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Abstract: The existence of an intrinsic electrical platform responsible for the formation and transmis-
sion of impulses is essential, especially in cardiac tissue. However, most cardiac tissue made from
biodegradable polymeric materials lacks conductive characteristics; this delays regional conduction,
potentially causing arrhythmias. This study proposes a conductive polyethylene oxide (PEO)/silk
fibroin (SF)-based material conjugated with conductive nanoparticles as a cardiac patch to fix any
infarcted heart part. A new composite of PEO/15 wt%SF/0.2 wt%BaTiO3 was prepared and character-
ized in vitro. The obtained patches were characterized by conventional Bragg-platinum-conductive
action (XRD), FTIR spectroscopy, Raman spectra, and thermogravimetric analysis. A PiezoTester
device was used to evaluate the piezoelectric properties. The produced samples of 500 µm thickness
were assessed in tapping mode. The applied load was selected to be as low as possible, and the
frequencies were adjusted to simulate the heartbeats, ranging from 10 to 100 Hz. The results showed
that a maximum of around 1100 mV was obtained at a load of 20 N. A maximum of about 80 mV
was received at an applied force of 1 N and a frequency of 100 Hz, which matches the electricity
generated by the human heart. The cytotoxicity effect of prepared films was tested against AC16 cells
using microculture tetrazolium assay (MTT). The pristine PEO cell viability either was not affected by
adding SF or slightly decreased. However, the cell viability dramatically increased by adding BaTiO3

to the PEO/SF composites. The confocal microscope images proved that the cells showed a spread
morphology. The cells adhered to the PEO membranes and demonstrated a well-spread morphology.
Overall, our study suggests that the PEO/SF/BaTiO3 composite can be a promising cardiac patch
material for repairing infarcted heart tissue, as it is conductive, has good mechanical properties, and
is biocompatible.

Keywords: cardiac tissue engineering; PEO; piezoelectric properties; barium titanate

1. Introduction

Over the last few decades, it has been believed that the mammalian heart cannot
regenerate and does not contain any endogenous regenerative capacity that can be activated
or enhanced. Current treatments aim to prevent cardiomyocyte (CM) death, as organ
transplantation is the only therapy for replacing damaged or lost cardiac tissue [1,2].
Unfortunately, there are not enough heart donors to fulfill increasing demands [3–5], and
this therapy is complicated [6]. Therefore, there is a significant focus on precautionary
cardiovascular remedies, with monitoring and targeting risk factors and the addition of
antiplatelet therapy [7–10]. Considerable progress has been made to reduce the damage
caused during the myocardial infarction (MI) acute phase.
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The efforts resulted in the introduction of reperfusion treatment with thromboly-
sis “Fibrinolytic Therapy Trialists” (FTT) [11,12]. Acute percutaneous coronary inter-
vention with antiplatelet agents, such as glycoprotein IIb/IIIa inhibitors, has also been
introduced [13]. Despite these developments, the prevalence of cardiomyocyte losses has
increased in the last few decades [14]. Therefore, it is also mandatory to further improve
therapies for the acute phase of MI. The commonly used treatment is cardiac transplan-
tation. Unfortunately, cardiac transplantation treatment has high risks of rejection and
infection, with the possible complication of immunosuppressive drugs. Another clinical
solution is to use muscle from a patient’s body to assist his injured heart [15]. However,
early attempts using skeletal muscle failed.

Accordingly, cardiac tissue engineering (CTE) is the most popular strategy to re-
construct, reintegrate, and produce a bioactive scaffold with anisotropic functions. The
anisotropic functions help in cell guidance and orientation and promote vascularization.
The 3D-CTE scaffolds should have interconnecting pores structures of a suitable size to
favor tissue integration and controlled biodegradability or/and bioresorbability. They
should also have no adverse response, be easily fabricated into different shapes and dimen-
sions, and have superior electro-mechanical properties to integrate with the host tissues.
Moreover, its architecture defines the ultimate form of assisted cell formation [16,17]. The
significance of using CTE can be highlighted in several ways. Heart transplantation is a
viable treatment option for end-stage heart failure that addresses the shortage of donor
hearts, but the demand for donor hearts exceeds the supply. CTE provides an alternative
source of heart tissue, which can potentially address the shortage of donor hearts. CTE
can provide a scaffold for cells to grow and differentiate into functional heart tissues,
enhancing the potential for cardiac regeneration. Moreover, CTE can provide a platform
for developing personalized medicine, allowing for the testing of drugs and treatments on
patient-specific heart tissues. This approach could improve the efficacy and safety of treat-
ments, particularly in cases where there is variability in individual responses to medicine.

The main challenge in CTE is the physical, electrical, and mechanical properties that
match the natural cells. The tissue-engineering scaffold must provide multi-functional
properties, such as good physiochemical properties, superior mechanical and electrical
integrity, etc. In particular, the CTE scaffolds should provide mechanical integrity, de-
liver inductive or/and conductive molecules or cells to the treated site, and offer clues
to precisely mimic the structure and properties of newly created tissue [18–24]. In this
context, PEO is an appealing biomaterial for CTE. PEO polymer has an extensive range
of absorbability and degradability. PEO polymer exhibits suitable stiffness and excellent
mechanical properties that are compatible with soft tissues [25]. However, the bioactivity
of PEO polymer is relatively low, and blending with natural polymers such as SF is usually
required. Incorporating natural polymer (SF) in PEO is one of the most promising strategies
for creating anisotropic architecture for engineering cardiac tissue [26,27]. Thus, recreating
the anisotropic architecture of native cardiac tissues in bioengineered scaffolds is essential.

Moreover, investigating the electrical conductivity of the suggested PEO/SF samples
to determine how the 3D scaffold can provide the electrical properties to mimic the heart
muscle cells’ electrical integrated functions is essential. The heart muscle cells usually
generate electrical signals, which set the intrinsic cardiac rhythm. SF has excellent bio-
compatibility and superior mechanical properties [28]. Many researchers have studied
the performance of the silk-based material on cultures of human cells and reported that
SF has significantly favorable effects on cell performance, such as attachment, growth
factors, proliferation, and differentiated functions [29–31]. However, the degradation rate
was shown to be very slow and not controllable during implantation. According to the
US Pharmacopeia, silk is not considered a degradable biomaterial because it retains over
fifty percent of its tensile integrity sixty days after implantation in animal models. Thus,
adding it to a highly biodegradable polymer such as PEO will widen the use of SF in many
biomedical applications.
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Furthermore, the piezoelectric characteristics of the PEO/SF can be highly improved
by adding magnetic nanoparticles with specific piezoelectric properties. SF transforms
from silk I to silk II; thus, the phase transformation limits the dipole. Adding piezoelectric
nanoparticles will enhance the dipole characteristics, output voltage, and piezoelectrical
characteristics of the newly designed PEO/SF composite. Moreover, integrating nanoparti-
cle features has promoted cardiac tissue repair and regeneration.

Constructing a scaffold composed of PEO and SF with tailored electro-mechanical
properties would offer the proper conditions for attachment, signaling (electrical coupling),
and differentiation of cardiac cells. BaTiO3 nanoparticles have been used to enhance the
piezoelectric performance of the PEO/SF biocomposites. This work used biodegradable
and highly biocompatible PEO/SF/BaTiO3 composite film fabricated by sol–gel casting
technology. The PEO/SF/BaTiO3 composite film was characterized. Cell interaction with
the produced films was studied using MTI cells through adhesion and proliferation tests.

2. Materials and Methods
2.1. PEO/SF/BaTiO3 Scaffold Preparation

A polyethylene oxide (PEO, MW 100,000, Sigma Aldrich, St. Louis, MO, USA) powder
was used as received. A total of 12 wt.% of PEO was dissolved in 88 wt.% of a mixture
of deionized water and ethanol (80 wt.% of deionized (DI) water and 20 wt.% of ethanol)
to prepare the PEO solution. The solution was sealed and stirred at a constant speed of
250 RPM and kept at 80 ◦C until uniform solution density was obtained. A 5% (SF) solution
purchased from advanced biomatrix (Advanced BioMatrix, Inc. Carlsbad, CA, USA) was
used as received. The SF was kept at −70 ◦C on the day of delivery until being used. At
the time of processing, the SF was thawed overnight at a temperature ranging from 2 to
4 ◦C until the solution became transparent with a low viscosity. Then, the SF solution was
added to the PEO solution to form a PEO/SF blend. Based on a previous study [32], the
PEO/15 wt.% SF blends were selected to be the composite to continue the experimental
plan. BaTiO3 particles were purchased by Nanostructured & Amorphous Materials, Inc.
(Houston, TX, USA), with an average size of 100 nm. A total of 0.2 wt.% BaTiO3 particles
were added to the PEO/15 wt. The wt% of BaTiO3 was selected based on a previous
study [32]. Finally, 90 mL of the blend solution was cast into plates following the doctor
blade technique and left to dry in a fume hood at 30 ◦C for 48 h and then under vacuum for
an additional 48 h. A thin film of less than 500 µm thickness was obtained. A schematic
diagram of the thin-film processing and characterization is shown in Figure 1.

2.2. Characterization of the Thin Film

Fourier transformation infrared (FTIR) spectroscopy of the produced samples was
conducted at reflection mode by a spectrophotometer model Thermo Nicolet 6700 Fourier
transform IR spectrometer in the range of 4000–500 cm−1 with an accuracy of ±0.09 cm−1.
The KBr disc method was used. The produced thin films were characterized by conventional
Bragg-platinum-conductive action (XRD) to evaluate the structure of the casted thin films.
The XRD was conducted to analyze the phase and crystallinity using a Rigaku X-ray
diffractometer (Rigaku Co., Tokyo, Japan) with Cu Kα (λ = 1.54056 Å). Additionally, 2θ
angles from 5◦ to 80◦ were used. A spectrometer (JY H800UV, Renishaw, London, UK)
with an optical microscope was used to collect Raman spectra at room temperature with
a radiation wavelength of 532 nm. Thermal analysis using thermogravimetric analysis
(TGA) and deferential scanning calorimetry (DSC) (DSC; NETZSCH DSC 200PC, Jubiter,
Waldkraiburg, Germany) at a heating rate of 10 ◦C/min was used to assess the thin films’
thermal characteristics.

A PiezoTester device assembled in our lab was used to evaluate the piezoelectric
properties of the prepared PEO/15 wt% SF/0.2 wt%BaTiO3 samples. Cast film samples
of about 500 µm thickness were placed in a container under a cam-connected hammer, as
shown in the schematic diagram in Figure 1. The PiezoTester device applied the specific
dynamic force with different frequencies to the prepared sample. The applied load was
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selected to be as low as possible, and the frequencies were adjusted to simulate heartbeats,
ranging from 10 to 100 Hz. More details about the tester can be found in our previous
work [32]. A RIGOL DS4012 model digital oscilloscope (Batronix GmbH &Co. KG, Preetz,
Germany) was connected to the assembled samples and used to measure the output
voltage. Moreover, the piezoelectric output voltage of the load cell monitored the value of
the frequency and the applied alternative force.
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The cytotoxicity effect of prepared films was tested against AC16 cells using MTT.
AC16 cells (the human AC16 cell line was purchased from Sigma-Aldrich (St. Louis,
MS, USA)) were seeded into 96-well plates with 10,000 cell/well density. The cells were
cultured with DMEM high glucose medium with 10% FBS and 1% pinstripe (Sigma-
Aldrich) supplements and incubated in a 37 ◦C incubator with 5% CO2 and 80% humidity.
To prepare cell treatment, 1 cm2 square of each material was dissolved separately in 2 mL
of medium. After 24 h of cell incubation, the medium was removed, and cells were treated
with prepared S1 (pristine PEO), S2 (PEO/15 wt% SF), and S3 (PEO/15 wt% SF/0.2 wt%
BaTiO3) samples. In total, 100 uL from the treatment was added to each well. MTT reading
was taken at two time points 2 d; at each time point, the medium from each well was
removed and substituted with 100 uL of working MTT solution (80% medium +20% MTT)
and incubated for 4 h at 37 ◦C. MTT solution was removed, and 200 uL of DMSO was
added to each well. The plate was kept on a shaker for 15 min before taking the reading at
570 nm with an ELISA microplate reader Thermo Scientific™ Multiskan™ (Waltham, MA,
USA) GO UV/Vis microplate spectrophotometer, (Waltham, MA, USA). After seeding cells
into sterilized coverslips (50,000 cells/well) in the appropriate conditions mentioned above,
cells were treated with 500 uL of S1, S2, and S3 for 48 h. Then, the cells were washed with
PBS (Sigma-Aldrich) and fixed with 4% paraformaldehyde (30 min at room temperature).
Cells were washed and working triton X-100 (0.1% in PBS) was added to cover the cells
after 5 min of incubation with triton-x. Cells were then rewashed, and 100 uL of working
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actin was added to each well (1 uL in 1000 uL of PBS). After the incubation time, the cells
were incubated for 30 min in dim light at room temperature. The cells were then washed.
In microscopic slides, drops of DAPI stain were added, and the coverslip was gently dried
by taping it carefully in tissue paper, then flipped so the cells’ seeded side would face the
DAPI stain. Confocal imaging was performed by using a confocal microscope (Oxford
Instruments, Abingdon, UK) at 10× magnification with DAPI and FTCI stain filters. All the
experiments were conducted three times; independent ANOVA was used as the statistical
analysis tool, data significance was accepted when p < 0.05, and all data were represented
as mean ± SD.

3. Results and Discussions
3.1. XRD, FTIR, and Raman Characterizations

PEO is a semi-crystalline polymer, meaning it has both crystalline and amorphous
regions. XRD can help to quantify the amount of crystalline and amorphous material in
a sample, which is essential for understanding its physical and mechanical properties.
The physical and mechanical properties of PEO polymer materials can be significantly
influenced by their crystal structure. Crystalline materials have a regular and repeating
arrangement of atoms or molecules, while amorphous materials lack a long-range order in
their atomic arrangement. In general, crystalline materials tend to have more well-defined
physical and mechanical properties than amorphous materials, which often exhibit more
significant variability and a broader range of properties. As shown in Figure 2, the XRD
profile of the PEO, SF, and PEO/15 wt% SF/0.2 wt% BaTiO3 composites have been reported.
The reported peaks demonstrated that the pure PEO polymer powder has a crystalline
structure, represented by the strongly reflected peaks at 19.6◦ and 23.4. However, SF is
a natural polymer found in silk films, and it has a hierarchical structure consisting of
both crystalline and amorphous regions. The hierarchical structure of silk fibroin can be
described at multiple levels, including at the primary structure (the sequence of amino
acids that make up the protein); the secondary structure, which refers to the local spatial
arrangement of the protein chains; the tertiary structure, which refers to the overall 3D
conformation of the protein molecule; and the quaternary structure, which refers to the
organization of multiple protein molecules to form larger structures, such as fibers or films.
Overall, the hierarchical structure of silk fibroin is critical to its unique mechanical and
physical properties, such as high strength, flexibility, and biocompatibility, which make it a
promising material for various biomedical applications. Barium titanate is a perovskite-type
oxide with a unique combination of ferroelectric, piezoelectric, and dielectric properties,
making it a valuable material in various applications.

As shown in Figure 2’s first profile, the XRD of PEO exhibits a semi-crystalline struc-
ture, which contains both ordered and disordered regions. The most prominent peaks in the
XRD pattern of PEO are typically observed at 2θ angles of approximately 19◦, 23◦, and 28◦.
The peak at 2θ ≈ 19◦ corresponds to the (110) crystallographic plane of the orthorhombic
crystal structure of PEO. The peak at 2θ ≈ 23◦ corresponds to the (040) plane, while the
peak at 2θ ≈ 28◦ corresponds to the (130) plane.

The second profile in the XRD analysis belongs to SF. Like PEO, SF is known to have a
semi-crystalline structure with both ordered and disordered regions. The most prominent
peaks are typically observed at 2θ angles of approximately 9◦ and 28◦. The third profile is
the X-ray diffraction pattern of barium titanate, which typically consists of several sharp
peaks corresponding to the material’s crystalline planes. The peak at around 20–25◦ 2θ
corresponds to the (200) crystal plane. The peak corresponds to the 311 crystal plane, which
is typically approximately 30–35◦ 2θ. The other three peaks correspond to the 222, 400, and
440 crystal planes, located at 35–40, 40–45, and 55–60◦, respectively. The fourth profile is
for the designed PEO/15 wt% SF/0.2 wt% BaTiO3 composite. As can be seen, the peak
of the SF at 28◦ is covered under the PEO peak. These PEO peaks were also identified,
analyzed, and reported by Zhang et al. [33,34]. The featured peaks of BaTiO3 nanomaterials
could not be detected due to the low concentration of the piezoelectric material additives.
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Additionally, the other crystalline peaks attributed to SF could not be observed due to the
amorphous structure of the SF as an amorphous molecular aggregate in films.
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The FTIR spectroscopy of polyethylene oxide (PEO) typically exhibits several peaks in
the mid-infrared region (4000 to 500 cm−1) that can be associated with specific vibrational
modes of the polymer, as can be seen in Figure 3 (3000–2500 cm−1). The O-H stretch-
ing vibration, characteristic of hydroxyl groups, dominates this region. The region of
1440–1360 cm−1 is due to the asymmetric stretching of the -CH2- groups. The peak ap-
peared at 1240 cm−1, corresponding to the symmetric stretching of the -CH2- groups. At
1040–960 cm−1, the region is dominated by the bending vibrations of the -CH2- groups.
It is important to note that the exact position, intensity, and shape of these peaks may
vary depending on the degree of crystallinity, molecular weight, and other factors of the
analyzed PEO sample.
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FTIR spectroscopy of SF typically shows several peaks corresponding to specific
functional groups or vibrations in the molecule. The amide I peak is generally observed
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around 1650 cm−1 due to the C=O stretching vibrations in the amide groups (C=O-N-H) of
the SF molecule. The amide II band can be observed around 1550 cm−1 due to the N-H
bending vibrations in the amide groups of the SF molecule. The amide III band peak can
be observed around 1300 cm−1 due to the C-N stretching vibrations in the amide groups of
the SF molecule. The barium titanate could not be detected due to the small sample size;
there may not be enough infrared light absorbed to produce a meaningful signal.

TGA analysis is shown in Figure 4a. The measure of the samples’ weight-change
as a function of temperature in a controlled atmosphere was reported. All TGA profiles
started to degrade at around 200–300 ◦C and underwent a weight loss of about 10–20%.
The TGA trend of PEO provides information about the thermal stability of the material
and the chemical reactions that occur as the temperature increases. In the TGA of PEO,
we can typically observe a decrease in weight as the temperature increases in the first
stage, which is due to the loss of water and residual solvents from the sample. At higher
temperatures, we can observe a more rapid weight loss as the polymer begins deleting,
caused by depolymerization, chain scission, and crosslinking reactions. The temperature
at which the maximum weight loss occurs and the extent of weight loss can be used to
estimate the thermal stability of the composite. It is also important to note that the presence
of BaTiO3 additives significantly affects the thermal stability of the composite and, therefore,
its TGA trend. The DSC of PEO is shown in Figure 4b. It can be seen that PEO exhibits a
single, sharp endothermic peak in its DSC curve, which is indicative of its melting behavior.
The endothermic peak occurs at the melting temperature of the PEO, typically in the range
of 63.04 ◦C. It is also worth noting that the presence of SF and BaTiO3 slightly influences
the DSC trend of PEO.
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Raman spectroscopy is a helpful tool for studying a material’s molecular structure
and properties and can provide valuable insights into a material’s behavior in various
applications. Figure 5 shows the Raman spectroscopy of pristine PEO, PEO/15 wt%SF, and
PEO/15 wt% SF/0.2 wt% BaTiO3. The Raman spectrum of PEO typically exhibits a broad
and intense band in the region of 1000–1700 cm−1, which is associated with the stretching
vibrations of the C-O-C bonds in the polymer backbone. The unique molecular vibrations
of SF give rise to a series of characteristic peaks in the Raman spectrum, which can identify
the presence of specific chemical bonds and functional groups within the molecule. In the
case of SF, the Raman spectrum typically exhibits several firm peaks in the region of 1000
to 1700 cm−1, corresponding to the vibrations of the amide I (C=O stretching) and amide II
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(C-N stretching) functional groups. These peaks’ precise position, intensity, and shape can
be used to distinguish between different SF types and understand the effects of processing
and age on the material.
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Additionally, the presence of sharp peaks in the spectrum, for example, indicates a
high degree of crystallinity, while broad peaks may indicate a more amorphous structure.
The intensity ratios of different peaks can also be used to determine the orientation of the
SF molecules within the proposed composite. However, adding SF and BaTiO3 significantly
alters the Raman spectra of PEO. BaTiO3 is a well-known ferroelectric material with a high
dielectric constant and a significant electromechanical coupling coefficient. When BaTiO3
particles are added to PEO, the resulting composite material changes the intensity and
position of the Raman peaks. This shift in the Raman peaks is attributed to the interaction
between the PEO and BaTiO3. Despite the low amount of BaTiO3, the high dielectric
constant of BaTiO3 affects the polarization of the PEO chains, leading to changes in their
vibrational modes and, thus, the Raman spectra.

3.2. Piezoelectric Properties Evaluation

Piezoelectric properties are the electrical properties of certain materials that cause
them to generate a voltage in response to mechanical stress and to change in shape when
subjected to an electric field. The natural cardiac tissue is piezoelectric, which produces
an electrical charge in response to mechanical deformation [35]. The mechanical defor-
mation, in this case, is the contraction and stretching of the heart muscle films during
the heart’s beating cycle. This piezoelectric effect in the heart can be measured using
electrocardiograms (ECGs), providing important information about the heart’s electrical
activity and function. Additionally, the piezoelectric properties of the heart tissue are
also thought to play a role in generating and propagating electrical impulses in the heart.
The human heart generates small electrical signals measured in millivolts (mV). The exact
voltage generated by the heart depends on several factors, including the size and structure
of the heart, the properties of the heart tissue, and the specific electrical signals being
measured. Thus, artificial cardiac tissue must exhibit piezoelectric properties like natural
ones [36,37]. Piezoelectric biomaterials have emerged as an increasingly significant field
of study. Biopolymers, such as collagen and polyvinylidene fluoride, and combinations
with other materials, such as polycaprolactone and MWCNT, are research focal points [38].
Polyvinylidene fluoride (PVDF) has good piezoelectric properties, especially when mixed
with BaTiO3-Ag. However, those materials suffer from low biodegradability [39].

On the other hand, SF demonstrated a high apparent piezoelectric coefficient and main-
tained its good electroactive properties [40]. However, the phase limits the dipole when SF
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transforms from silk I to silk II. Thus, adding piezoelectric nanoparticles will enhance the
output voltage and piezoelectrical characteristics of the newly designed PEO/SF composite.

Figure 6a shows the relationship between the applied load and the output voltage
for PEO/SF/BaTiO3. The prepared samples were tested in tapping mode, and all samples
were subject to a frequency of 100 Hz and different applied loads ranging from 1 to
20 N. The output voltage increased with increasing applied load. The slope seems to be
non-linear, and this is due to fracture or deformation due to high load. However, it is
essential to note that the exact correlation between force and voltage may depend on the
piezoelectric device’s specific geometry, configuration, and material properties. Several
devices have been designed to measure the piezoelectric performance based on the applied
force [41]. The devices’ configurations are different and use different applied load modes.
The relationship between force and voltage depends on the device used to perform the
measurements. However, the relationship of the presented data in Figure 6a is somehow
linear. A maximum of around 1100 mV was obtained at a load of 20 N. The corresponding
piezoelectric materials generated harmonics noise voltage at different applied forces, and a
100 Hz frequency is shown in Figure 6b. An oscilloscope was used to identify the output
signals of piezoelectric materials. The voltage was measured across the material when it
was mechanically deformed or vibrated. The output signal had a waveform corresponding
to the mechanical input’s frequency and amplitude. Additionally, the output voltage peak
increased with increasing the applied force.
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Figure 7a shows the relationship between the frequency and the output voltage for
PEO/15 wt% SF/0.2 wt%BaTiO3. The prepared samples were tested in tapping mode,
and all samples were subjected to the same applied load of 1 N and various frequencies
ranging from 10 to 100 Hz, which matched the heartbeats. The output voltage increased
when the frequency increased. The slope shows linear behavior. A value of around
80 mV was obtained at 100 Hz frequency, which agrees with the generated electricity by
the human heart. The corresponding piezoelectric materials generated harmonics noise
voltage at different frequencies, and a constant applied load of 1 N is shown in Figure 7b.
The piezoelectric materials’ output signals were identified using an oscilloscope. The
voltage was measured across the material when it was mechanically deformed. The output
signal has a waveform corresponding to the mechanical input’s frequency and amplitude.
Additionally, the output voltage peak increased with increasing frequency.
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3.3. PEO/SF/BaTiO3 In Vitro Study: MTT

MTT is a commonly used colorimetric assay in in vitro studies to measure cell viability,
proliferation, and cytotoxicity. The MTT assay is a simple and reliable method for assessing
cell viability and proliferation in vitro. The MTT assay is based on the ability of viable
cells to reduce MTT to formazan crystals, which can be quantified spectrophotometrically.
Before starting the test, the cells were seeded in a 96-well plate with 10,000 cell/well
density and allowed to grow for a specified period. At the end of the incubation period,
MTT solution was added to the wells, and the plate was returned to the incubator for
different periods. The MTT was then reduced by metabolically active cells to formazan
crystals, which were solubilized with a detergent solution. The formazan produced was
proportional to the number of viable cells in the well and could be quantified using a
spectrophotometer. Spectrophotometers are potent tools for measuring the properties
of light and can provide valuable information about the composition and structure of
materials in many scientific fields.

Figure 8 shows the in vitro study MTT of PEO/15 wt%SF/0.2 wt%BaTiO3 blends,
(a) AC16 cells’ viability, and (b) cytotoxicity effect against AC16 cells. AC16 cells are a
cardiac cell line derived from human ventricular tissue. ANOVA software was used as
the statistical analysis tool, in which data significance was accepted when p < 0.05, and all
data were represented as mean ± SD. A control sample was used as a baseline reference for
comparison with the experimental group, as seen in Figure 8a. The purpose of the control
sample is to provide a standard against which to measure the effects of the experimental
treatment and to ensure that any observed changes are due to the treatment being tested
and not to other factors. As seen in Figure 8, the pristine PEO cell viability either was not
affected by adding SF or slightly decreased. It is well known that SF is a biocompatible
and supportive material for cell growth and viability. However, the cell viability of SF
can vary depending on various factors, such as the concentration, the type of cells used,
and the culture conditions. Noticeably, the cell viability dramatically increased, almost
as much as the control sample, when adding BaTiO3 to the PEO/SF composites. Adding
BaTiO3 to PEO/SF improves cell adhesion and proliferation, especially for AC16 and other
cardiac-related cells. This may be due to the piezoelectric properties of BaTiO3, which can
stimulate cell growth and activity, particularly at low concentrations.

Confocal microscopy is a powerful imaging technique to study biological specimens
in vitro. Confocal microscopy allows us to observe tissues in three high-resolution dimen-
sions, providing detailed information about the structure, function, and behavior. Confocal
microscopy is particularly useful for studying the distribution of specific molecules or
structures within cells or tissues. Labeling these molecules with fluorescent probes allows
researchers to visualize their location and movement within the specimen.
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(b) Cytotoxicity effect against AC16 cells. CTRL is the control sample, S1 is the pristine PEO, S2 is
PEO/SF, and S3 is the PEO/SF/BaTiO3.

Figure 9 shows images taken using confocal microscopy of PEO/SF%BaTiO3 speci-
mens. The effect of blends on AC16 cell morphology was reported. CTRL is the control
sample, S1 is the pristine PEO, S2 is PEO/SF, and S2 is the PEO/SF/BaTiO3. As can be
seen, the collection of high-resolution images of fluorescently labeled specimens indicated
that the adhesion was further confirmed by confocal imaging (Figure 9). It was observed
that the cells showed a spread morphology on all samples. The cells adhered to the PEO
membranes and demonstrated a well-spread morphology and spindle shape, like the
positive control seeded on the glass coverslips. Filamentous actin film organization was
somehow more evident on the S2 and S3 membranes compared to the bare PEO membrane.
The cells on the PEO membranes showed a relatively round morphology, which could be
attributed to the bio-inert nature of the PEO membranes. However, to some extent, we
can observe the cytotoxic effects of BaTiO3, mainly when the particles are not adequately
dispersed in the polymer matrix. Overall, the impact of adding BaTiO3 on the cell viability
of PEO is complex and depends on many factors before using this composite material for
biomedical applications.
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4. Conclusions

We successfully developed a three-dimensional composite heart patch that exhibits
electrical conductivity, allowing it to simulate the integrated electrical functions of heart
muscle cells. The piezoelectric characteristics of the PEO/SF were induced by incorporating
BaTiO3 magnetic nanoparticles through a simple and cost-effective preparation method.
A PiezoTester device was used to evaluate the piezoelectric properties of the prepared
PEO/15 wt% SF/0.2 wt% BaTiO3 composite heart patch. The cytotoxicity effect of the
prepared composite patch was tested against AC16 cells using an MTT assay at a load
of 20 N. A maximum voltage of approximately 1100 mV was obtained. Remarkably, the
composite material achieved a maximum output of around 80 mV at a frequency of 100
Hz, matching the typical electrical production of the human heart and demonstrating its
potential to mimic the electrical behavior of cardiac tissue effectively. Moreover, adding
BaTiO3 to the PEO/SF composites significantly enhanced cell viability. This finding was
confirmed through confocal microscope images, which showed that the cells exhibited a
uniformly spread morphology, firmly adhering to the PEO membranes and demonstrating
excellent biocompatibility.
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