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Additively Manufactured Ferroelectric Particulate
Composites for Antimicrobial Applications

Zois Michail Tsikriteas,* Rachel A. Heylen, Swati Jindal,
and Hamideh Khanbareh*

A polarized ferroelectric material can initiate the micro-electrolysis of water
molecules which leads to the formation of reactive oxygen species (ROS) in an
aqueous solution resulting in selective bacteria killing. This study presents the
fabrication, characterization, and antimicrobial performance of poled ferroelec-
tric particulate composites. Barium calcium zirconate titanate (BCZT) micro-
powder is synthesized by a solid-state reaction and mechanically mixed with
polycaprolactone (PCL) to be subsequently fed into the 3D bioprinter for the
fabrication of porous PCL-BCZT structures at four different ceramic loadings (0,
10, 20, 30 wt%). For the examination of material's capacity to handle extremely
high contamination, the composites are exposed to a high inoculum of bacteria
(Escherichia coli ATCC 25922) =70% of E. coli degradation is recorded at the
end of 15 min without any external intervention. The surface selective bacterial
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1. Introduction

Since they first began to exist millions of
years ago, microorganisms, which include
bacteria, viruses, fungus, algae, and
many other living species, have had an
extraordinary impact on practically every
area of human life, both beneficial and
harmful; for example, they cause serious
infections, such as sepsis.l! Biomaterials
used as medical implants have come to
the forefront in the healthcare sector.
The usage of implants as heart valves,
stents,l and tissue-like replacements®!
that can enhance the tissue damage and

degradation can be attributed to the generated reactive oxygen species, the
large surface area of the porous samples and polymer matrix's hydrophobic
nature, behavior which can be reflected in the composites with 30 wt% of
BCZT loading exhibiting the best antimicrobial performance among the other
state-of-the-art ferroelectrics. Overall, these results indicate that the poled com-
posites have a great potential as antimicrobial materials and surfaces.
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repair under challenging conditions have
significantly increased over the past years.
However, these materials are not devoid
of surface bio-contaminations posing a
significant health risk to patients and
costing healthcare systems with millions
of dollars. Since the discovery of peni-
cillin, persistent efforts have been made
to cure and prevent microbiological con-
taminations.®! Drug-resistant bacteria, however, present a for-
midable problem for sanitation and healthcare adding new
challenges to the research community.®l Although the emer-
gence of antimicrobial resistance (AMR) in microorganisms
is a natural process, AMR has been influenced by the misuse
and overuse of antibiotics in health care, agriculture, and
the environment.”! Particularly, within the healthcare sector
AMR compromises the capability to treat infectious diseases.
According to Grand view Research, around 2.8 million cases
of AMR occur every year in the United States. In addition to
this, the United States Pharmacopeial Convention estimated
that AMR caused about 700 000 deaths per year worldwide.
Moreover, this number is expected to reach 10 million per
year by 2050, if diagnosis and treatment of microbial infec-
tions are not properly managed.®l Hence, the development
of novel antimicrobials or alternatives is a prime example of
unmet medical need. The majority of the current strategies to
prevent microbial growth on surface are mainly based either
on contact killing of bacterial cells, antibiotics, and inorganic
metal ion release from the surface.’l However, these existing
methods come with certain inherent dangers, such as bacterial
resistance to antibiotics, high cytotoxicity of inorganic salts,
and metal ion accumulation on the human body.'”) In light of
the worldwide position about AMR, it is of a great importance
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to discover new sustainable methods for the prevention of sur-
face bio-contaminations.

Many types of cells and single-cell organisms like bacteria
have been found to be sensitive to electric stimulation.'"!?!
Thus, there has been an increasing interest from the research
community to further exploit the use of ferroelectrics for bio-
medical applications. Ferroelectric materials' unique ability to
convert mechanical deformation and thermal fluctuations into
an electric signal and vice versa is used in a wide range of appli-
cations, from ultrasound devices to mobile phone buzzers and
infrared sensors. It is also well established that piezoelectric or
other forms of electrical stimulation can promotes tissue repair
or regeneration by influencing the behavior of the target tis-
sues, by altering the transmembrane potential and triggering
the propagation of action potentials in neurons.>"? It is worth
noting that the specific mechanisms by which electrical stimu-
lation promotes tissue formation may vary depending on the
type of tissue, the type and intensity of the electrical stimulus,
and other factors. In the case of bacterial degradation, the
main idea is that the remnant polarization can initiate elec-
trochemical surface reactions resulting in ROS production.
There are three main mechanisms with which ferroelectrics
can induce or modify electrochemical reactions: 1) catalysis by
electric field,™ 2) mediated (piezo/pyro) catalysis,>1° and 3)
photoelectrolysis.[]

Ferroelectrics with high piezoelectric performance and
biocompatibility, such as barium calcium zirconate titanate
0.5Ba(Zr,,Tiy 8)03-0.5(Bay;Cag 3)TiO3 seem to be suitable can-
didates for these applications. Despite the promising properties
of ferroelectrics, there are inherent limitations, such as poor
processability as well as brittleness, that make their application
confined. In order to overcome these drawbacks, particularly for
applications where a certain level of mechanical performance
is needed, the use of ferroelectrics in the particulate form and
for the development of composite materials has revealed as a
promising approach.'® In such a way the single phase com-
plements each other's strengths and weaknesses, contributing
to overcome the limitations deriving from the use of one mate-
rial only. In addition to this, the processing of particulate-based
composites through additive manufacturing (AM) technology
has gained great attention in the last decade, in order to pro-
duce customized 3D structures in a variety of geometries and
for different applications (i.e., aerospace, automotive, clean
technology as well as the biomedical field).>2*?!) Based on the
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promising findings of a recent study from the authors,¥l in this
work green chemistry basic principles were followed by using
an environmentally friendly AM technology.

Specifically, a solvent-free extrusion-based 3D printing
approach was used in order to process a composite based on a
polymeric matrix of thermoplastic polycaprolactone and a fer-
roelectric particulate phase at various concentrations. PCL was
selected for its widely documented processability, low melting
temperature, biodegradability, biocompatibility, mechanical
resistance, relatively low cost, and its extensive adoption in
healthcare applications.[?223] Attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR) was performed on
the printed specimens. The microstructure of the composites
was studied via scanning electron microscopy and in all cases,
high inner consistencies and fine dispersions were detected.
The thermal behavior of the 3D printed composites, upon
heating, was investigated via thermogravimetric analysis (TGA)
while the electrical response of the composite specimens was
examined by means of impedance spectroscopy at three dif-
ferent temperatures (25, 36.6, and 50 °C) in a wide frequency
range (0.1-10* Hz). A poling study was performed using a
Corona poling set-up and the effect of time, temperature, and
the electric field strength on the poling efficiency of the com-
posites was studied. Finally, the antimicrobial performance of
the poled ferroelectric particulate composites was assessed by
exposing them to a high inoculum of bacteria (E. coli ATCC
25922).

2. Results and Discussion

Figure 1 shows the scanning electron microscopy image
and the X-ray diffraction pattern of the synthesized BCZT
powder. Good crystallization of the powder can be observed
as the peaks are strong with small width at half maximum
(FWHM). In addition, there are not indications of other struc-
tural phases or any splitting or super-lattice reflections in the
diffractogram matching the tetragonal BaTiO; structure with
the P4mm space group according to the JCPDS card 05-0626.
The corresponding (hkl) miller indices have annotated in the
figure. The Coulomb repulsion between the 3d electrons of
Ti*"/Zr* ions and the 2p electrons of O~ ions caused the dis-
torted crystal structure in the BaTiOj-based ceramic, leading
to a stable tetragonal structure. The splitting of the (200) peak

— BCZT

(110)

Intensity (a.u.)

(111)
(200)

Euoc)
(210)
(220)

(211)

20 25 30 35 40 45 50 55 60 65 70
26 (°)

Figure 1. a) SEM micrograph and particle size analysis of the synthesized BCZT powder. b) XRD spectrum of the synthesized BCZT powder.
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Figure 2. SEM morphological evaluation of the three printed ferroelectric composites at different concentrations: a) 10 wt% BCZT, b) 20 wt% BCZT,

and c) 30 wt% BCZT.

of pure BCZT into (002) and (200) peaks in the 26 range of
44-46° at room temperature corresponds to the diffusion of
Ca?t (A-site) and Zr** (B-site) ions into Ba®* (A-site) and Ti*
(B-site) respectively, confirming the formation of a tetragonal
or tetragonal-dominant phase.?!l After calcination, the BCZT
powder exhibited an irregular shape morphology with an
average particle size of 1.47 pm.

Scanning electron micrographs (SEM) of the additively man-
ufactured composites in the three different concentrations of

1335.04
1068.03
801.02
53401
267.00

0.00
1869.06

M q > <
U.OO. E IW 0.00pm

0.00pm

5000.00

1585.39um
1358.90
113242
905.93
679.45

452.96

226.48 ; 0.20 mm

0.00

17095.80

15000.00 15000.00

10000.00 10000.00

5000.00 5000.00

0.00pm 0.00pm

Figure 3. Three-dimensional images of the printed samples.
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BCZT are shown in Figure 2. A homogenous distribution of
BCZT microparticles is observed in the PCL matrix in all cases.

Bacterial adhesion can be inhibited by the surface characteris-
tics of a material, such as its topography, chemistry, and rough-
ness.”l In order to evaluate the surface characteristics of the
3d printed samples, 3D topographic images were obtained and
are shown in Figure 3. The images shows that the 3d printed
samples’ design and the interconnected porosity matches the
computer-aided design to a large extend demonstrating the
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Table 1. Morphological characteristics of the 3d printed samples.
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Sample Width Length Height Weight Density Porosity Strand diameter Sa Sz
[mm] [mm] [mm] [e] [gcm™) [%] [mm] [um] [um]
PCL 15.39 15.38 138 0.27 1135 26.5 0.28 103.72 1459.69
PCL-10 wt% BCZT 15.27 15.28 1.47 0.28 1.242 329 0.29 152.65 1877.03
PCL-20 wt% BCZT 15.52 15.5 1.52 0.36 1.36 27. 0.32 129.87 1286.46
PCL-30 wt% BCZT 15.42 15.43 1.5 0.39 1.5 26.1 0.34 98.66 1326.52

effectiveness of the printing process. However, it is evident that
the printing of the samples becomes more challenging with
the increase of the inorganic phase concentration. This can be
confirmed by the average strand diameter data (Table 1) where
the average diameter increases with the increase of the BCZT
concentration affecting the print quality and as a result the
porosity of the samples.

The surface arithmetical mean height (Sa) and maximum
surface height (Sz) extracted from the three-dimensional topo-
graphic observations are presented in Table 1. Surface rough-
ness can affect bacterial adhesion in a number of factors. Bac-
teria can use the rougher surface area for better anchoring
on the surface since rougher surfaces tend to have a higher
number of sites for bacterial adhesion, which can lead to
increased bacterial adhesion. Consequently, smoother surfaces
may be more resistant to bacteria attachment. Additionally,
surface roughness can influence the mechanical properties of
a material, such as its strength and stiffness, which can also
affect bacterial adhesion.?°]

ATR-FTIR analysis was used on the PCL as well as the 3D
printed composites in order to confirm the presence of BCZT
in the composites. As reported in Figure 4, the characteristic
bands of PCL can be seen in all the 3D printed composites.
More specifically, the characteristic peaks at 2943 and 2865 cm™!
corresponding to the typical C-H functional group in CH,,
the C = O carbonyl group at 1720 cm™, the CH, deformation
band from 1165 to 1468 cm™ and the backbone C-O and C-C
stretching of the crystalline phase at 1293 cm™ are detected.
Additionally, the symmetric and the asymmetric band at 1239,
1164, 1107, and 1047 cm™ were also observed.””] On the other
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Figure 4. FTIR spectra comparing PCL-10BCZT (blue), PCL-20BCZT
(orange), and PCL-30BCZT (green) with the polymer matrix (red).
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hand, the characteristic bands of barium calcium zirconate
titanate we only spotted in the composite systems. More specifi-
cally the Ti-O stretching vibration peak appeared at 559 cm 1281
This confirms the presence of the ferroelectric ceramic phase
in the systems. In addition, the intensity of the peak increases
with the increase of the ceramic phase. This agrees well with
the scanning electron microscopy SEM images and is another
indication of good dispersion of the ferroelectric ceramic filler
and successful extraction of the filament.

TGA was performed to determine the chemical stability of
the composites at elevated temperatures as shown in Figure 5.
For each sample, there was a single-step degradation and a sig-
nificant mass loss. According to Figure 5, the melting of the
powder blend starts happening at 55 °C, indicating that the
temperature must not exceed this value during the electrical or
poling studies in order to ensure uniform geometry and con-
sistent structural integrity with high fidelity to the computer-
aided design (CAD) model dimensions. The main structural
decomposition started at a temperature above 250 °C, thus con-
firming the stability of all the compositions during the printing
process. The 50% weight loss occurs at =385, =390, =400, and
=411 °C for the PCL, 10, 20, and 30 wt% respectively. After
510 °C the polycaprolactone was completely decomposed. The
weight loss up to this temperature can be ascribed to the three-
step degradation process of PCL which decomposes to carbon
dioxide, water, carbon monoxide and short-chain carboxylic
acids.?’! When the concentration of the BCZT increased the
weight loss of the composites decreased. Also, as shown by the
TGA first derivatives curves, which indicate that the presence
of the inorganic ferroelectric phases contributed to a small shift
in the maximum peaks toward higher temperatures, indicating
the effect of the BCZT particles in delaying the material's deg-
radation rate.3"

Figure 6 shows the dielectric permittivity, alternating current
(AC) conductivity and the dielectric losses of the 3D printed
ferroelectric composite in the frequency range of 0.1-10* Hz at
room temperature (=25 °C), human body temperature (=37 °C)
and 50 °C temperature was chosen for the poling study. As it
can be seen in Figure 6a, the permittivity of the composites
increases with the increase of content filler and the increase
of the temperature. The permittivity values decrease with the
increasing frequency. This can be attributed to the inadequacy
of the dipoles to follow the alternating electric field in the
higher frequencies. A similar pattern is also observed in the
losses of the 3D printed composites, Figure 6b. However, the
tand values remain low across the whole measured frequency
range indicating good quality dielectric materials. As expected,
the dielectric loss spectrum does not indicate the presence of
relaxation mechanisms in the tested temperature range since
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Figure 5. Thermogravimetric analysis of the samples after extrusion: a) TGA thermographs indicating the remaining mass for each tested sample,
b) TGA first derivative curves of PCL-10BCZT, PCL-20BCZT, and PCL-30BCZT.

the main relaxation phenomena attributed to the polymer (MWS) crystalline amorphous phase =0 °C, orrelaxation
matrix appear at lower or higher temperatures (PCL-BCZT  =-60 °C, Brelaxation =110 °C, and prelaxation =—150 °CI*l).
composites melting point =55 °C, Maxwell-Wagner—Sillars ~ The measured AC conductivity at the three tested temperatures
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Figure 6. Dielectric response of the 3d printed ferroelectric composites as a function of frequency at three different temperatures: a) Real part of
dielectric permittivity, b) AC Conductivity (S m™), and c) Loss tangent (tan).
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Table 2. Dielectric and piezoelectric properties of the samples.
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Sample Dielectric permittivity Yamada tand dy; 833 Yamada
measured at 1 kHz model &.q [PC N7 [mVm N7| model ds3 o

PCL 4.4 - 0.01 - - -

Bulk BCZT pellets 2676.5 - 0.0364 400.5 16.9 -

10 wt% BCZT 5.2 5.37 0.0022 0.21 4.6 0.16

20 wt% BCZT 5.7 6.6 0.0019 0.36 7. 0.4

30 wt% BCZT 8.1 8.15 0.0031 113 15.8 0.74

shows the presence of flat, dispersive, and linear regions as a
function of frequency which is in agreement with the reported
behavior for PCL in literaturel®” and similarly manufactured
composite systems with similar components.!*!

For the evaluation of the dielectric properties of the 3d
printed composites the measured permittivity values were
compared with data calculated using Yamada model which is
a model specified for piezoelectric materials and most of the
times shows a close matching with the dielectric constant of
piezoelectric composites. The equation for this model is given
below:

nVe (€BCZT - 8PCL) :| 1)

Eer = Epcr| 1+
‘ [ neper + (1= Ve ) (Esczr — Erci)

where ¢, is the relative permittivity of BCZT, &p¢y is the rela-
tive permittivity of PCL, V¢ is the volume fraction of ceramic
filler, and n is the parameter attributed to the shape factor.**!
The experimental permittivity data are in good agreement with
Yamada model (Table 2). The shape parameter n was calculated
by fitting the experimental data and estimated to be around 2.
A custom-made corona discharge poling single tip elec-
trode setup was used to perform a poling study at 50 °C with
an applied potential difference of 15 kV increasing the duration
of poling from 1 to 5 h. Corona poling is a non-contact tech-
nique ideal for the poling of ferroelectrics for biomedical appli-
cations since omitting the step of electrode deposition which
can cause unwanted side effect when the ferroelectric is used
as an implant. Therefore, omitting this step from the manu-
facturing process would not only reduce this risk but also the

cost of production.?¥ For these reasons, the possibility to pole
ferroelectric implants without the need of electrodes is of high
interest. In order to ensure uniform charges deposition which
results in the effective poling of the whole sample, the needle-
base distance which is approximately equal the radius of the
electric field at the base of the corona poling setup, has to be
set accordingly, in order for the area of electric field at the base
to cover the top surface of the samples.’> Given the fact that
the samples have a cubic geometry with a top surface area of
around 1.5 cm?, the needle base distance was set at 5 cm giving
an active area of 78.5 cm?. No more than three samples were
poled at the same time ensuring effective poling. The samples
were placed as closer to center of the electric field as possible.
The open circuit voltage coefficient (g33) was calculated using
the measured longitudinal piezoelectric charge coefficient (ds;)
and permittivity values at 1 kHz using the following equation:

& @
€33

The open circuit voltage coefficient is an important para-
meter since it represents the electric field produced per unit
stress as it can be linked with the formation of ROS in an
aqueous solution. The results are plotted in Figure 7a,b. It can
be observed that the piezoelectric performance of the compos-
ites improves with the increase in the filler concentration and
the poling duration. However, increasing the poling time does
not increase the polarization and hence the ds; and gs; values.
In the case of piezoelectric strain coefficient, a decrease in
standard deviation is observed with the increase of filler content
and the increase of poling time indicating effective dipole align-
ment in the composite systems. Considering that PCL-30BCZT

833 =

a) 1.2 L
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Figure 7. Poling study for evaluation of the piezoelectric of the 3D printed samples after corona discharge poling at different durations under 15 kV at
50 °C: a) Piezoelectric strain coefficient (d33), b) Open circuit voltage coefficient.
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Figure 8. Schematic of the possible selective antimicrobial mechanism of the polarized 3D printed piezo-particulate PCL-BCZT composites.

samples exhibited the highest piezoelectric values, they were
chosen for the antimicrobial evaluation of their surface.

The dielectric analysis shown good agreements with Yamada
model. For further investigation and confirmation, the equation
proposed by Yamada to estimate the piezoelectric coefficient
was used.

d}}(eff) =Vi X ax G Xdsypczm (3)

where V¢ is the volume fraction, a is the effective poling ration,
G is the local field coefficient, and ds; is the piezoelectric coef-
ficient of the filler particles. The local field coefficient, which
is determined by the dielectric constants of the polymer matrix
and ceramic filler, can be calculated as follows:

n[(%—1)+n+(n—1)(8BCZT—1)Vf:|
Epct EpcL @

2
(SBCZT 1+ n) +(€BCZT _ 1){(n_ 1) - Epczr }‘/f
EpcL EpcL EpcL

where n as previously described is a dimensionless parameter
depending on the shape and orientation of the ceramic parti-
cles, &pcy and gpcyr the permittivity of the matrix and ceramic
filler accordingly. The model predictions are shown in Table 2
and were obtained assuming that the poling ratio was 1. Overall,
the data follows the trend predicted by the model.

To observe the influence of poling on bacterial inactiva-
tion, bacterial cells were inoculated with a drop of E. coli at a

G:

Adv. Mater. Technol. 2023, 8, 2202127 2202127 (7 0f'|0)

concentration of =1.67 x 107 colony forming units (CFU) mL™
to different surface conditions, i.e., positive side of poled, nega-
tive side of poled, the PCL (no BCZT) and a control which con-
tained the same sized drop but instead diluted in Luri-Bertani
broth and not placed on a surface. The results show that the
poled surfaces can reduce the quantity of E. coli bacteria on the
surface (Figure 9). The hypothesis is the mechanism of bacte-
rial killing is due to ROS created due to the surface potential
difference, a large surface area of the samples and finally some
hydrophobic segments of the PCL matrix.|*l

After their polarization by a strong enough direct current
(DC) field, the domains of the piezoelectric BCZT particles
align, resulting in distribution of positive and negative charges
on the surfaces. This leads to the formation of an electric field
which accelerates the formation of ROS (e.g., H,0,, HO,", and
OH") on the cathode surface of the composites (Figure 8). The
possible reactions that can occur are listed in the table of the
Figure 8. As a result, the bacteria cultured on the positive sur-
face are killed by ROS. Normally, when bacteria are cultured on
the negative side it is less likely to be killed as the levels of ROS
are lower.'>l However, if the composite is porous the ROS can
travel through the composite's pores and kill the bacteria on the
other surface too. Porosity also enhances the formation of ROS
as the surface area is larger.

To observe the functionality of the material, the control,
the positive and the negative should be compared; although
a significant reduction is not observed; the ferroelectric mate-
rial is decreasing the quantity of bacteria on the surface com-
pared with just the polymer matrix (PCL). The material was
exposed to a high inoculum of bacteria, to test the material in

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 9. Survival of E. coli bacteria on different surfaces compared (posi-
tively charged surface of PCL-30BCZT samples negatively charged surface
of PCL-30BCZT sample and polymer matrix (PCL)) with the control (not
place on a surface). E. coli was incubated on the surface for different
durations in the incubator. The quantity of bacteria remaining was deter-
mined using enumeration of the bacterial amount and the CFU/mL was
calculated. (LOD: Limit of Detection).

its ability to treat very high contamination. Normally, the con-
taminated medical implants are only exposed to significantly
lower numbers of microorganisms, often from patient's skin/
mucosal membrane which then increases whilst the device is
implanted.[”l The ferroelectric material shows promise in pre-
venting these initial contamination events.

Polarized ferroelectric surfaces have recently been investi-
gated as a sustainable method for the sterilization of surfaces.
This is mainly achieved by deploying the induced electrochem-
ical reactions by periodically mechanically/thermally or photo-
exciting the ferroelectric material. However, due to the surface
potential of ferroelectrics after poling, it is possible to induce
the formation of ROS for short periods without any additional
activation until the neutralization of the aqueous solution. Con-
sidering the state-of-the-art ferroelectrics, Figure 9, for anti-
microbial applications, photocatalytic ferroelectrics exhibit the

www.advmattechnol.de

best performance requiring 30-60 min to reduce the number of
bacteria below the limit of detection.

In this study implementing a material engineering approach,
we successfully optimized the manufacturing process toward
scalability and cost-effectiveness as well as the performance of
ferroelectric by increasing the surface area and hence the pro-
duction of ROS and by combining ferroelectric BCZT with a
biocompatible polymer that facilitates bacteria reduction when
the bacteria are exposed for long periods. The result is that
PCL with 30 wt% BCZT seems to exhibit the best antimicro-
bial ferroelectric performance and needs only half of the time
required by the current best antimicrobial ferroelectric system
to sterilize the surface (15 min). The comparison of the antimi-
crobial behavior of the composites fabricated in this study with
the most recent and promising ferroelectric systems used for
antibacterial applications found in the literature is illustrated in
Figure 10.

3. Conclusion

Polymer-based ferroelectric composites were discovered to
exhibit antimicrobial performance on E. coli bacteria likely due
to the release of ROS on their surface. More specifically, in
this work, for the first time, PCL/BCZT composites were suc-
cessfully fabricated by using a single-step extrusion-based 3D
printing technology and have potential to be used as antimicro-
bial for biological applications. The presence of the ferroelec-
tric ceramic powder delays the composites’ degradation rate.
The dielectric and piezoelectric performance improves with the
increase of the ferroelectric phase in the polymer matrix. Free
radicals are produced when the water molecules in the aqueous
solution are microelectrolyzed by the polarized samples. The
generated ROS can inactivate bacterial cells by altering their
membrane properties which eventually leads in their deoxyribo-
nucleic acid (DNA) destruction. The antimicrobial performance

Ferroelectrics for antimicrobial applications
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Figure 10. State of art data of ferroelectric materials for antibacterial applications.['*17:38-42
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in the composite systems is further enhanced by the relatively
large surface area of the porous samples achieved via 3D
printing and the hydrophobic segments of the polymer matrix.
Henceforth, based on this study is feasible to develop antibacte-
rial and biocompatible ferroelectrics that can be used as antimi-
crobial surfaces or in the field of tissue engineering as the level
of ROS is safe for normal mammalian cells.

4. Experimental Section

Design and Manufacturing of the 3D Printed Ferroelectric Composites:
For the manufacturing of the 3D printed composites (0, 10, 20, and
30 wt%), BCZT powder was synthesized and used. The BCZT powder
was synthesized by a solid-state reaction approach. In brief, highly pure
barium carbonate (99%), calcium carbonate (99%), titanium dioxide
(rutile) (99%), and zirconium dioxide (99%) were weighted according
to the stoichiometric ratio and used for the synthesis of BCZT. The raw
materials were mixed with ethanol and ball milled for 24 h. After ball
milling, the powder was dried and calcined at 1200 °C for 10 h. The
PCL powder used for the scaffolds manufacturing was purchased from
Polyscience Europe (Germany) and has the following characteristics:
M,, = 40 000-50 000, M, = 45 000, and particle size <600 um. The PCL
and BCZT powders were weighed and homogenously mixed prior to 3D
printing with 3D Bioplotter extrusion system (EnvisionTEC, Germany).
More specifically, the powder mixture was loaded into metal syringe,
heated to 140 °C in the 3D Bioplotter, extruded at 0.7 mm s™' printing
speed and 6.5 bar pressure to 3D print samples. The samples were
printed with solid infill 15 X 15 X 2 mm with 5 layers using a 0.4 mm
printing tip. The individual strands of material were laid adjacent to each
other avoiding gaps and the alternative layering rotated by 90°. No post-
processing was done.

Morphological Characteristics: The microstructure of the additively
manufactured ferroelectric composites was investigated by Scanning
Electron Microscopy (Hitachi FE-SEM SU5000) aiming to ensure
satisfactory filler dispersion after printing. Scanning Electron
Microscopy was also used for the investigation of the particle size
and the morphology of the synthesized BCZT powder. The structural
phase present in the powder was determined by X-ray Diffraction
(XRD) measurements using CuK, radiation (BRUKER D8-Advance,
USA) in a 26 range from 20° to 70°. Measurements of the topography
parameters of the 3d printed samples were performed using a
digital Keyence VHX-6000 microscope. The samples were scanned
and measured using a Z20:x100 magnification lens. The surface
arithmetical mean height (Sa) and maximum surface height (Sz)
were given by the analysis performed through microscope's software.
Finally, the porosity of the samples (in vol%) was calculated using the
following equation:

P:(1—phﬂA)xwo (5)

where m is the mass of the sample, p is the density of the samples, h
is the thickness of the samples, and A is the calculated surface area.
The geometrical characteristics were measured using a digital caliper
micrometer and confirmed by the digital microscope.*’!

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy
(ATR-FTIR): A Nicolet iS5 (Thermo Scientific, UK) system with an iD5
ATR diamond crystal window was used to perform the ATR-FTIR and
examine the composition of the raw materials. The FTIR spectra for all
tested materials were taken in the 450-4000 cm range.

Thermogravimetric Analysis (TGA): TGA was used to determine the
thermal behavior of the extruded ferroelectric composites and evaluate
the amount of BCZT in the systems. The analyses were carried out in
nitrogen environment using a TGA2 METTLER TOLEDOTM instrument
with a resolution of 1 ug and weighing accuracy of 0.005%. With an
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initial weight of around 15 mg, the extruded composites were tested at
temperatures ranging from 50 to 600 °C at a rate of 10 °C min~.

Dielectric Analysis: Impedance spectroscopy was employed to analyze
the electrical response of the printed ferroelectric composites. For the
analysis, a 1260 A Impedance/Gain-Phase Analyzer was used. The 3d
printed ferroelectric composite were tested in the frequency range
from 0.1 Hz to 100 kHz at room temperature (=25 °C), human body
temperature (=36.6 °C), and poling temperature (50 °C).

Poling Study and Piezoelectric Response: A custom made corona
discharge single tip electrode setup similar to the one suggested from
Wallert was utilized to perform a poling study at 50 °C with an applied
potential difference of 15 kV increasing the duration of poling (1-5 h). In
order to enable rapid ageing and allow the domains of the ferroelectric
phase to stabilize the piezoelectric coefficient values (ds3) of the 3d
printed composites were recorded the next day of the poling using a ds3
Berlincourt piezometer supplied by Piezotest at 97 Hz. For consistency,
readings were the ds; values were taken after 10 s of the insertion of the
sample in the piezometer's clamp.

Antimicrobial Studies: To consider the impact of poling on bacterial
degradation, the drop cast method was used. An overnight culture of
E. coli ATCC 25922 was prepared using 10 mL Lurie-Bertani (LB) broth,
the culture was incubated overnight at 37 °C with 200 rpm agitation. A
subculture of E. coli was prepared at =1 x 10’ CFU mL™". A drop (20 uL)
of the subculture was dropped on the surface of the ferroelectric
composites. After 1, 2, 5, 15 min the composites were submerged in
0.98 mL of PBS. The resulting mix was serially diluted and quantified
using the Miles and Mirsa technique, on LB plates.[*’]
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