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Stem cells from human exfoliated deciduous teeth (SHED) uniquely exhibit high proliferative and neurogenic
potential. Charged biomaterials have been demonstrated to promote neural differentiation of stem cells, but the
dose-response effect of electrical stimuli from these materials on neural differentiation of SHED remains to be
elucidated. Here, by utilizing different annealing temperatures prior to corona poling treatment, BaTiO3/P(VDF-
TrFE) ferroelectric nanocomposite membranes with varying charge polarization intensity (dss =~ 0, 4, 12 and 19
pC N™1) were fabricated. Enhanced expression of neural markers, increased cell elongation and more prominent
neurite outgrowths were observed with increasing surface charge of the nanocomposite membrane indicating a
dose-response effect of surface electrical charge on SHED neural differentiation. Further investigations of the
underlying molecular mechanisms revealed that intracellular calcium influx, focal adhesion formation, FAK-ERK
mechanosensing pathway and neurogenic-related ErbB signaling pathway were implicated in the enhancement
of SHED neural differentiation by surface electrical charge. Hence, this study confirms the dose-response effect of
biomaterial surface charge on SHED neural differentiation and provides preliminary insights into the molecular
mechanisms and signaling pathways involved.

1. Introduction well-known to play key roles in the early development of the central and

peripheral nervous systems [5], regulating the differentiation, migration

Stem cell transplantation therapy for repairing central nervous sys-
tem defects, including brain and spinal cord injuries, faces several major
challenges in clinical translation [1]. As mature neurons lack regener-
ative capacity upon damage or injury [2], finding an adequate stem cell
source and developing better techniques to induce stem cell differenti-
ation into functional neural lineages, have always been the primary
focus of neural tissue engineering [3,4]. Cellular electrical activity is
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and spatial organization of neural stem/progenitor cells [6,7]. Hence, a
biomimetic strategy through the use of electroactive biomaterials to
provide a conducive pro-neurogenic electrical microenvironment for
inducing and promoting adult stem cell neural differentiation has
attracted much attention in recent years [8-10]. Nevertheless, most
electroactive materials require an external energy input and wire
connection, which increases the risk of surgical complications,
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particularly pathogenic infection after implantation [11]. Alternatively,
self-powered triboelectric or piezoelectric scaffolds to induce neuro-
genic differentiation of mesenchymal stem cells, have attracted more
attention for tissue engineering applications recently [12]. Nevertheless,
these still require either wires to connect implanted electrodes or
external mechanical force loading. Alternatively, biomaterials that
could realize electrodeless and self-charging functions would be
particularly promising for tissue engineering applications.

Ferroelectric materials are self-charged after treatment with an
external electric field because of their spontaneous polarization prop-
erties, which can be considered as remanent polarization [13]. The
surface charge intensity derived from the electrical polarization can be
precisely controlled by adjusting polarization parameters and material
composition ratios. Moreover, the surface electrical polarization of
ferroelectric materials often exhibits long-term stability, which could
provide stable culture substrata for inducing lineage-specific differen-
tiation of adult stem cells [14]. More recently, we together with another
group have fabricated self-charged P(VDF-TrFE)-based ferroelectric
composite materials with controllable surface intensity to induce
lineage-specific differentiation of mesenchymal stem cells [15-17].
Nevertheless, the dose-response effect of self-charged ferroelectric ma-
terials in inducing stem cell neurogenesis is still unclear.

Most previous studies have utilized either growth factors or chemical
inducers to induce neural differentiation of dental stem cells, such as
stem cells from human exfoliated deciduous teeth (SHED) or dental pulp
stem cells (DPSC) [18]. However, the effectiveness of electroactive
materials in inducing neural differentiation of dental stem cells and the
underlying biological mechanisms involved have not yet been rigorously
characterized. Hence, this study utilized ferroelectric nanocomposite
membrane including P(VDF-TrFE) matrix and BaTiOs nanoparticles
(BTO-NPs) fillings as charged material models. By adjusting the
annealing pretreatment temperature, combined with corona polariza-
tion treatment, the surface charge intensity of the ferroelectric nano-
composite membrane can be precisely controlled. Then the
dose-response effects of surface charge of the nanocomposites on
SHED neural differentiation were investigated (Schematic Fig. 1).
Additionally, the possible underlying molecular mechanisms including
mechanosensing and its associated signal transduction (mechano-
transduction), as well as intracellular calcium activation were explored.

2. Materials and methods

2.1. Fabrication and differential polarization of BaTiO3/P(VDF-TrFE)
nanocomposite membranes

The BaTiOs3/P(VDF-TrFE) nanocomposite membranes were fabri-
cated based on our previously reported protocol [16]. Briefly, BTO NPs
(99.9%, average particle size of 100 nm, Alfa Aesar) were dispersed
ultrasonically in 0.01 mol/L of dopamine hydrochloride (99%, Alfa
Aesar) aqueous solution, followed by stirring for more than 12 h at 60 °C
to modify the nanoparticles. Subsequently, the modified BTO NPs
together with the P(VDF-TrFE) co-polymer powders (70/30 mol%
VDF/TtFE, Arkema) were both dissolved in N, N-dimethylformamide
(DMF). After at least 3 rounds of repeated stirring and ultrasonication,
the stable suspension was then cast into membranes of approximately
30 pm thickness and then dried at 55 °C for 10 h for solvent volatili-
zation. For surface charge polarization, the membranes were annealed at
90 °C and 120 °C respectively for 30 min and were then treated by
corona poling at room temperature for 30 min. Therefore, the mem-
branes were differentially polarized with varying surface charges, with
non-charged (NC, 55 °C, no poling), low-charged (LC, 55 °C, poling),
mid-charged (MC, 90 °C annealing, poling) and high-charged (HC,
120 °C annealing, poling) nanocomposite membranes being obtained.
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2.2. Characterization of BaTiO3/P(VDF-TrFE) nanocomposite
membranes

The surface morphology of the BTO/P(VDF-TrFE) composite mem-
branes after annealing and polarization were examined by field emission
scanning electron microscopy (FE-SEM, S-4800, HITACHI). The surface
roughness of the membranes was characterized by atomic force micro-
scopy (AFM, Bruker), while the surface wettability of the membranes
was evaluated by water contact angle measurements, which were car-
ried out on a video contact angle instrument (JC2000C1, Shanghai Glory
Numeral Technique and Device Co., Ltd.). The Young’s modulus and
tensile strength were evaluated using the universal mechanical machine
(INSTRON-1121) according to GB13022-91.

For ferroelectric property characterization of the membranes before
corona poling, the polarization-electric field (P-E) loop was analyzed
using a commercial ferroelectric analyzer (TF1000, aixACCT System
GmbH). The piezoelectric coefficient (ds3) was detected by a piezo-
electric coefficient meter (ZJ-3AN, IACAS), while the surface electrical
potential was measured by Scanning Kelvin Probe Microscopy (SKPM)
(Multimode 8, Bruker).

2.3. Cell culture

Stem cells from human exfoliated deciduous teeth (SHED) were
provided by ORAL STEM CELL BANK run by Beijing Tason Biotech Co.,
Ltd. (http://www.kqgxbk.com). The culture media used in this study
was as follows: (i) Normal culture medium composed of high-glucose
DMEM supplemented with 10% (v/v) FBS and 1% (v/v) penicillin-
streptomycin solution. (ii) Neural induction medium (NI), as reported
in our previous study [19], which was composed of a mixture of
DMEM/F12 and Neurobasal media [1:1 v/v] supplemented with 0.5%
(v/v) N2, 1% (v/v) B27, 100 mM cAMP, and 20 ng/mL bFGF.

2.4. qRT-PCR analysis

A RNeasy Plus Mini kit (Qiagen) was used to extract and purify
cellular RNA. Reverse transcription was achieved with PrimeScript™ RT
reagent Kit (TaKaRa). The SYBR Premix Kit (TaKaRa) and PCR thermal
cycler (TaKaRa) were used for qPCR. The cycle threshold (CT) value of
the sample was normalized to the value of the GAPDH housekeeping
gene, and the relative expression was calculated using the yAACT
method. The primer sequences are shown in Table S1.

2.5. Immunocytochemistry

SHED were cultured on composite membranes within 6-well plates
for 2d and 8d, respectively, in designated culture media. After in vitro
culture at 37 °C within a humidified atmosphere of 5% CO at scheduled
time points, the cells were washed with 1 x PBS, fixed with 4% (w/v)
paraformaldehyde (pH 7.4) for 15 min at room temperature and then
rinsed in PBS three times. After permeabilization with 0.1% (w/v) Triton
X-100 for 10 min, the cells were blocked with 5% (v/v) bovine serum
albumin (BSA, Sigma; diluted with PBS) for 1 h. The samples were then
incubated with the following primary antibodies specific for either MSI1
(ab52865, Abcam) or TUBB3 (ab18207, Abcam) overnight at 4 °C. After
thorough rinsing, the samples were incubated with the secondary anti-
body goat anti-rabbit IgG H&L Alexa Fluor 488 (ab150077, Abcam) for
1 h. DAPI (D9542; Sigma-Aldrich) and Rhodamine Phalloidin
(RM02835; Abclonal) were used to stain the cell nuclei and cytoskel-
eton, respectively. Then, the cells were observed under a laser confocal
microscope (Leica, TCS-SP8 DIVE). Leica LAS software was used to
detect and analyze fluorescence intensity. Image J was used to calculate
cell spreading area and aspect ratio. All measurements were performed
using a minimum sample size of 50 cells in each group. Image J software
was used to track neurite outgrowths from the differentiating SHED, and
the length from the neuronal somata to axon terminal was calculated
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Fig. 1. Fabrication and characterization of BTO/P(VDF-TrFE) nanocomposite membranes with different surface electrical polarization intensity. (a)
Fabrication process of BTO/P(VDF-TrFE) nanocomposite membrane. (b) Annealing followed by subsequent corona poling of nanocomposites. (c) Representative SEM
images of nanocomposite membranes with different surface charge dose. The white arrow denotes the BTO NPs. (d) Relative surface potential of nanocomposite
membranes with different surface charge dose. (e) Hysteresis loop of BTO/P(VDF-TrFE) nanocomposite membranes with different annealing temperatures. The inset
is the residual polarization intensity (Pr). (f) Quantitative statistical analysis of surface potential of the differentially charged nanocomposite membranes (n = 5). (g)
The piezoelectric constant ds3 values of the differentially charged nanocomposite membranes (n = 5). *: compared with NC; #: compared with LC; &: compared with

MC. (**p < 0.01, *#p < 0.01, ¥p < 0.05, “*p < 0.01).
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Schematic Fig. 1. Illustration of how regulating
surface electrical polarization intensity on ferroelec-
tric nanocomposite membranes can enhance SHED
neurogenic differentiation. The neurogenic differen-
tiation of SHED appears to be dose-dependently
affected by surface charge, accompanied by changes
in cell morphology, including increased cell
spreading area and enhanced neurite length. Further
molecular mechanism analysis revealed that surface
charge stimulates opening of calcium channels on the
cell membrane, resulting in increase in the intracel-
lular calcium concentration, which might lead to
activation of pro-neurogenic signaling pathways in

J/
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& - ) - SHED including the ErbB signaling pathway, cell
A - ey, -~ =y F w' foc?l adhesion-related pathways and regulation of
- T o~ = actin cytoskeleton. On one hand, ErbB-1/2 acts on
‘ FAK and downstream Src, triggering the mechano-
© 6 6 ©66666 66666606666 sensing pathway RhoA/Rock, increasing Paxillin
. . phosphorylation, which in turn might facilitate neu-
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and recorded as neurite length. More than 30 neurite outgrowths in each
group were tracked and statistically analyzed.

2.6. Western blot analysis

Cells were lysed with RIPA buffer (R0010, Solarbio) containing 1%
protease inhibitor (ab65621, Abcam) on ice to extract total cell protein.
The samples were denatured with a 1/5 volume of SDS-PAGE sample
buffer(6 x ) (PO015F, Beyotime) at 100 °C for 5 min to acquire the final
protein sample. Then the protein samples were subjected to electro-
phoresis on a 10% (w/v) SDS-PAGE gels. After transferring to a PVDF
membrane, this was washed by 1 x TBST buffer (T1081, Solarbio) and
then blocked with TBST buffer containing 5% (w/v) milk powder
(1706404, Bio-Rad) for 1 h. This was followed by incubation overnight
at 4 °C individually with the following primary antibodies specific for:
GAPDH (ab8245, Abcam), MSI1 (ab52865, Abcam), TUBB3 (ab18207,
Abcam), FAK (PTK2) (ab40794, Abcam), Paxillin (ab32084, Abcam)
and p-Paxillin (ab109547, Abcam). Next, the membranes were washed
with TBST for 3 times, and were incubated with the following secondary
antibodies including HRP goat anti-rabbit IgG(H + L) (A0208, Beyotime,
China) and HRP goat anti-mouse IgG(H + L) (A0216, Beyotime) for 1 h.
The Immobilon Western (WBKLS0100, Millipore) kit was used to visu-
alize immune complexes, and the protein expression levels were
analyzed with the ChemiDoc™ Touch Imaging System (17024024, Bio-
Rad). The Western Blots of each target protein was replicated three
times. The gray value was normalized with GAPDH, and the relative
expression of the control group NC was set to an arbitrary value of 1.0
for standardization and further comparison between groups.

2.7. Flow cytometry analysis

Intracellular calcium concentration was analyzed by flow cytometry.
SHED was cultured on BTO membranes separately for 2d and 8d. Then
the cells were treated with normal culture medium supplemented with
Fluo-4 AM fluorescent probe (HY-101896, MCE) for 30 min. After
washing with 1 x PBS, the cells were enzymatically dissociated,
collected, centrifuged and then resuspended in 1 x PBS within flow
cytometry tubes. This was followed by flow cytometry analysis with
Caliburl (20042466, Bio-Rad), at a fluorescence emission wavelength of
516 nm.

2.8. RNA sequencing

SHED were seeded on the NC and HC- nanocomposite membranes in
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rite outgrowths. On the other hand, the PI3K/Akt/
mTOB signaling pathway is also triggered by ErbB-2/
4.

normal culture medium for 24 h, and then the medium was changed to
neural induction medium for another 8d. TRIzol (15596026, Invitrogen)
was used to collect cell lysates. Five independent replicate samples from
every group were sent to Beijing Cnkingbio Biotechnology Co., Ltd. for
the global transcriptome analysis. Before transcriptome sequencing, the
samples were subjected to quality-control inspection. All samples met
the following requirements: (i) RNA concentration >50ng/ul, total
amount >1.5 pg; (ii) the 260nm/280 nm absorbance ratio was nearly
within the range of 1.8-2.1, and the sample was free of macromolecular
pollution; (3) the sample remains intact without degradation. The KEGG
enrichment analysis of differentially-expressed genes was performed.
KEGG is a database and resource for the public to understand the
advanced functions of biological systems. Differentially-expressed genes
were significantly enriched for KEGG pathways with a p value less than
0.05 (adjusted p values were used to screen different candidate genes).
In the differential expression analysis, p < 0.05 and |FoldChange| > 1.5
were set as the statistical thresholds for significantly different expres-
sion. Finally, the signaling pathways were enriched and differentially
expressed genes identified by RNA-Seq were further verified by qRT-
PCR.

2.9. Statistical analysis

Results were presented as mean + SEM. All experiments were per-
formed in triplicates. Statistical analysis between more than two groups
was performed by one-way unstacked ANOVA and post-hoc Tukey HSD
testing. Statistical analysis between two groups was performed by in-
dependent sample t-tests. The data was classified by the values of p and
denoted by (*) for p < 0.05, or (**) for p < 0.01. (*/**: compare with NC,
#/##: compare with LC, &/&&: compare with MC).

3. Results and discussion

3.1. Regulation of surface charge intensity of ferroelectric nanocomposite
membranes

In order to achieve varying surface charge intensities on the ferro-
electric nanocomposite membrane, we utilized a strategy of controlling
the annealing temperature combined with corona poling treatment of
the BTO/P(VDF-TrFE) nanocomposite membrane. Firstly, the surface of
BTO-NPs was modified with dopamine and then incorporated into P
(VDF-TrFE) matrix to form a nanocomposite membrane (Fig. 1a) as
described in our previous study [16]. Then the membrane samples were
subjected to annealing treatments at different temperatures (90 °C and
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120 °C) (Fig. 1b). As compared with the membrane without annealing
treatment (Drying at 55 °C), the remanent polarization of the nano-
composite membrane could be significantly improved after annealing
treatment at both 90 °C and 120 °C (Fig. 1e). In particular, the nano-
composite membrane annealed at 120 °C maintains a higher remanent
polarization, and is considered to reach the curie temperature of P
(VDF-TrFE) [20]. In previous studies [15], it was confirmed that
continuing to increase the annealing temperature would lead to cracks
on the material surface, as well as increasing brittleness of the solid
material, limiting its clinical applications. Previous studies have
confirmed that annealing at the Curie temperature can significantly
increase the ferroelectric f-phase content of P(VDF-TrFE) [21]. There-
fore, in this study, we achieved controllable remanent polarization by
adjusting the annealing temperature, which enables differential polari-
zation of surface charge parameters of the nanocomposite membrane.
We further carried out corona poling of the nanocomposite mem-
branes to achieve surface charge polarization. Firstly, the relative sur-
face potential of nanocomposite membranes was characterized by
scanning Kelvin probe microscopy (SKPM) (Fig. 1d). As expected,
corona poling treatment significantly increased the relative surface po-
tential (referred to as LC) of the unannealed membrane, as compared
with the untreated membrane (referred to as NC). The relative surface
potential of the 90 °C annealed membrane is significantly higher than
that of the unannealed group after corona polarization treatment under
the same conditions, which is referred to as MC. Apparently, the 120 °C
annealed membrane exhibited the highest surface potential after the
same corona poling treatment (referred to as HC). The quantitative
analysis of the relative surface potential also verified this trend (Fig. 1f).
The different surface charge parameters on the nanocomposite mem-
branes were further confirmed by measuring the piezoelectric coeffi-
cient (ds3) (Fig. 1g). The ds3 of the annealed membrane was significantly
higher than that of the unannealed membrane (ds3 =~ 4 pC N’l), and
furthermore, the average ds3 value of the 120 °C annealed membrane
(ds3 ~ 19 pC N™1) was significantly higher than the 90 °C annealed
membrane (ds3 ~ 12 pC N™1). As reported in a previous study, the dif-
ference in surface charge imparted by corona poling treatment of the
nanocomposite membranes with different annealing pretreatments is
mainly due to annealing pretreatment increasing the g-phase content of
P(VDF-TrFE); with incorporation of nanoscale ferroelectric BTO parti-
cles increasing its interface electrical polarization with the P(VDF-TrFE)
matrix [16]. Furthermore, the charge polarization homogeneity of the
membrane surface was investigated by examining the dsg distribution.
From the contour map (Fig. S3), it could be observed that the surface
electrical charge was distributed uniformly on the membrane surface for
all groups. This suggests that membrane surface charges can provide
homogeneous electrical stimuli to cellular responses. These results thus
indicate that varying the annealing temperature combined with corona
poling technique, could be a practical method for achieving differential
regulation of surface charge parameters of nanocomposite membranes.
The other surface properties of the nanocomposite membranes were
investigated to exclude artefactual interference from differences in
physical surface properties. It was found that the BTO NPs fillers are
uniformly dispersed within the P(VDF-TrFE) matrix (Fig. 1¢), and there
is no obvious difference in the surface structure between nanocomposite
membranes with different charge parameters, as observed under a high-
magnification field of view (Fig. S1). This indicates that annealing
treatment below 120 °C and subsequent corona poling had no effect on
the surface morphology of the material, with no significant difference in
surface roughness (Figs. S2a and b) and surface wettability (Fig. S2c),
except for tensile strength (Fig. S4a) and elastic modulus (Fig. S4b)
increasing with annealing temperature. According to our study, as well
as other previous studies, the tensile strength and elastic modulus
changes at this magnitude will not affect the biological functions of stem
cells [15,16]. This thus enabled us to focus exclusively on the effects of
surface charge intensity on the biological properties of the nano-
composite membranes, excluding artefactual interference from other
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general physico-chemical properties.

3.2. Surface electrical charge promotes earlier neural differentiation of
SHED in a dose-dependent manner

To evaluate whether surface electrical charge on the ferroelectric
nanocomposite membranes can enhance neurogenic differentiation of
SHED, these cells were initially cultured on the nanocomposite mem-
branes with different charge polarization parameters for 2 days in neural
induction medium based on our preliminary experiment, in which we
found that the neural induction of SHED was not obvious at timepoints
earlier than 2 days, such as 6 h, 12 h and 1d (data not shown). Subse-
quently, the cells were subjected to immunostaining for detection of the
earlier neurogenic marker, Musashil (MSI1), which is widely-regarded
to be the canonical marker of neural stem cells and progenitor cells
[22]. It is a transcription inhibitor that can directly regulate the
expression of target proteins numb and p21 (CIP-1), which are mainly
found in neural stem cells [23]. MSI1 is therefore an appropriate marker
of early neurogenesis. Because Musashil is a transcription factor,
immunofluorescence staining is predominantly localized in the cell
nuclei (Fig. 2a). As shown in Fig. 2a, the immunocytochemical staining
results showed a gradual increase in MSI1 expression by SHED, with
increasing surface charge on the nanocomposite membrane, which
clearly demonstrates that surface charge enhances earlier neurogenic
differentiation of SHED in a dose-dependent manner. This was corrob-
orated by quantification of immunofluorescence staining intensities
(Fig. 2b). It was found that the fluorescence intensity of the LC, MC and
HC groups were significantly increased compared with the NC group,
with the HC group exhibiting the highest value (Fig. 2b). In addition,
obvious differences in cell morphology can be observed between the
differentially charged nanocomposite membranes. In particular, within
the HC group, the cells exhibited a larger spreading area and more
elongated cell morphology (Fig. 2a, Fig. S6). Interestingly, there was
also observed to be a concomitant gradual increase in F-actin expression
by SHED, with increasing surface charge of the nanocomposite mem-
brane (Fig. 2a). This may be related to increased cell spreading area
(Fig. S5a), cell elongation (Fig. S5b) and increased neurite outgrowth
(Fig. 2¢), with increasing surface charge of the nanocomposite mem-
branes. F-actin is a major component of the cytoskeleton, which is
known to play a key role in neurite outgrowths and axonal formation
during neurogenesis [23,24].

The qRT-PCR analysis showed that both early neural markers MSI1
and Nestin displayed a trend towards increased expression, with
increasing surface charge of the nanocomposite membrane (Fig. 2d).
Additionally, Western blots also detected a trend towards increased
protein expression levels of MSI1 being induced by increasing surface
charge on the nanocomposite membrane, after 2d of neural induction
culture (Fig. 2e and f). These markers are associated with neuronal
cytoskeleton formation [25-27], which was also confirmed by the
immunocytochemical staining results (Fig. 2a). Interestingly, the
expression of mid-to-later stage neural markers Neuron specific enolase
(ENO2) and Neurofilament medium (NEFM) were significantly higher in
the HC group than in the other groups (Fig. 2d), suggesting that
increased surface charge might hasten neurogenic differentiation of
SHED. Hence, the dose-response effect of increasing surface charge on
hastening neural differentiation of SHED was demonstrated.

The activation of transmembrane calcium channels and intracellular
calcium transients play an important role in regulating the neurogenic
differentiation of stem cells [28,29]. Hence, in order to explore the
underlying mechanisms of the dose-response effect of surface charge on
SHED neural differentiation, we investigated how the nanocomposite
membranes affect the intracellular calcium concentration in SHED. After
neural induction culture for 2d, it was observed that with increasing
surface charge, the calcium fluorescence intensity histogram shifted to
the right (Fig. 2g), thus indicating that the intracellular calcium con-
centration gradually increased from the NC to HC groups. The statistical
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Fig. 2. Dose-response effect of surface
charge of nanocomposite membranes on
earlier stage neural differentiation of
SHED. (a) Immunocytochemical staining for
detection of MSI1 (Green), F-actin (red) and
nuclear DNA (DAPI, blue) in SHED cultured
on nanocomposite membranes with varying
surface charges in neural induction medium
for 2 days. With increasing surface charge of
the polarized BTO membranes, the expres-
sion of early neural marker MSI1 increased
significantly, and showed obvious nuclear
localization. (Scale bar: 75 pm) (b) Immu-
nofluorescence staining intensities of MSI1
expression in SHED cultured in neural in-
duction medium for 2 days (n = 50). (c) The
average neurite length of neuron-like cells
induced by nanocomposite membranes in
neural induction medium for 2 days (n =
35). (d) mRNA expression levels of neuro-
genic markers in SHED cultured in neural
induction medium for 2 days. (e) Protein
expression levels of neurogenic markers
MSI1 in SHED after culture in neural induc-
tion medium for 2 days. (f) Quantitative
analysis of protein expression levels after
culture in neural induction medium for 2
days (n = 3). (g) Flow cytometry analysis of
intracellular calcium ion concentration in
SHED cultured on nanocomposite mem-
branes for 2 days. (h) The fluorescence in-
tensity of intracellular calcium in SHED
cultured on nanocomposite membranes for 2
days.*: compared with NC; #: compared
with LC; &: compared with MC. (*p < 0.05,
*p < 0.01, **p < 0.01, ¥ < 0.05, **p <
0.01).
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analysis of fluorescence intensity confirmed that the intracellular cal-
cium concentrations of the LC, MC and HC groups were significantly
higher than that of NC group, with the HC group displaying the highest
value (Fig. 2h). High intracellular calcium concentration indicates that
cells are in a highly active electrophysiological state, which is beneficial
for triggering neurotransmitter release and regulating short-term neural
plasticity [29].

3.3. Surface electrical charge enhances later neural differentiation of
SHED in a dose-dependent manner

The normal functioning and electrical conductivity of neural tissues
depend on neuronal maturation and axonal formation [30]. After con-
firming that earlier neurogenic differentiation of SHED can be enhanced
by increasing surface charge after 2d of neural induction culture, we
further investigated the effects of surface charge on the later neurogenic
differentiation of SHED after 8d of neural induction culture.

Immunocytochemistry was carried out for detection of Beta III
Tubulin (TUBB3) (Fig. 3a), which is involved in neurogenic differenti-
ation of adult stem cells and is crucial for neuronal development and
function [31]. It is involved in specific differentiation of the neuronal
cell lineage and plays a key role in neuronal development and function
[32]. Immunohistochemical studies reported that TUBB3 is widely
expressed in immature neuronal cell bodies, dendrites, axons and axon
terminals. TUBB3 is therefore a suitable marker for characterizing more
mature neuronal cells, and its detection through immunostaining is
useful for showing the typical morphology of dendrites and axons of
neural lineage cells. TUBB3 staining is distributed throughout the entire
cell spreading area, as would be expected of a cytosolic protein (Fig. 3a).
After 8 days of neural induction culture, the immunostaining results
showed that SHED displayed increasing expression of TUBB3, together
with greater cell spreading area and cell elongation (Fig. 3a), with
increasing surface charge of the nanocomposite membranes (Fig. 3a).
The immunocytochemistry data was corroborated by quantitative
analysis of fluorescence intensity of TUBB3 immunostaining, which
showed a positive correlation between increase of fluorescence intensity
with magnitude of surface charge (Fig. 3b). Similar to the 2 days time-
point data, it was again observed that there was larger spreading area
and higher expression of F-actin within the charged groups versus un-
charged NC group (Fig. 3a), which may be related to enhanced neurite
outgrowth (Fig. 3c), increased cell spreading area (Fig. S5¢) and greater
cell elongation (Fig. S5d) with increasing surface charge.

These results were further validated by qRT-PCR analysis of neural
marker expression at the mRNA level. The relative expression levels of
later-stage neural markers [32,33] including TUBB3, ENO2, NCAM1 and
NEFM displayed an increasing trend correlated to increasing surface
charge on the nanocomposite membranes, with the HC group displaying
the highest expression levels of all neural markers analyzed (Fig. 3d).
Western blots confirmed increasing expression of TUBB3 at the protein
level, with increasing surface charge of the nanocomposite membrane,
during later neurogenic differentiation at the 8d timepoint (Fig. 3e and
f). Hence, the 8d timepoint data again confirmed that electrical stimuli
contributed significantly to enhancing SHED neural differentiation in an
a dose-dependent manner.

After 8 days of neural induction, the intracellular calcium concen-
tration of SHED was quantified again with flow cytometry. Similar to the
2d timepoint data, the fluorescence intensity histogram of each group at
the 8d timepoint displayed an overall shift to the right, with an obvious
dose-response relationship (Fig. 3g). Statistical analyses of the fluores-
cence intensity data confirmed this result, with the HC group exhibiting
the highest value, which was nearly 4 times that of NC (Fig. 3h). The
above results thus showed that the charged nanocomposite membranes
promoted increase in the intracellular calcium concentration of SHED in
a dose-dependent manner, triggering the signaling cascade reaction
initiated by voltage-gated calcium channels, which in turn enhanced
SHED neural differentiation in a dose-dependent manner.
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3.4. Mechanotransduction signaling is implicated in enhancement of
SHED neural differentiation by surface electrical charge

Based on the observed increased cell spreading area, greater cell
elongation and enhanced neurite outgrowths with increasing surface
charge (Figs. 2c and 3c and S5), it would be reasonable to hypothesize
that the mechanosensing and mechanotransduction signaling axis is
somehow involved in surface charge induced enhancement of SHED
neurogenic differentiation. Indeed, the nervous system has long been
known to be receptive to various biomechanical stimuli [34,35], which
is closely related to nerve development and function.

Hence, in order to further explore the molecular mechanisms
involved, we investigated the expression of focal adhesion kinase (FAK,
also known as PTK2), and its downstream effectors Paxillin and p-Pax-
illin, which are known to play key roles in mechanosensing and
mechanotransduction [36], as well as in regulating cell adhesion and
spreading [37]. Moreover, the FAK-ERK signaling pathway is also
known to play a crucial role in regulating stem cell differentiation fate
[38]. The Western blot results showed that FAK and p-Paxillin were
up-regulated while Paxillin was down-regulated with an increase of
surface charge, both at the earlier timepoint of 2d (Fig. 4a) and later
timepoint of 8d (Fig. 4b). This trend was further confirmed by the
quantitative analysis of protein expressions (Fig. 4d & e). FAK acts as the
molecular hub connecting integrin and downstream signaling molecules
of the integrin signaling pathway [39]. Cytoskeletal proteins such as
integrin, FAK and talin are co-localized and assembled together to form
focal adhesion [40]. Paxillin is a cytoskeletal protein involved in
actin-membrane attachment at the extracellular matrix site, which plays
an important role in the integrin signaling transduction [41].
Integrin-mediated reorganization of the cytoskeleton requires the
phosphorylation of Paxillin tyrosine residues [42]. As seen in Fig. 4a and
b, there was a gradual increase in the expression of FAK and phos-
phorylated Paxillin (p-PXN) with increasing surface charge. The
increased expression of p-PXN in turn upregulates the level of active
Racl [43], thereby promoting the formation of cytoskeleton, which
could explain why there is increased F-actin expression with increasing
surface charge (Figs. 2a and 3a). Hence, these data thus indicate that the
FAK mechanosensing signaling pathway is implicated in the
dose-response effect of surface charge in enhancing SHED neural
differentiation.

In order to further investigate in-depth the molecular events impli-
cated in surface charge-induced enhancement of SHED neural differ-
entiation, we conducted RNA-seq-based transcriptome profiling of SHED
cultured on the high-charged nanocomposite membranes, after 8d of
neural induction culture. From the heatmap, it can be observed that
upon comparing with NC, neurogenic differentiation was increased,
while osteogenic differentiation was inhibited on HC (Fig. 4c). This
result was also confirmed by qPCR analysis of differentially expressed
genes related to neurogenesis and osteogenesis in the RNA-Seq data
(Fig. 4h). These findings clearly indicate that mechanotransduction
plays an important role in the process by which electrical charge on the
ferroelectric nanocomposite membranes enhances SHED neural differ-
entiation. Not only because of increasing expression of FAK (PTK2) and
p-Paxillin with increasing surface charge (Fig. 4a and b), but also
because of the observed morphological changes (Figs. 2 and 3) and the
RNA-Seq analysis data (Fig 4c, f-i). From the immunocytochemical
staining images (Figs. 2a and 3a) and statistical analyses of neurite
lengths (Figs. 2¢ and 3c), obvious morphological changes of cell out-
growths and extensions on the surface of the differentially-charged
nanocomposite membranes can be observed. As widely reported in the
scientific literature, cell adhesion, growth and functional differentiation
on biomaterials are closely related to cell mechanotransduction, the
formation of focal adhesions and cytoskeletal rearrangement. Addi-
tionally, KEGG enrichment analyses revealed the TOP10 enrichment
pathways for functional annotation among the genes that were
differentially-expressed, upon comparing the HC versus NC group at the
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Fig. 3. Dose-response effect of surface
charge of nanocomposite membranes on
later stage neural differentiation of SHED.
(a) Immunocytochemial staining for detection
of TUBB3 (Green), F-actin (red) and nuclear
DNA (DAPI, blue) in SHED cultured on nano-
composite membranes with varying surface
charges for 8 days in neural induction me-
dium. (Scale bar: 50 ym) (b) Immunofluores-
cence staining intensities of TUBB3 in SHED
cultured in neural induction medium for 8
days (n = 50). (c) The average neurite length
of neuron-like cells induced by nanocomposite
membranes in neural induction medium for 8
days (n = 40). (d) mRNA expression levels of
neurogenic markers in SHED cultured on
nanocomposite membranes in neural induc-
tion medium for 8 days. (e) The protein
expression levels of neurogenic markers
TUBB3 in SHED with increasing surface
charge of nanocomposite membranes, after
culture in neural induction medium for 8 days.
(f) Quantitative analysis of protein expression
levels after culture in neural induction me-
dium for 8 days (n = 3). (g) Flow cytometry
analysis of intracellular calcium concentration
in SHED cultured on nanocomposite mem-
branes for 8 days. (h) The fluorescence in-
tensity of intracellular calcium in SHED
cultured on nanocomposite membranes for 8
days. *: compared with NC; #: compared with
LC; &: compared with MC. (*p < 0.05, **p <
0.01, #p < 0.05, **p < 0.01, *p < 0.05, **p <
0.01).
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Fig. 4. Underlying molecular mechanisms and signaling pathways by which surface electrical charges on nanocomposite membranes enhance SHED
neural differentiation. (a) Protein expression levels of the FAK (PTK2) mechanosensing pathway downstream effectors Paxillin and p-Paxillin in SHED cultured on
nanocomposite membranes with varying surface charges in neural induction medium for 2 days. (b) Protein expression levels of Paxillin and p-Paxillin in SHED
cultured on nanocomposite membranes with varying surface charge in neural induction medium for 8 days. (c) Heat map of up-regulated neurogenic promoting
genes and down-regulated osteogenic-promoting genes in SHED on high-charged nanocomposite membranes after culture in neural induction medium for 8 days. (d)
Quantitative analysis of protein expression levels of FAK, Paxillin, p-Paxillin and p-Paxillin/Paxillin in SHED after culture in neural induction medium for 2 days (n =
3). (e) Quantitative analysis of protein expression levels of FAK, Paxillin, p-Paxillin and p-Paxillin/Paxillin in SHED after culture in neural induction medium for 8
days (n = 3). (f) KEGG signaling pathway analysis of significantly differentially-expressed genes in SHED on high-charged nanocomposite membranes after culture in
neural induction medium for 8 days. (g) The up-regulated gene expression of representative mechanosensing and neural differentiation signaling pathways enriched
by KEGG analysis. (h) qPCR verification of differentially expressed genes related to neurogenesis and osteogenesis in the heat map of RNA-Seq analysis in Fig. 4c. (i)
qPCR verification of differentially expressed genes of representative mechanosensing and neural differentiation signaling pathways enriched by KEGG analysis in
}zig. 4g. (j) Schematic diagram of the possible underlying molecular mechanisms.
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