4 | DISCUSSION

The cytotoxicity results indicate that that NBT-6BT offers
the best cell viability of (149 + 30)%, followed closely by
the cell viability of BZT-60BCT with (138 + 35)%. The
DNA synthesis of cells on NBT-6BT was (299 + 85)%,
which is quite similar to the DNA synthesis of the cells on
BZT-60BZT with (310 &+ 80)%. In contrast, cells on PZT
feature a much lower cell viability of (98 4+ 14)% and
DNA synthesis of (115 + 25)%.

The nano-roughness did not differ much between the
samples. Considering the measurement errors, no relevant
discrepancies were found for the R, values. PZT, however,
did show smaller R, values than lead-free ferroelectrics.
The higher discrepancy between R, values than between
R, values can be explained considering the calculation of
both roughness parameters. From a mathematical point of
view, R, assigns equal statistical weight to each roughness
measurement. In contrast, the R,,s emphasizes the extreme
roughness values due to the square terms involved in its
calculation. The extremes of the nano-roughness
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[ Cell viability
I DNA-synthesis
T

I**' T®¥% 7

400

300+ -

200 .

100 + -

Cell viability and proliferation (%)

Ref. NBT-6BT BZT-60BCT PZT
Samples tested after 24 h with MEF-cells

FIGURE 4 Cell viability and proliferation of MEF cells on REF,
NBT-6BT, BZT-60BCT, and PZT after 24 h of cultivation,
normalized to cell growth on Petri dishes.®” **#P < .001: highly
significant [Color figure can be viewed at wileyonlinelibrary.com]

measurements of our samples tend to be in the order of
microns. Thus, they are directly linked to the grinding pro-
cess. Since this micron-size topography is not expected to
affect cell behavior considerably,34 we will neglect the
effect of surface roughness in further discussion. We fur-
ther justify this approximation taking into account that a
previous work indicated that, in materials with similar
nano-roughness, rat osteoblasts adhesion, spreading, prolif-
eration and differentiation were determined by the wetting
characteristics rather than nano-topography.® In other
words, under similar nano-roughness, we expect that the
wettability and chemical stability influence more consider-
ably the cell viability and proliferation. We also note that
due to the high and similar Young’s moduli of perovskite
ferroelectric ceramics,'* we do not expect that elasticity
plays a major role.

In materials with hydrophobic surfaces, cell adhesion
and spreading are generally limited. In contrast, moderately
hydrophilic or hydrophilic surfaces tend to favor cell adhe-
sion and spreading.****° This was shown exemplary on
surface-treated polymers with human fibroblasts, human
MG63 osteosarcoma cells, Chinese hamster ovary, Chinese
hamster fibroblast, and Chinese hamster endothelial
cells.*®*° NBT-6BT is the most hydrophilic material inves-
tigated here with a CA = (59 £ 7.6)°. This CA is in the
same range that was previously highlighted to maximize
cell adhesion and proliferation.>® This maximization of cell
adhesion and spreading can be reconciled taking into
account that moderately hydrophilic surfaces with CA
between 60° and 65° maximize the adsorption of cell-adhe-
sive proteins.*! The other lead-free ferroelectric, BZT—
60BCT, features a CA = (87 4+ 4)° which is in the limit of
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NBT-6BT

BZT-60BCT

PZT

FIGURE 5 SEM-images of MEF cells on as-polished surface of NBT-6BT (A) and (D), BZT-60BCT (B) and (E), and PZT (C) and (F)
after 24 h of incubation. (D-F) are images with higher magnification on the same material but from a different area [Color figure can be viewed

at wileyonlinelibrary.com]

hydrophobic surfaces. PZT has a hydrophobic surface with
CA = (104 &+ 4)°. Therefore, wettability seems to be a
major factor determining the cell activity and proliferation.
However, the effect of the surface chemistry must also be
taken into account,*® especially considering that ions leach
from the perovskite ferroelectric ceramics into aqueous
environments as shown in Figure 3 and in the litera-
ture 28:29:42-44

The chemical stability of surfaces in contact with biologi-
cal media is extremely important since it can affect the cell
activity and proliferation."*** Our experiments with com-
mercial PZT (PIC 151) indicate that the material is unstable
in aqueous media. Figure 3 highlights that Pb is the most
leachable species of PIC 151 and other cations of this mate-
rial remain below the detection limit of our device. Similar
results were obtained for other PZT-based materials .***** Pb
leaching rates depend on the chemical composition of the
material, sintering conditions, as well as the composition and
pH value of the aqueous media.*>*** This is a major concern
for technological applications in contact with aqueous media
or under atmosphere conditions such as ferroelectric ceram-
ics implemented as biomaterials, sensors or actuators. It is
also a concern in other applications for which lead-contain-
ing ceramics are currently under investigation such as per-
ovskite solar cells.***’

Mitochondrial dysfunction can be interpreted as a cyto-
toxicity measure due to the crucial role of this organelle in
maintaining the cellular structure and function. Thus, it

directly affects the cell viability.*® Reduction of 50% in cell
viability as compared to the reference can be well attribu-
ted to cytotoxicity.*” We did not observe such a dramatic
reduction of MEF cell viability on the cells cultivated
24 hours on PZT. We attribute this to the limited leaching
of Pb to the SBF after 24 hours (Figure 4) since MEF cells
generally display a quasi-instantaneous reactivity to their
environment.>> Despite that there is no clear cytotoxicity,
the negative effect of Pb leached ions is corroborated tak-
ing into account the much lower cell density observed on
PZT as compared to the lead-free ferroelectrics (Figure 5).
Experiments with Chinese hamsters and mouse fibroblasts
also indicated relatively low cell density and proliferation
on PZT surfaces even after longer periods of incuba-
tion.>*>! Moreover, it was also demonstrated that a consid-
erable fraction of mouse fibroblasts has survival time
shorter than 4 days on PZT.”!

Overall the cells on the lead-free ferroelectrics show good
adhesion, spreading, and mutual interconnections (Figure 5).
On NBT-6BT even a MEF multilayer structure formed cov-
ering the complete materials’ surface with a preferred growth
orientation. Together with the high MEF cell activity and
DNA synthesis, this implies that the material can be consid-
ered as a promising biomaterial. At this point, it is worth ana-
lyzing the potential human toxicity of other transition
metals.”> To date, Bi does not seem to show detrimental
effects to human health.?"?? Nonetheless, it should be
pinpointed that cytotoxicity of the Bi(NOj); salt was
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demonstrated for a concentration higher than 1.20 x 1072
mmol-L ™" after testing the viability of murine fibroblasts
L.929 and murine osteoblastic cells MC3T3-E1.%% The results
of our ICP analysis indicate that Bi concentration in the SBF
remains below 0.01 pg/L even after 30 days of soaking time
of NBT-6BT. Thus, at this concentration doses, Bi does not
affect cells activity or proliferation.

Ba is present in NBT-6BT and in BZT-60BCT. For
both materials, we could detect leaching of Ba into the
SBF. The concentration of Ba in the SBF was much higher
for BZT-60BCT than for NBT-6BT, which is expected
due to the much higher content of Ba in the former mate-
rial. This alkali earth metal is characterized by a low cyto-
toxicity as corroborated by a study on the effect of BaCl,
salt in the viability of murine fibroblasts L.929 and murine
osteoblastic cells MC3T3-E1l. This work determined that a
concentration higher than 1.26x 10°* mol/L leads to cyto-
toxicity.”> Moreover, no clear beneficial physiological
effects were reported so far for Ba cations.”> Thus, we do
not expect that Ba is playing a major role in determining the
cell viability or proliferation here. We note, however, that
some studies on animals indicated that Ba could be incorpo-
rated into the bone matrix replacing Ca albeit no detrimental
effects on the bone integrity were reported.>*

Na and Ca are present in bioactive glasses and are
expected to have a positive physiological effect.**> Some
of their positive effects can include favoring human osteo-
blast proliferation, differentiation, and extracellular matrix
mineralization. We speculate that the high leaching rate
and concentration of Na in NBT-6BT could actually favor
the cellular proliferation more positively than the much
lower Ca leaching rate of BZT-60BCT. More detailed
experiments are required to verify this hypothesis. The cor-
relation between the wettability and cytotoxicity for the
investigated materials, makes us believe that wettability
might be the major factor affecting cell viability, adhesion,
and proliferation.

Another important aspect that affects cell activity and
proliferation is the surface electrical charge. The surface
topography, chemical composition, and crystal structure
determine the wettability, surface energy, and surface elec-
trical charges. For instance, the effect of the surface
charges on the CA was demonstrated for differently polar-
ized hydroxyapatite.”> Moreover, also for hydroxyapatite, it
was shown that surface energy and electrical charges have
a mutual interdependence.56 Therefore, the wettability, sur-
face energy, and surface electrical charges are clearly inter-
dependent in electroactive materials.

From the results presented in Figure 1, it follows that we
may safely neglect the effect of the topography in the con-
text discussed here. Moreover, all the materials in this work
have a perovskite crystal structure. Thus, in the lead-free
ferroelectrics investigated here, the key parameters
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responsible for the wettability are the surface energy (SE)
and electrical charges. Since the materials have not been
poled, no net macroscopic polarization should be expected.
However, on the local cell level, electrical charges are cer-
tainly present as consequence of the characteristic sponta-
neous polarization of ferroelectrics. On a local scale, the
grain crystallographic orientation is responsible for deter-
mining the spontaneous polarization and thus also the sur-
face electrical charges of ferroelectrics. This, in turn, affects
the wettability. In this study, we annealed all samples to
avoid the influence of ferroelastically induced domain tex-
turing that could result from residual stresses. The measure-
ments of SE indicated that NBT-6BT had the highest
SEpoar With a value of 11.69 mJ/m®. The SE,, of the
BZT-60BCT and PZT were 1.25 mJ/m> and almost 0,
respectively. This means that NBT-6BT has highest polar
interactions available as compared to other samples with lit-
tle polar interactions. Thus, electrowetting could be the rea-
son behind the tendency found on the wettability of the
systems. Namely, NBT—6BT is the most hydrophilic mate-
rial, whereas PZT is the most hydrophobic one. The surface
electrical charges and thus the hydrophilic nature of the
NBT-6BT seem to have a positive effect on cell adhesion
and proliferation.’”-

5 | CONCLUSIONS

In this work, we discuss the potential of ferroelectric
materials as biomaterials. We contrast lead-containing and
lead-free ferroelectrics. Pb(Zr,Ti)Os (PIC 151), which is a
commercially relevant lead-based ferroelectric, was chosen
as representative lead-containing material. Two promising
lead-free ferroelectrics, 0.94(Bi;,Na;,)TiO3—0.06BaTiO3
and 0.40Ba(Zry,Tip g)O03—0.60(Bay 7Cag 3)TiO5, were selected
as lead-free representative materials. We investigated the
cell growth, proliferation, and viability. Among the three
materials, 0.94(Bi;»Na;,)Ti03-0.06BaTiO; showed the
best performance since it promotes a high cell viability of
(149 £ 30)% and DNA synthesis of (299 + 85)% with
respect to the reference.

The materials were characterized in terms of chemical
stability, wettability, and surface roughness. All three ferro-
electrics were chemically unstable in SBF, with the A-site
cations Pb, Na, Ba, or Ca being the only detectable species
leaching after 30 days of immersion. Taking into account
the cytotoxicity of lead, it is evident that Pb(Zr,Ti)O3 should
not be used in applications as a biomaterial or under envi-
ronmental conditions. Despite this effect, our results high-
light that the wetting angle and thus surface energy
determine the biocompatibility of the ferroelectrics. 0.94
(Bi;oNa;»)Ti03-0.06BaTiO; is moderately hydrophilic
with a contact angle of (59 £ 8)° and has the highest polar
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surface energy of 11.69 mJ/m?, while both other materials
were hydrophobic and featured lower polar interactions.

Our results indicate that the complexity of the interac-
tion of ferroelectrics and piezoelectrics with a physiological
environment call for a better understanding before these
materials can be used in biomedical applications. Corrobo-
rating the evolution of primary cells and/or target cells on
ferroelectrics is certainly required. Further work towards
ferroelectric biomaterials can also focus on the modification
of surface energy, surface electrical charges, and wettability
through poling (ferroelectricity) or mechanical loading
(piezoelectricity).
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