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1. Introduction

1.1. Neural Stem Cell (NSC) Therapies

Spinal cord injuries (SCI) that result in axo-
nal degeneration and the loss of neurons at
the site of injury permanently damage the
motor- and sensory-signaling pathways of
the body and often lead to life-changing
ramifications for patients suffering from
these injuries. Currently, there are no cures
for spinal injury as rewiring the nervous
system in the spinal cord after injury is dif-
ficult due to its high degree of complexity.

Stem cell-based transplantation provides
a promising avenue for SCI repair as neu-
ral stem cells (NSCs) differentiate into the
major nervous system cell types, which
opens the possibility for potential cell
replacement.[1–3] NSCs can be propagated
in culture to generate the required quantity
of cells for cell therapy and are associated
with high levels of safety; this has resulted
in their use in several clinical trials, includ-
ing for SCI.[4,5] While NSC transplantation
is promising for treatment of SCI, it does
face translational challenges such as poor
cell survival,[6] low control over stem cell

differentiation into desired cell types, low levels of integration
with existing circuitry, and the need to improve stem cell-
mediated release of therapeutic factors.[7]

1.2. Electrical Stimulation

The application of electrical stimulation has a profound effect on
neural transplant cells. For example, it can increase the genesis
of nerve cells and guide stem cells to sites of injury,[8,9] can
encourage and direct neural cell growth, and increase the expres-
sion of regenerative factors.[10,11] Generally, electrical stimulation
of nervous tissue is provided by external electrodes or electrodes
inserted into the spinal cord. However, externally delivered stim-
ulation has a low spatial resolution, potentially leading to off-target
effects. Implanted electrodes are often powered by batteries and,
once the batteries have reached their end of life, they require surgi-
cal replacement, which exposes patients to health risks.

Piezoelectric materials generate electric surface potentials
in response to mechanical stimulation, due to their
non-centrosymmetric crystal structure. Therefore, they can
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Spinal cord injuries can cause permanent tissue damage with debilitating and
lasting effects on patients. Electrical stimulation has been established as an
effective approach for promoting neural regeneration. However, the clinical
applicability of these techniques is limited by the necessity for wired con-
nections and external power supplies, which increases risk of infection.
Piezoelectric materials have the inherent ability to form electric surface
potentials when subjected to a mechanical stress and can provide wireless
electrical stimulation. However, current materials are not optimized for
neurological applications as they are mechanically mismatched with neural
tissue, and have poor biocompatibility. Further, reproducible systems for
optimizing material design and stimulation paradigms have yet to be estab-
lished. Here a new, advanced fabrication process to produce scalable, tuneable
piezoelectric ceramic–polymer composites based on [K0.5Na0.5]NbO3 and
polydimethylsiloxane is provided. It is demonstrated that these composites can
be successfully utilized for the growth of neural stem cells, which are shown to
survive, proliferate, retain stemness, and differentiate into their daughter
populations. Neuronal differentiation appears to be preferred on poled sub-
strates, in comparison to glass coverslips and unpoled substrates. It is shown
that the composites can autonomously generate surface potentials, which
opens new possibilities to study piezoelectrically induced electrical
stimulation.
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interact with cells using electrical signals to stimulate tissue
repair. Piezoelectric materials have several properties that make
them effective for neural stem cell stimulation: 1) Electric field
generation: Piezoelectric materials possess the ability to gener-
ate an electric field when subjected to mechanical stress. This
electric field can be used to stimulate neural stem cells and pro-
mote their growth and differentiation; 2) Biocompatibility:
Piezoelectric materials are biocompatible, which means they
do not harm living tissue and do not trigger an immune
response; 3) Non-invasive: Piezoelectric materials can be
used in a noninvasive manner, meaning that they can be used
to stimulate neural stem cells without requiring invasive proce-
dures or the use of electrodes; 4) High precision: Piezoelectric
materials can be engineered with high precision to generate
specific mechanical forces and electric fields, which can be
tailored to optimize neural stem cell stimulation; and 5) Long-
lasting: Piezoelectric materials are also durable and can maintain
their properties for extended periods, providing a reliable and
long-lasting stimulation platform for neural stem cells.

Conventional piezoelectric ceramics such as lead zirconate
titanate (PZT) contain toxic components and are thus not
favorable for implantation.[12] Lead-free ceramics have been
shown to be biocompatible with non-neural tissues, such as bone
and cartilage.[13–17] However, the significant mismatch in the
mechanical properties of ceramics with those of the nervous
system limits their application due to potential additional
scarring.[7,18] Here we propose microstructurally optimized
piezoceramic–polymer composites with tuneable properties that
can be tailored for modulation of electrically responsive repair
processes as a means of functionalizing existing neural implants
to improve implant ingrowth and long-term stability. The advan-
tages of piezoelectric ceramic–polymer composites for neural
stem cell differentiation and spinal cord regeneration lie in their
1) biocompatibility, ability to provide 2) electrical stimulation,
3) tuneable mechanical properties, 4) enhanced cell adhesion
and proliferation, possibility of 5) controlled growth factor release,
and their 6) potential to promote neural tissue regeneration.

1.3. Dielectrophoresis (DEP)

Dielectrophoresis (DEP) is the process of exerting a force on a
dielectric particle via the application of a nonuniform electric
field. Previous research has demonstrated that in particulate
composites aligned through dielectrophoresis, enhancing the
alignment quality through reduced interparticle distance signifi-
cantly enhances the piezoelectric properties of the composites.[19]

By improving filler orientation without increasing filler volume
fraction, we achieve a high level of electroactive sensitivity while
simultaneously preserving the mechanical flexibility of the
composites.[20]

The degree of alignment is subject to the amount dielectro-
phoretic force (FDEP) applied. FDEP is defined in Equation (1)
and is dependent on the permittivity of the polymer matrix
(ε’m), the radius of the ceramic particle (r), the radian
frequency of the applied field (ω), the applied field (E), and
the Clausius–Mossotti factor (k*), a constant derived from
permittivity and conductivity of both the polymer matrix and
ceramic particle[21].

FDEP ¼ 2πε01r
3Re½k�ðωÞ�∇E2

rms (1)

Figure 1 is adapted from studies of Wilson et al[22] who
observed the structural organization of piezoceramic particles
at low-volume fractions in a polymer matrix following DEP.
Ceramic particle organization was categorized as follows.

1.3.1. Type I

Large numbers of randomly positioned short chains that are
indicative of weak interactions between polarized particles.

1.3.2. Type II

Randomly located “pearl chains” that span the cross-section of
the composite are indicative of stronger dielectrophoretic attrac-
tive force. Some of these chains show a degree of branching.

1.3.3. Type III

The coalescence of individual chains into aggregated “columns”
is indicative of very strong dielectrophoretic attractive force.

Wilson et al. observed that this improvement in alignment is a
consequence of the increased field and longer time at constant
ceramic loading.

1.4. In Situ Dielectrophoretic Poling (PDEP)

In conventional ferroelectric ceramic–polymer composites, the
polymer phase typically exhibits lower permittivity and electrical
conductivity compared to the piezoelectric ceramic particles.
Consequently, a high AC field at elevated temperatures and
extended exposure periods are necessary for effective poling
and alignment of ferroelectric domains within the piezoelectric
particles (Figure 2a).[23] Consequently, both the poling process
and the resulting effective properties of the composites present

Figure 1. Types of electrically induced structures formed in low-volume
fraction piezoceramic composites.[22] Reproduced with permission
[1379839], Copyright 2005, IoP publishing.
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challenges during their production. Recent studies have indi-
cated that the electrical conductivity of the constituent materials
significantly influences the dielectric, piezoelectric, and pyroelec-
tric properties of granular composites.[23] It has been observed
that a higher electrical conductivity in the matrix reduces the
time required for the electric field to build up on the ceramic
particles. Consequently, composites embedded in an electrically
conductive matrix can be efficiently poled even at room temper-
ature, with shorter poling durations and relatively lower electric
fields. Furthermore, the electrical conductivity and permittivity of
thermoset polymer matrices decrease after curing.

To improve scalability and efficiency of manufacturing, we
have developed a new method to perform in situ poling and
DEP (PDEP) based on the work of Khanbareh et al,[24] combining
DEP structurization, using an AC electric field, and DC poling
while the matrix is in the liquid uncured state can enhance
the poling efficiency of the composites (Figure 2b).

In this study, we investigate the manufacture and piezoelectric
properties of KNN-based polydimethylsiloxane (KNN-PDMS)
composites using a novel technique and assess their compatibil-
ity with NSCs and differentiated populations. The composite’s
piezoelectric response is shown to depend on the grain size,
highlighting the possibility to tune the piezoelectric properties
by tailoring microstructural features. The in situ poling dielectro-
phoresis fabrication technique offers a simple and cost-effective
approach to manufacture to overcome the difficulties of process-
ing piezoelectric polymers such as PVDF[25], with potential for
scaleup. Cytotoxicity, cell proliferation, and cell viability studies
were performed. The cell studies demonstrate low cytotoxicity
and enhanced cell viability and proliferation on the composites,
compared to a control group. The favorable combination of
good piezoelectric performance and low cytotoxicity exhibited
by this class of materials emphasizes the potential for active,
cell-stimulating implants.

2. Results and Discussion

2.1. X-ray Diffraction

Figure 3 shows the powder diffraction pattern of [K0.5Na0.5]NbO3

(KNN) powder produced via solid-state synthesis. The diffraction
pattern was processed on “Qual X”.[26] Peaks are indexed

according to a phase identifying figure of metric which assesses
number of matching peaks, average difference in 2θ peak posi-
tion, and average difference in peak intensity. The figure shows
sharp, well-defined diffraction peaks of a single orthorhombic
perovskite phase.

2.2. Particle Size Analysis

Through a double calcination process involving annealing, the
KNN particles for 20 h of annealing at 950 °C, while heating at
1 °Cmin�1, the formation of cuboid particles was observed, as
shown in Figure 4. These cuboid particles exhibited small
dimensions ranging from 0.5 to 1.0 μm and were characterized
by well-defined facetted edges.[26–28]

2.3. Topological Analysis

Topological analysis was undertaken by tapping mode atomic
force microscopy (TM-AFM), which is preferred to contact
AFM for softer materials like polymers and composites due to
the ultralow force applied to the polymer surface making the
technique minimally invasive.[29] TM-AFM found no difference
between the top and bottom surfaces of poled substrates.

2.4. Microstructural Analysis

KNN-PDMS composites produced by PDEP, see Manufacturing
of 1-3 using PDEP, at varying ceramic volume fractions

Figure 2. Schematic comparison of a) conventional and b) in situ dielectrophoretic poling (PDEP) procedure for manufacturing of particulate
KNN-PDMS composites.

Figure 3. XRD pattern of calcined KNN powder.
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(5–15 vol%) and varying AC alignment fields (1–2 kVmm�1)
were examined by SEM. This was undertaken in order to visually
characterize differences in ceramic particle alignment and there-
fore better understand the range of resulting piezoelectric prop-
erties when varying these conditions.

2.4.1. Piezoceramic (KNN) Content

Figure 5a–c shows the alignment of ceramic particles at different
KNN volume fractions at an alignment field of 2 kVmm�1 AC.
KNN-PDMS composites containing 5 vol% ceramic (Figure 5a)
show short chains with poor alignment (Figure 5a(i)) and a
significant degree of sedimentation (Figure 5a(ii)).

As outlined in Equation (3.1), this is likely due to less dielec-
trophoretic force (FDEP) being applied to the particles due to the
lower permittivity of the composite at lower ceramic volume frac-
tions. Composites with 10 and 15 vol% KNN show significantly
improved alignment with the formation of clear and distinct par-
ticle chains which span the whole cross-section of the sample.
Although the degree of alignment is clear in both, there is a
significant increase in magnitude of aligned particles between
10 vol% (Figure 5b) and 15 vol% (Figure 5c).

2.4.2. AC Alignment Field

Figure 6a,b shows the alignment of ceramic particles at different
AC alignment fields (1–2 kVmm�1). Figure 3 and 6a shows

alignment under 1 kVmm�1 resembles Type I alignment, having
a mixture of dispersed particles (Figure 6a(i)) and randomly posi-
tioned smaller chains (Figure 6a(ii)). Furthermore, there is a large
degree of topological imperfections within distributed chain con-
tinuity (Figure 6a(iii)) which can have a detrimental effect of pie-
zoelectric properties.[30] Composites aligned under 2 kVmm�1

(Figure 6b) resembled Type II structures with longer, highly
ordered ceramic chains (Figure 6b(i)), even verging on Type III
structures with areas of clear chain coalescence (Figure 6b(ii)).

2.5. Dielectric and Piezoelectric Properties: In Situ
Dielectrophoretic Poling (PDEP) Studies

These studies are built upon the work of Deutz et al[31]

composites, in which they observed a tenfold increase in
dielectric properties between randomly dispersed (0–3) and
dielectrophoretically aligned (pseudo 1-3) KNN-PDMS compo-
sites, following poling at 7.5 kVmm�1 (150 °C, 6mins).
Composites manufactured by PDEP were produced in batches
of 16 samples and characterized by relative permittivity (εr),
and the piezoelectric charge coefficients (d33), and voltage
coefficients (g33).

Figure 7a–c shows the effect of varying KNN content
(5–15 vol%) at different DC poling fields (2–3 kVmm�1), and
Figure 7d–f shows the effect of varying DC poling field
(2–3.5 kVmm�1) at different AC alignment fields
(1–2 kVmm�1) for 10 vol% KNN-PDMS composites. During
the study, we observed that a combined AC and DC field that
was greater of equal to 5 kVmm�1 resulted in breakdown and
short circuiting of the electrodes. This manifests as a sudden
and rapid increase in voltage, which was seen in the attenuation
signal from both the amplifier and across the sample, see Figure
S1, Supporting Information. This breakdown resulted in either
the partial or complete decomposition of the composites and left
composites burned or uncured, see Figure S2, Supporting
Information. Finally, we observed a significant amount of sedi-
mentation when applying an AC alignment field of greater or
equal to 1 kVmm�1 for longer than 2 h which results in a
decrease in piezoelectric properties (d33 and g33), see Figure
S3, Supporting Information.

Figure 4. SEMmorphological evaluation KNN ceramic powder at a) x2500
and b) x10,000.

Figure 5. SEM images showing particle alignment in a) 5 vol%, b) 10 vol%, and c) 15 vol% KNN-PDMS composites aligned via PDEP at 2 kVmm�1. Pink
arrows indicate regions of interest referred to in the text; (i) shows regions of broken chain alignment and (ii) shows significant sedimentation in
KNN-PDMS composites.
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2.5.1. Piezoceramic (KNN) Content

Figure 7a–c shows the effects of KNN content (5%–15%) on the
dielectric (εr) and piezoelectric properties (both d33 and g33) of
the composites after PDEP-poling at 2 kVmm�1 AC and
2 kVmm�1 DC. The relative permittivity increases almost line-
arly with increasing ceramic volume fraction and is independent

of poling field. Piezoelectric properties, which otherwise
follow the same trend, exhibit a peak at 10 vol% KNN
(3 kVmm�1 DC, 2 kVmm�1 AC) with a d33= 11� 1.5 pCN�1

and g33= 202� 25.5mVN�1, respectively. This is due to the
superior particle alignment observed in 10 vol% KNN compared
to 5 and 15 vol% and is characterized by more continuous per-
colating chains, see Microstructural Analysis section. This aligns
with the observations of both Deutz et al[31] and Khanbareh
et al.[24] in their studies of similar DEP aligned KNN-PDMS
and PDEP PZT-PDMS composites. The 10 vol% KNN-PDMS
composites were therefore selected to undergo further study
due to their superior piezoelectric properties.

2.5.2. Poling (DC) and Alignment Field (AC)

Figure 7d–f shows the effects of both DC poling field and AC align-
ment field on the dielectric and piezoelectric properties of 10 vol%
KNN-PDMS composites. The relative permittivity remained con-
stantly independent of both poling and alignment fields due to
the unchanging KNN volume fraction. Higher AC alignment field
resulted in significant increases in piezoelectric properties at the
same and higher DC poling fields. The 10 vol% KNN composites
at an AC alignment field 2 kVmm�1 (d33= 12� 1.3 pCN�1

and g33= 195� 34.0 VmN�1) exhibited improved piezoelectric
properties compared to composites aligned at 1 kVmm�1

when poled at 3 kVmm�1 (d33= 7� 1.0 pCN�1 and
g33= 128� 14.9 VmN�1) and 3.5 kVmm�1 respectively
(d33= 8� 0.64 pCN�1 and g33= 155� 41.0 VmN�1),

Figure 6. SEM images showing particle alignment of 10 vol% KNN-PDMS
composites via PDEP at a) 1 kVmm�1 with regions of (i) dispersed
particles and (ii) smaller randomly positioned chains indicative of Type
I alignment and b) 2 kVmm�1 AC alignment fields with (i) highly ordered
ceramic chains indicative of Type II alignment and (ii) areas of clear chain
coalescence indicative of Type III alignment.

Figure 7. Studies in dielectric and piezoelectric properties of 1–3 KNN piezoelectric composites produced by in situ dielectrophoretic poling. The first row
shows a) permittivity (εr), piezoelectric b) charge (d33), and c) voltage (g33) coefficients as a product of varying ceramic volume fraction (5–15 vol%) after
poling at 2 kVmm�1 (pink) and 3 kVmm�1 (maroon) DC for 3 h at 2 kVmm�1 AC. The second row shows the d) permittivity (εr), piezoelectric e) charge
(d33), and f ) voltage (g33) coefficients of 10 vol% KNN-PDMS composites at varied DC poling fields 2 to 3.5 kVmm�1 and AC alignment fields, 1 and
2 kVmm�1.
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respectively. This study demonstrates the successful batch
manufacturing of KNN-PDMS composites with varied piezoelec-
tric properties. The methods make it possible to consistently repro-
duce samples with varied piezoelectric properties to test the effects
of piezoelectric stimulation of neural stem cells

2.6. Mechanical Properties of the Substrates

The mechanical properties were evaluated using DMA. A Triton
2000 DMAmachine equipped with a tension mode clamp fixture
is used in tension at 1 Hz to characterize the viscoelastic behavior
of the samples. The storage modulus was measured to be 1MPa
at 25C.

The mechanical properties of a piezoelectric substrate can
affect the behavior and differentiation of cells grown or
implanted on it. The mechanical properties of the substrate, such
as stiffness or elasticity, can affect the forces that the cells expe-
rience, which can, in turn, affect cell adhesion, migration, and
differentiation. For neural stem cells, the mechanical properties
of the substrate could potentially affect the differentiation of the
stem cells into specific neural cell types or influence dendritic
and axonal outgrowth. It is critical to maintain their viability
and promote their differentiation into mature neural cells. A
study by Li et al. demonstrated that neural stem cells cultured
on soft substrates exhibited higher proliferation rates than those
on stiff substrates (Li et al, Biomaterials. 34(31):7616-25, 2013).
Another study showed that neural stem cells cultured on
substrates with high elasticity exhibited more differentiation into
neurons compared to those on less elastic substrates (Blaschke
et al, Tissue Eng Regen Med.;13(6):960-972. 2019). However,
more research is needed to understand the extent and specificity
of these effects on the stimulation of neural stem cells implanted
on piezoelectric substrates.

2.7. Neural Stem Cell (NSC) Studies

In the following studies, we derive NSCs from the subventricular
zone of P0 mice and propagate as neurospheres, under growth

factor drive (EGF and FGF-2). The neurospheres were then dis-
sociated and cultured on poled and unpoled 10 vol% KNN-PDMS
(d33≥ 8 pCN�1). To examine the effect of materials on the NSC
population, NSCs were cultured on the materials in NSC
medium for up to four days. Subsequently, the medium was
switched to differentiation medium (no growth factors/1% fetal
bovine serum) for seven days to examine how the scaffolds affect
NSC differentiation. Both poled and unpoled composites were
tested (alongside standard glass coverslips) to determine differ-
ences in stem cell behavior on piezoelectrically active and inac-
tive substrates. Sample were purposefully left uncoated to ensure
the effect of electrical stimulation was not masked by the addition
of surface proteins like laminin.

2.7.1. NSC Cytocompatibility

NSC health was evaluated threefold, as a product of proliferation
(EdU) and stemness (nestin, sox-2), and the results are summa-
rized in Figure 8.

After culture in NSC medium, the majority of cells were
clearly positive for nestin and Sox-2. The staining profiles were
similar to those observed in previous studies, with nestin mark-
ing the cytoskeleton and the transcription factor Sox-2 restricted
to the nucleus. Cells appeared to grow across all conditions,
although there was significant heterogeneity in cell distribution.
This was most pronounced on the unpoled substrates where
NSCs appeared to grow as neurospheres. Figure 8a–d shows nes-
tin staining across all conditions. We estimated nestin to be pres-
ent in over 90% of the population, but absolute quantification
was not possible as individual cells could not be differentiated
across the repeated conditions. In one experiment, we also con-
firmed NSC proliferation through EdU staining which was pres-
ent in all conditions, Figure 8a–d. Figure 8e–h shows Sox-2 was
present in all conditions with > 80% of cell positive, coverslip
81.3%� 7.93%, unpoled 88.9%� 10.78%, positively poled
92.6%� 6.59%, and negatively poled 95.3%� 3.53% with no sig-
nificant difference between substrates (p> 0.05, n= 3).

Figure 8. NSCs were successfully cultured on all substrates and showed a high degree of both stemness (>80%) and cytocompatibility (<85%) with no
significant difference between conditions (p> 0.05, n= 3). Nestin and EdU stained NSCs on a) glass and b) unpoled, c) negatively poled (–ve) and
d) positively poled (–ve) 10 vol% KNN-PDMS. Sox-2 stained NSCs on e) glass and f ) unpoled, g) negatively poled (–ve) and h) positively poled (–ve)
10 vol% KNN-PDMS.
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It should be noted that NSCs on unpoled KNN-PDMS were less
homogenously distributed and tended to remain in neurospheres
on the surface of the composites and is clearly displayed in
Figure 8b,f. This indicates that poled composites are better at facil-
itating the migration of NSCs in a similar manner to extracellular
matrix molecules such as laminin,[32,33] although this is not
necessarily an advantage in neural tissue engineering as neuro-
spheres have shown higher survival rates following transplanta-
tion.[34] Figure 9 shows that the NSCs were successfully
differentiated on all substrates and showed a high level of viability.

2.7.2. Differentiated NSCs Health

Differentiated NSC health was evaluated as a product of cell
viability (live/dead) assays, and the results are summarized in
Figure 9.

Figure 9a–e shows NSCs in all conditions had high viability
(>85%) with no significant difference between conditions
(p> 0.05, n= 3). The majority of cells had taken up the live
(green) stain with a few dead (red) cells, distributed throughout.

2.7.3. Differentiated NSCs Studies

Immunocytochemistry revealed that the NSCs had successfully
differentiated in all conditions into the expected phenotypes:
neurons (Figure 10a–d), oligodendrocytes (Figure 10e–h), and
astrocytes (Figure 10i–l).

Figure 10m shows that there is an increase in neurogenesis on
the poled scaffolds, and this is significant for the positive (þve)
condition (p< 0.005, n= 3) versus the unpoled condition. This
trend indicates that the remnant polarization and/or the mechan-
ical deformation of the scaffolds during cell culture is sufficient
to facilitate an increase in the differentiation of NSCs into neu-
rons. There was no significant difference between proportions or
astrocytes (Figure 10n) and oligodendrocytes (Figure 10o) on all
substrates (p> 0.05, n= 3).

The effect of poling on neural stem cells is believed to be due
to the response of the cells to the electric field. The electric field

can influence the expression of genes involved in neural differ-
entiation and maturation. The mechanisms underlying these
effects include the piezoelectric field enhancing the cell mem-
brane’s permeability, influencing cell signaling and gene expres-
sion, and modulating the cytoskeleton dynamics. This influence
is not present in the unpoled substrates as there is no electric
field present. However, all other chemical, mechanical, and topo-
logical properties of the unpoled substrates are similar to the
poled substrates.

Overall, poling a piezoelectric material can provide a useful
tool for manipulating the behavior of neural stem cells, which
has potential applications in regenerative medicine and tissue
engineering. While the mechanisms behind the influence of pol-
ing on the differentiation of neural stem cells in piezoelectric
materials are still not fully understood, it is believed that the elec-
tric fields generated by the poling process can alter the behavior
of the cells, regulating their differentiation into specific neuronal
lineages. One proposed mechanism is that the electric fields gen-
erated by the poling process can induce changes in the cell mem-
brane potential, which can then activate intracellular signaling
pathways that regulate gene expression and cell fate determina-
tion. This can lead to the differentiation of neural stem cells into
specific neuronal subtypes, such as motor neurons or sensory
neurons. Another proposed mechanism is that the electric fields
generated by the poling process can directly stimulate the differ-
entiation of neural stem cells by promoting the formation of neu-
rites and axons. This can lead to the development of more mature
and functional neuronal networks, which are essential for proper
neural function.

While the exact mechanisms behind the influence of poling on
the differentiation of neural stem cells in piezoelectric materials
are still being examined, it is clear that the electric field generated
by the poling process can have a significant impact on the behav-
iour of these cells and provides a novel approach for the devel-
opment of tissue engineering and regenerative medicine
therapies for neurological diseases and injuries.

The potential mechanisms behind the enhancement of neural
stem cell stimulation by piezoelectric composites can include

(a)

(c)

(b) (e)

(d)

Figure 9. NSCs were successfully differentiated on all substrates and showed a high level of viability. Live/dead assay of differentiated NSCs on a) glass
and b) unpoled, c) negatively poled (–ve) and d) positively poled (–ve) 10 vol% KNN-PDMS. Bar graph e) summarized the viability of the cells on different
substrates.
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piezoelectric effects, biophysical cues, and synergistic effects
with other stimuli, meaning that piezoelectric composites may
amplify the effects of other stimuli, such as electrical fields, mag-
netic fields, or biochemical signals. This could lead to more effi-
cient and effective neural stem cell stimulation and potentially
open up new avenues for cell-based therapies or tissue engineer-
ing approaches.

Overall, the mechanism behind the enhancement of neural
stem cell stimulation by piezoelectric composites is likely
multifactorial and complex and could involve a range of bio-
chemical, biophysical, and mechanical processes. Further
research is needed to fully elucidate this mechanism and opti-
mize the use of piezoelectric composites for neural stem cell
applications.

In addition, the piezoelectric composites can be tailored to
provide specific electrical properties that match the neural stem
cells’ electrical environment, facilitating their growth and differ-
entiation. The combination of the piezoelectric field’s physical

and electrical stimulations is believed to promote the neural stem
cells’ development into specific neuronal phenotypes. Moreover,
the use of piezoelectric composites eliminates the need for exog-
enous chemical factors, such as growth factors, that might com-
promise the cell’s fate or affect other processes, reducing the
adverse effects associated with the traditional methods. The
reproducibility, scalability, and cost-effectiveness of piezoelectric
composites make them ideal for neural tissue engineering
applications.

3. Conclusions and Future Perspectives

This work shows the first demonstration of a successful batch
production of [K0.5Na0.5]NbO3 -based polydimethylsiloxane
(KNN-PDMS) composites with large and highly tailorable piezo-
electric properties, d33= 3–12 pCN�1 and g33= 58–195 VmN�1,
produced via a novel in situ dielectrophoretic poling technique.

Figure 10. NSCs were successfully differentiated into phenotypical cell types on all substrates and showed a significant increase in neurogenesis in the
positively (þve) poled condition. Tuj-1 stained NSCs on a) glass and b) unpoled, c) negatively poled (–ve) and d) positively poled (–ve) 10 vol% KNN-
PDMS. MBP stained NSCs on e) glass and f ) unpoled, g) negatively poled (–ve) and h) positively poled (–ve) 10 vol% KNN-PDMS. GFAP MBP stained
NSCs on i) glass and j) unpoled, k) negatively poled (–ve) and l) positively poled (–ve) 10 vol% KNN-PDMS. Bar graph m–o) showing the proportion of
each cell phenotype where * indicates values significantly different to the unpoled condition (p< 0.005, n= 3).
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These tailorable properties are achieved by simply changing the DC
poling field during in situ poling-dielectrophoresis (PDEP).

While the literature to date has shown that piezoelectric stim-
ulation can increase neuronal differentiation (SHY-SYSY),[35]

neurogenesis (PC12),[36] and enhance neurite outgrowth (mixed
spinal culture and dorsal root ganglion neurons)[37,38] and sprout-
ing (PC12),[39] they focus on the materials employed rather than
the details of the stimulation itself. Further, reproducible sys-
tems for optimizing material design and stimulation paradigms
have yet to be established. The work outlined here provides an
electrically facile system that can be produced at batch scale and
can be used to explore the gaps and minutia of PIES and how it
varies with varied electrical input.

The KNN-PDMS composites not only show high cytocompat-
ibility (>80%) but they also support the differentiation of NSCs,
and the þve poled composites are shown to facilitate neurogen-
esis. These new materials are therefore a promising conduit to
explore the impact of piezoelectrically induced electrical stimu-
lation on, therapeutically relevantly, stem cells which tend to suf-
fer from poor cell survival,[6] low control over stem cell
differentiation into desired cell types.[7] These composites can
therefore be used as a tool to understand both the degree and
extent PIES can play in neural regeneration more widely. The
novel piezoelectric composites have potential to be incorporated
into a flexible implantable device that can be placed over the spi-
nal cord. When the device is stretched or compressed due to spi-
nal cord movement, it generates an electrical signal that can
stimulate the cells in the spinal cord and promote regeneration.
The electrical stimulation provided by the piezoelectric compo-
sites can also help to activate specific pathways in the spinal cord
that are involved in regeneration. This can facilitate the growth
and differentiation of stem cells, which are important for the
regeneration of damaged spinal cord tissue.

In summary, we provide the first demonstration that piezo-
electric particulate composites can be successfully utilized for
growth of primary neural stem cells (NSCs), which are shown
to survive, proliferate, retain stemness, and differentiate into
their daughter populations on the composites. Neuronal differ-
entiation appears to be preferred on poled substrates, in compar-
ison to glass coverslips and unpoled substrates. We show that the
composites can autonomously generate electric surface poten-
tials, which opens new possibilities to study piezoelectrically
induced electrical stimulation. The use of piezoelectric materials,
such as these, in regenerative medicine can lead to the develop-
ment of new therapies and treatments for neurodegenerative dis-
orders and nerve injuries. By promoting the differentiation and
migration of neural stem cells, the materials can potentially help
to replace damaged or lost neurons in the brain, thereby restor-
ing lost neural function. Overall, the use of piezoelectric materi-
als in neural stem cell research holds great promise for
advancing our understanding of neural development and repair
and developing new therapies for neurological diseases.

4. Experimental Section

Piezoceramic Powder Synthesis: To synthesize a ferroelectric and piezo-
electric ceramic potassium sodium niobate (KNN) powder, a solid-state
reaction method was employed using a composition of [K0.5Na0.5]NbO3

and K0.485Na0.485Li0.03NbO3. Stoichiometric amounts of the 99% pure

oxides NaCO3, K2CO3, Nb2O5, and/ or Li2CO3 (obtained from Sigma
Aldrich) were immersed in ethanol and subjected to milling in glass jars
using 5mm yttria-stabilized ZrO2 balls. A two-step calcination scheme was
employed to obtain cuboid particles.[40] Initially, the KNN powder was cal-
cined at 1050 °C for 3 h, with a heating rate of 5 °C per minute, followed by
a milling duration of 5 h. Subsequently, the powder was subjected to a
second calcination at 950 °C for 20 h, with a heating rate of 1 °C per min-
ute. Ultrasonication for 1 h was performed to disperse loose aggregates,
and the calcined powders were sifted through a 63 μmmesh. The resulting
KNN powder was then dried overnight at 150 °C and stored under vacuum
at room temperature until further processing into composites.

Manufacturing of 1–3 Using In Situ Dielectrophoretic Poling (PDEP):
KNN-PDMS composite films were fabricated by blending KNN micro-
cubes with a two-component PDMS polymer (Sylgard 184, Dow
Corning) in a volume ratio of 10%. The mixture was degassed and poured
into a prepared Teflon mould, which was then clamped between two steel
plates. In order to achieve alignment of the KNN microcubes within the
uncured PDMS, an in situ poling dielectrophoresis method was employed,
as illustrated in Figure 2b. An AC electric field of 2 kVmm�1 was applied
during the alignment process. The effectiveness of dielectrophoresis align-
ment was determined by analyzing the phase angle between the applied
voltage and leakage current at various frequencies ranging from 1mHz to
10 kHz. The optimal frequency, where the phase angle reached 90°, indi-
cated the highest degree of alignment and minimal leakage current, thus
achieving a predominantly capacitive behavior in the composite slurry.
However, due to factors such as the electrical properties of the matrix
and filler, matrix viscosity, and filler morphology, incomplete alignment
was observed with typical phase angles ranging from 50° to 60°. At a fre-
quency of 200Hz, an optimal phase angle of 88° was achieved, indicating a
high degree of alignment. After one hour, the films were cooled to room
temperature while still under the poling field and were aged for at least
24 h prior to piezoelectric and dielectric testing. To facilitate electrical char-
acterization, silver (Ag) electrodes were applied to both sides of the films
using a brush.

KNN Crystallographic Analysis: X-ray diffraction (XRD) was used to
characterize and extract diffraction data for the crystal structure of
KNN powders using a Bruker D8 Advance X-ray diffractometer (Bruker
AXS Inc., Karlsruhe, Germany, using Co-K with EVA software). The peaks
produced were analyzed using QUALX, a program for phase identification
using powder diffraction data.

KNN Particle Size: Particle size was measured via laser scanning
electron microscopy (SEM).

Microstructural Analysis: Ceramic particle spatial distribution and
alignment were visualized and recorded at varying magnifications
using SEM using a field-emission scanning electron microscope (SEM,
Hitachi SU3900).

Topological Analysis: Surface properties of 10 vol% KNN-PDMS
composites were characterized using atomic force microscopy (AFM)
by tapping-mode AFM (TM-AFM, Agilent 5500).

Dielectric and Piezoelectric Properties: The dielectric response of the
PDEP produced composite scaffolds was tested using a 1260 A
Impedance/Gain-Phase Analyzer (Solartron Analytical, UK). The compo-
sites were examined in the frequency range from 0.1 Hz to 100 kHz at
room temperature. The d33 piezoelectric coefficients of the composites
were measured after each poling step at 97 Hz using a PiezoTest
Berlincourt piezometer.

In Vitro Neural Stem Cell (NSC) Studies: The composition of the
neurosphere (NSM), monolayer (MLM), and differentiation (DM) medias
and blocking solution can be found in Table S1, Supporting Information.

Sample Preparation: Samples were plated in 24-well plates and washed
in 70 vol% IPA and PBS (�700 μL/well) three times, respectively, before
cell culture.

NSC Culture: NSC culture: All animal experiments were approved by the
Keele Animal Welfare and Ethical Review Body, where the approval num-
ber for the project is X350251A8. Neural stem cells (NSCs) were attained
from days 1 to 3 postnatal mice. Mice were sacrificed via schedule 1 pro-
cedures in accordance with ASPA (1986). Mouse brains were dissected
and kept in phosphate-buffered saline (PBS) and chilled in an ice box.
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The subventricular zones of the all the brains was isolated using a scalpel
and kept in 1 mL of NSM. The NSCs in the isolated zones were then dis-
sociated with DNAse I and cultured in T25 flasks in 5mL of NSM. The flask
was then incubated at 5% CO2 and 37 °C, and NSCs were allowed to pro-
liferate as neurospheres for 5 days. Neurospheres were dissociated into
single cells with a DNAse I/accutase mix (1:9) ready for plating onto
samples.

NSC Studies: Samples and coverslips seeded with 700 μL of MLM at a
density of 4.5� 105 cells mL�1. Once the cells on the coverslips were con-
fluent, they were either fixed with 4% PFA for 1 h for assessment of NSC
cytocompatibility studies or differentiated for 7 days by swapping the MLM
to DM (with a 50% media change at day 3) for assessing effects of the
samples on differentiation before fixation at day 5 and immunocytochem-
istry. Sample were purposefully left uncoated to unsure the effect of elec-
trical stimulation was not masked by addition of surface proteins like
laminin.

NSC Cytocompatibility Studies: Prior to fixing, some cells were stained
for survival (live/dead) and proliferation (Edu) assays. Live/dead samples
from each condition were incubated for 20 min with ethidium homodimer
(6 μM), calcein-AM (4 μM), and DAPI (2μl ml�1) diluted in DMEM. After
incubation, cells were washed once with PBS and fixed with 4% PFA prior
to imaging. For the proliferation assay samples from each condition were
also incubated with EdU (1 μM), a thymidine analogue which chelates
into the DNA of diving cells, for 6 h prior to fixing.

Immunocytochemistry: Samples fixed with PFA were incubated in block-
ing solution for 1 h. Following incubation, the blocking solution was
replaced with primary antibodies in blocking solution at 4 °C for 24 h
before washing three times in PBS.

To assess culture stemness, NSCs were stained for Sox-2 (1:1000) tran-
scription factor found in stems cell and Nestin (1:200), a filament protein
found in NSCs. To assess NSC differentiation, cultures were stained for
Tuj-1 (1:1000), a neuronal cytoskeletal component, an MBP (1:200) myelin
constituent produced by oligodendrocytes, GFAP (1:500), an astrocyte
cytoskeletal protein, and DAPI (1:500) as a nuclear stain. Samples were
then washed with PBS and then incubated with blocking solution for
an additional 1 h before being replaced with secondary antibodies
(1:200) in blocking solution and incubated at room temperature for
4 h. Samples were washed three times, left to soak in PBS overnight,
and mounted with Vectashield mounting medium with DAPI.

Imaging and Statistical Analysis: The statistical analysis was conducted
using GraphPad Prism, with all values reported as the mean � standard
deviation. To determine if there were any significant differences between
groups, a one-way ANOVA test with the Bonferoni’s multiple comparison
test was performed. This test assumed a normal distribution and did not
involve matching. A p-value below 0.05 was considered statistically signifi-
cant for indicating differences between experimental groups. Each experi-
ment had a minimum of three biological repeats (n≥ 3), with each mouse
litter counted as one biological repeat.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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