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trical stimulation on cortical cells
in 3D nanofibrous scaffolds

Qinwei Xu,a Lin Jin, *bc Cheng Li,d Shreyas Kuddannayaia and Yilei Zhang *a

Cellular behaviors are significantly affected by cellular microenvironment, including mechanical supports,

electrical and chemical cues, etc. Three dimensional conductive nanofibers (3D-CNFs) provide the

capability to regulate cellular behaviors using mechanical, geometrical and electrical cues together, which

are especially important in neural tissue engineering. However, very few studies were conducted to

address combined effects of 3D nanofibrous scaffolds and electrical stimulation (ES) on cortical cell

cultures. In the present study, polypyrrole (PPy)-coated electrospun polyacrylonitrile (PAN) nanofibers with

a 3D structure were successfully prepared for the cortical cell culture, which was compared to cells

cultured in the 2D-CNFs meshes, as well as that in the bare PAN nanofibers, both in 2D and 3D. While

smooth PAN 3D nanofibers showed dispersive cell distribution, PPy coated 3D-CNFs showed clusters of

cortical cells. The combined effects of 3D conductive nanofibers and ES on neurons and glial cells were

studied. Different from previous observations on 2D substrates, pulsed electrical stimulations could

prevent formation of cell clusters if applied at the beginning of culture, but could not disperse the clusters

of cortical cells already formed. Furthermore, the electrical stimulations improved the proliferation of glial

cells and accelerate neuron maturation. This study enriched the growing body of evidence for using

electrical stimulation and 3D conductive nanofibers to control the culture of cortical cells, which have

broad applications in neural engineering, such as implantation, biofunctional in vitro model, etc.
1. Introduction

Regeneration capability of adult nervous system is very limited
and existing treatments of injuries in central nervous system
(CNS) and peripheral nervous system (PNS) are restricted by
many factors, like immunological rejections, potential disease
transfer, and inhibitory environment formed aer injuries.1–3

One alternative approach widely studied recently is to fabricate
3D polymeric scaffolds with cells in order to generate tissues
suitable for implantation.4,5

For neural tissues, multiple cues, such as chemical cues,
geometrical cues, and electrical cues, are always presented
simultaneously; thus, a platform that could combine different
stimuli or cues is highly desired. Nonetheless, many previous
studies focused only on separating effects of geometrical cues
or electrical stimulations. For example, geometrical cues
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provided by nanobers have been studied for neuron growth,
which proved that nanobers could mimic the extracellular
matrix (ECM) well in terms of their unique characteristics,
including ultrane continuous bers, high surface-to-volume
ratio, high porosity and so on.6–9 In addition, geometrical
cues have also been applied to guide stem cells to differentiate
into neural lineage,10,11 direct orientation of neurons or
glials,10,12–16 inuence proliferation of stem cells,17 enhance the
neurite outgrowth18–20 and guide migration of glial cells.13,21

Recently, conductive nanobers are emerging as one of the
most important tools in neural tissue engineering due to the
geometrical cues they provide for cell growth and functional
expression, as well as the possibility of inducing external
electrical stimulations for regulation of cellular behaviors.22–25

For example, many studies showed enhanced neurite growth
and neuron development caused by electrical stimulations and
geometrical cues in 2D conductive nanobers.5,14,16,26,27 One big
limitation of 2D nanobers is that they only support 2D cell
culture, i.e., cells could not penetrate and grow inside the
bers. However, 3D cell culture could mimic the complex of in
vivo conditions, i.e., cells could behave in a manner that is
closer to their in vivo behaviors. For example, compared to 2D
culture, the signaling and gene expression of cells cultured in
3D were closer to those of cells found in vivo. With these
advantages, a more functional platform could be built for
tissue engineering.28
RSC Adv., 2018, 8, 11027–11035 | 11027
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In this report, a 3D nanobrous scaffold was electrospun
using polyacrylonitrile (PAN), which was then coated with pol-
ypyrrole (PPy) to introduce good biocompatibility and conduc-
tivity into the PAN nanobers while maintain the 3D porous
structures.5,16,29 Observations conrmed that cells could grow
inside the 3D conductive nanobers (3D-CNFs). The combined
effects of the 3D nanobrous structure and the PPy-coating on
cortical cell growth were evaluated in terms of neuron
morphology. Furthermore, we reported the inuence of elec-
trical stimulation on the morphologies and proliferation of
cortical cells and the maturation rate of neurons cultured in
these 3D-CNFs.
2. Experimental section
2.1 Fabrication of PAN nanobers and conductive
nanobers

Polyacrylonitrile (PAN) is frequently used in biomedical appli-
cations such as drug delivery, wound dressing, implantation,
and dialysis membrane.30,31 Its nanobers, having diameters in
the range from 100 nm to a few microns, could be easily
produced via the electrospinning technology,32,33 which has
been used in tissue engineering as scaffolds34–36 including 3D
scaffolds.31 The polypyrrole (PPy) coating was chosen because of
its good biocompatibility and high electrical conductivity,16,37–39

which could also improve mechanical properties of PAN nano-
bers40 due to the core–shell structure. Although PPy is
considered non-biodegradable and might remain in tissue for
a relatively long period, its biocompatibility in vitro and in vivo
has been demonstrated. Within a long period of half year, only
light inammation could be found aer a PPy-coated silicone
tube was implanted to bridge the gap of rat sciatic nerve.39 The
fabrication process of scaffolds followed previous work41 as
illustrated in Fig. 1a. Briey, the PAN (Mn ¼ 90 000) was dis-
solved in N,N-dimethylformamide (DMF) at a concentration of
10 wt%. Then the polymer solution was constantly stirred until
it became homogenous. The electrospinning process was con-
ducted with a customized system, where the solution was fed
Fig. 1 Schematic of (a) electrospinning setup and (b) a bioreactor for
electrical stimulation (3D view and cross-section).

11028 | RSC Adv., 2018, 8, 11027–11035
into a syringe that was capped with a needle (22 gauge, blunt)
and pushed by a syringe pump at a rate of 1.0 mL h�1. A
continuous jetting stream was generated by applying a voltage
of 15 kV. The distance between the syringe tip and the collector
was 10 cm. 2D PAN nanobers were deposited onto an
aluminium foil-covered collector. For the 3D nanobers, the
PAN nanobers were spun into the container lled with ethanol
solution and the container was shaken every 5 min to let the
nanobers extend fully for the 3D architecture. The 3D PAN
nanobers were then obtained by freeze drying method aer
washing in deionization (DI) water. The porosity of the 3D
nanobers could be easily changed by dispersing different
number of nanobers into the certain volume of DI water. For
our cell culture, the nal porosity of all the 3D scaffolds was
controlled by dispersing the 3D nanobers into DI water at
a density of 0.125 mg mL�1.

The conductive PPy shell layer was coated on the surface of
the nanobers by in situ polymerization of pyrrole within FeCl3
as the oxidant. Briey, the nanobers were immersed in
a 0.04 M pyrrole aqueous solution. The polymerization of
pyrrole and deposition of PPy were initiated by adding the same
volume of 0.084 M FeCl3 aqueous solution at room temperature.
The mixture was treated by an ultrasonic cleaner for 1 h. Then,
the 3D conductive nanobers (3D-CNFs) were washed by chlo-
roform and freezing dried.
2.2 Cell isolation and cell culture

All animal work was approved by the Nanyang Technological
University Institutional Animal Care and Use Committee and
abided by the Guidelines on the Care and Use of Animals for
Scientic Purposes as set out by the National Advisory
Committee for Laboratory Animal Research. Cortical tissue was
isolated from the cerebral cortex region of the postnatal 1 day
old rat pups (P1) as described in the previous work.42,43 The
tissue was dissociated by trituration aer digestion with
20 UmL�1 papain (Life Technologies, Singapore) in a dissection
buffer adjusted to neutral pH and allowed to digest until
a smooth homogeneous precipitate was formed. The cells were
then suspended in the culture medium consisting of 50%
minimal essential medium (MEM) supplemented with 10%
fetal bovine serum and 50% neurobasal medium supplemented
with B27 and 0.5 mM glutamine, 25 mM glutamate (Life Tech-
nologies, Singapore).

The 3D scaffolds and 2D meshes were tted into 24-well
plates and sterilized by soaking in 70% ethanol solution for 12
hours, followed by washing 3 times with Dulbecco's phosphate
buffered saline (DPBS). The samples were sterilized under UV
for 2 hours. Before seeding cells, samples were incubated with
the culture medium at 37 �C for half an hour. Aer removing the
medium, 100 mL medium with a concentration of 5 � 106

cells per mL were added to the surfaces of samples. The cell-
laden samples were incubated at 37 �C with 5% CO2 for
30 min to allow cells to attach. Aer that, 900 mL fresh culture
medium was added to the wells. The cell-laden samples were
stored at 37 �C with 5% CO2 for 24 hours. Then the 24-well plate
was shaken gently, and the unattached and dead cells were
This journal is © The Royal Society of Chemistry 2018
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removed by removing the old medium entirely through pipet-
ting followed by adding the fresh and pre-warmed medium.
Aer that, half old culture medium was changed with pre-
warmed fresh medium twice per week.

2.3 Electrical stimulation

Electrical stimulation of cell culture was performed on the
3D-CNFs with a self-made bioreactor as showed in Fig. 1b.
Isolated cells were seeded into 3D-CNFs at 5� 105 cells per well.
Aer 24 h in culture, stainless steel electrodes were inserted to
form the electrical contact with the 3D scaffolds. A 100 Hz
pulsed electrical eld of 100 mV cm�1 was applied across the
two electrodes for 4 h in the incubator (at 37 �C with 5% CO2)
with a function generator (AFG3022C, Tektronix, USA) daily for
one week. Cells were analysed 24 h aer electrical stimulation.

2.4 Immunocytochemistry and SEM imaging

To assess the cell culture aer 7 days, different antibodies were
utilized. Anti-Microtubule-Associated Protein-2 (MAP2) (Milli-
pore, Singapore) and anti-Tau (Abcam, Singapore) were chosen
to stain the neuron body and axon respectively. Glial brillary
acidic protein (GFAP) (anti-GFAP antibody, Millipore, Singa-
pore), which is expressed by numerous cell types of the CNS
including astrocytes and ependymal cells,44,45 were utilized to
stain glial cells.

Cell-laden samples were rinsed with 1� PBS and xed in 10%
neutral buffered formalin solution (Sigma, Singapore) for half
an hour. Cells were then treated with 0.5% Triton X-100 solution
(Sigma, Singapore) for 15 min at room temperature and fol-
lowed by 45 min incubation in blocking buffer solution con-
sisting 3% bovine serum albumin (BSA) (Sigma, Singapore) and
0.5% fetal bovine serum (FBS) (Life Technologies, Singapore) to
avoid non-specic binding of antibodies. The cells were
incubated with neuron-specic anti-Microtubule-Associated
Protein-2 (MAP2) (Millipore, Singapore) and anti-Tau (Abcam,
Singapore) antibodies in 1 : 500 dilution at 4 �C for overnight.
On the following day, the cells were exposed to the Alexa Fluor®
488 and Alexa Fluor® 555 (Life Technologies, Singapore) in
1 : 700 dilution at 4 �C for overnight. Finally, cell nuclei were
stained with 1 : 1000 diluted DAPI (Life Technologies, Singa-
pore) for 1 min at room temperature.

Synaptophysin antibody (Life Technological, Singapore), as
a pre-synaptic biomarker, and post-synaptic density protein 95
(PSD95) (Millipore, Singapore), as a post-synaptic biomarker,
were utilized to characterize the synapse. Cells xed and treated
with Triton X-100 as mentioned before were incubated with
synaptophysin and PSD95 in 1 : 1000 dilution at 4 �C for over-
night. On the following day, the cells were exposed to the Alexa
Fluor® 488 and Alexa Fluor® 555 (Life Technologies, Singapore)
in 1 : 700 dilution at room temperature for one hour. Finally,
cell nuclei were stained with 1 : 1000 diluted DAPI (Life Tech-
nologies, Singapore) for 1 min at room temperature.

Fluorescent images from the stained samples were acquired
using an inverted confocal laser scanning microscope (Zeiss
LSM780). Scaffolds with xed cells were then washed with DI
water and lyophilized for SEM imaging.
This journal is © The Royal Society of Chemistry 2018
2.5 Proliferation and maturation

The proliferation of cortical cells was characterized by PrestoBlue
cell viability kit (Life Technologies, Singapore). Briey, the 3D-
CNFs with cell culture were washed and incubated in medium
containing 10% PrestoBlue reagent for 1 h in a humidied
atmosphere at 37 �C and 5% CO2. Culture medium containing
10% PrestoBlue reagent was incubated with no cells and served
as the blank control. The absorbance of the reduced PrestoBlue
reagent wasmeasured at 570 nmwhile 600 nmwas utilized as the
reference with a Multiskan Spectrum microplate reader (Thermo
Scientic, Singapore). The absorbance reading was utilized to
represent the cell amount as the manufacturer's protocol.

The maturation was described as the ratio of the number of
mature neurons to the total number of neurons. Cells with
MAP2 expression (green uorescence) were counted as neurons.
Among them, the cells with tau expression (red uorescence)
were counted as mature neurons. The cell number was counted
with Imaris (Bitplane, USA) by analyzing the uorescent images.

2.6 Statistical analysis

Statistical analysis of proliferation and maturation was per-
formed using two-way Analysis of Variables (ANOVA) followed
by Tukey's post hoc tests. When p < 0.05, results were considered
as signicant and indicated with *. All experiments were done
in triplicate unless otherwise stated. Data in this part were
presented in term of mean � standard deviation (n ¼ 3).

3. Results and discussion
3.1 Characterization of scaffolds

The optical images of fabricated nanobers (NFs) and conductive
nanobers (CNFs) as well as the SEM images of 2D- and 3D-CNFs
were showed in Fig. 2. The 2D samples were like a thin lm
(Fig. 2a and b) while the 3D samples had clear 3D architectures
(Fig. 2d and e). While the nanobers in 2D-CNFs exhibited a close-
packed structure (Fig. 2c), the 3D-CNFs scaffold had an obvious
3D nanobrous architecture (Fig. 2f), i.e., nanobers dispersed in
a 3D space without collapsing onto a single layer. The 2D mats
have a smaller pore size from 0–10 mm while the 3D-nanobers
have a pore size of 10–30 mm (Fig. 2g), which produced enough
spaces to allow cells to penetrate and grow inside the 3D scaffold.
The pore size of PAN nanobers was maintained aer polypyrrole
coating (not shown here). This ECM-like 3D environment is
known to affect cellular responses and functions,46–49which would
be further discussed in the following sections.

3.2 Cell culture in CNFs and PAN nanobers

To assess cell culture in CNFs and NFs, uorescent images of
cells were shown in Fig. 3. Firstly, the neuron-specic uores-
cent images stained with anti-MAP2 antibody (green) demon-
strated the existence of neurons in the PAN and PPy-coated
nanobers. In all kinds of nanobers, cells are able to form
extended neurites and connect with each other, which are
essential for cell signal transmission.50 However, we observed
most of neurons cultured in both 2D (Fig. 3a) and 3D PAN
nanobers (Fig. 3c) tended to grow individually with a sparse
RSC Adv., 2018, 8, 11027–11035 | 11029
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Fig. 2 Photographs and SEM images of 2D-NFs mat (a), 2D-CNFs (b
and c), 3D-NFs (d), and 3D-CNFs scaffold (e and f). The pore size
distribution of 2D-NFs and 3D-NFs (g). (a) and (b) were adapted with
permission from ref. 47, Copyright (2016) American Chemical Society.

Fig. 3 Fluorescent images of anti-MAP2-stained neurons in (a) 2D-
PANs, (b) 2D-CNF nanofibers, (c) 3D-PAN and (d) 3D-CNF nanofibers.
Green: MAP2; blue: DAPI.

11030 | RSC Adv., 2018, 8, 11027–11035
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distribution, i.e., few neuron clusters in these nonconductive
PAN nanobers. On the contrary, most of neurons cultured in
2D-CNFs (Fig. 3b) and 3D-CNFs (Fig. 3d) tended to grow
together to form cell clusters.

This difference of clustering in PAN and PPy-coated nano-
bers could be seen in both 2D and 3D samples, which may be
attributed to the conductive PPy coating. Previously, it was re-
ported that PPy-coated 2D substrate improved the formation of
cell clusters and led to a higher neuron density compared to
uncoated substrate.51 One possible reason of cluster increase
was attributed to the roughness increase in PAN nanobers
aer PPy coating because neurons could be negatively affected
by surface roughness,51 which is true for our 3D samples, i.e.,
comparing with the smooth surface of PAN nanobers (Fig. 4a),
the PPy-coated nanobers (Fig. 4b) is much rougher.
3.3 Cell culture in 3D

First, SEM images of cortical cells cultured onto the surface of
2D-CNFs (Fig. 5a) and in the interior of the 3D-CNFs scaffolds
(Fig. 5b) aer 7 day in vitro culture were shown. The at cells
(indicated by red triangles) were probably glial cells since
neurons usually have a round soma. As showed in Fig. 5c,
cortical cells in 2D-CNFs stay at on top of the nanober mesh
because the dense packing of nanobers would not allow cells
to penetrate and grow inside. In contrast, cortical cells could
penetrate and grow in the interior of 3D-CNFs and adhere
roundly along the bers as shown in Fig. 5d.

Furthermore, the 3D confocal microscopic ortho-images
conrmed the 2D neuronal network formation on the 2D-
CNFs (Fig. 5e) and the 3D neuronal network formation in the
3D-CNFs (Fig. 5f). An even larger depth of the 3D neuronal
network could be expected because only part of the whole
neuronal network was captured in the view eld of the confocal
microscopy. Hence, we conrmed that the 3D-CNFs could help
neurons and glial cells migrate into the scaffolds thus formed
3D neuronal networks closer to those found in vivo. Thus, the
3D-CNFs were selected to study the combined effects of nano-
brous structure and electrical stimulation on cortical cells.
3.4 Effect of ES on cell morphology

To study the inuence of electrical stimulations, cortical cells
were cultured in 3D-CNFs for 7 days with daily pulsed electrical
Fig. 4 Surface roughness of PAN (a) and PPy-coated PAN nanofibers
(b). Scale bar is 5 mm.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 SEM of cortical cells cultured in 2D-CNFs (a and c), 3D-CNFs (b
and d) and confocal microscopic ortho-images of cell culture in 2D-
CNFs (e) and 3D-CNFs (f). The red arrows and triangles indicated two
different cell morphologies respectively. Green: MAP2; blue: DAPI.

Fig. 6 Confocal fluorescent images of neuronmorphology after 7 day
culture in the 3D-CNFs (a) without and (b) with electrical stimulation.
Neurite connections between individual neurons and connection
between clusters were marked with red lines.

Fig. 7 Confocal fluorescent images of neuron morphology after 7 day
culture in the 3D-CNFs with different electrical stimulation patterns.
Green: MAP2; blue: DAPI. Scale bar: 100 mm.
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stimulation (ES). As mentioned in the Experimental section,
a 100 Hz pulsed electrical eld of 100 mV cm�1 was applied
across the two electrodes for 4 h daily. In non-ES cultures, most
neurons aggregated together to form clusters; and neurites
(indicated by red line) were found to connect those isolated
clusters (Fig. 6a). Unlike the unstimulated 3D-CNFs cultures, ES
altered the morphologies of cells, i.e., no cell clusters were
found in the electrically stimulated cultures (Fig. 6b). Instead,
the electrically stimulated neurons tended to grow individually
with neurite connections, which were marked with red lines (in
Fig. 6 merge) using Simple Neurite Tracer.52

To further understand whether the clustering behavior
change was a short-term or long-term effect, two groups of 3D-
CNFs were applied different ES patterns as shown in Fig. 7.
Group A was rst cultured with ES from Day 0 to Day 4; then
cultured without ES till Day 7. Group B was cultured without ES
from Day 0 to Day 3 and stimulated from Day 4 to Day 7.
Neurons in Group A grew separately aer 4 Day ES (Fig. 7A-Day
4). However, aer 3 day culture without ES, the neurons in
Group A aggregated again (Fig. 7A-Day 7), which indicated that
cortical cells would form clusters aer initial ES stopped. On the
words, the effect of ES on cell morphology is a short-term effect.
On the other hand, the aggregation appeared in Group B aer 4
day culture without ES (Fig. 7B-Day 4), but the following 3 day
This journal is © The Royal Society of Chemistry 2018
ES did not disperse the neurons (Fig. 7B-Day 7), which indicated
that the postponed ES was not enough to disperse the clustered
neurons. Altogether, it indicated that ES could prevent clus-
tering of cortical cells in the 3D-CNFs, but could not disperse
already formed clusters of cortical cells.

Furthermore, neurons and glial cells (mainly astrocytes) were
stained by anti-MAP2 antibody and anti-GFAP antibody respec-
tively. Neurons cultured without ES (Fig. 8a–d) aggregated while
RSC Adv., 2018, 8, 11027–11035 | 11031
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Fig. 8 Confocal fluorescent images of neurons and glial cells on Day 7
in the 3D-CNFs (a–d) without and (e–h) with electrical stimulation.
Blue: DAPI; green: MAP2; red: GFAP. Scale bar: 100 mm.
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neurons cultured with ES (Fig. 8e–h) grew dispersedly. The MAP2
expression and GFAP expression indicated most of the neurons
were growing closely with glial cells. It is known that glial cells
could facilitate the migration and spread of neurons.53 With
electrical stimulation, development of both neurons and glial
cells could be promoted.54,55 For example, researchers have found
that ES regulated astrocytes' proliferation and migration.55

To verify the formation of synapse, immunocytochemistry
staining of both synaptophysin antibody (Life Technological,
Singapore), a pre-synaptic biomarker, and post-synaptic density
protein 95 (PSD95) (Millipore, Singapore), a post-synaptic
biomarker, were utilized. The expression of synaptophysin
and PSD95 of cells cultured for 7 days with or without ES were
shown in Fig. 9. Synapses indicated by the adjacent or
Fig. 9 Immunostaining of synaptophysin and PSD 95 in 7 day cultured
cortical cells in control (a and b) and ES (c and d) groups. (b) and (d)
were regions of interest (indicated with dashed line) from (a) and (c)
respectively. The synaptophysin was detected adjacent to PSD 95
(indicated with arrows).
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overlapped uorescent spots of synaptophysin and PSD95 were
found in both groups with and without ES.

Despite the mechanism how ES changed the clustering
behavior of cells cultured in the 3D-CNFs is not completely
clear, it had been reported that the clustering behavior could
depend on the surface properties of the scaffolds, such as
hydrophilicity,53,56 geometrical cues,57 as well as the electrical
stimulation.54,58 In 2D substrates, it was reported that neuronal
culture with electrical stimulation may increase neuron clus-
ters,54,58 which was attributed to the heterogeneous conductivity
of the substrate, i.e., the conductivity in the different locations
of the substrate was different. However, we found that electrical
stimulation in 3D-CNFs prevented the cells from clustering,
which could be attributed to the combined effects of the 3D
structure and ES. Different from 2D substrates, the 3D structure
provided a much larger space for cortical cells to spread and
migrate in three-dimension (Fig. 5b), thus prevent the forma-
tion of clusters.
3.5 Effect of ES on proliferation of cortical cells

Glial cells play important roles in the entire nervous system,
such as providing physical supports for neurons and regulating
the micro environment.59 To investigate the effects of ES to the
glial cells, their proliferation in the 3D-CNFs was characterized
while mature neurons do not proliferate.60 Results obtained
from PrestoBlue kit were illustrated (Fig. 10) and the cell
amounts were represented by relative absorbance. From Day 1
to Day 3, the means of cell amounts in ES groups were larger
than that in control groups; but the increases were not statis-
tically signicant. In Day 7, the cell amounts showed a signi-
cant increase compared to Day 1 and Day 3 in both ES and
control groups. Particularly, the cell amount in 3D-CNFs with ES
was signicantly larger than that without ES, which indicated
a signicant improvement on glial cell proliferation caused by
ES through the 3D-CNFs. Two-way Analysis of Variance (ANOVA)
test gave the main effect value for ES, F (2, 12) ¼ 39.92,
Fig. 10 Proliferation (represented by relative absorbance in 570 nm) of
cell cultures with or without electrical stimulation in Day 1, Day 3 and
Day 7. * indicated p < 0.05, ** indicated p < 0.01, *** indicated p <
0.001 and **** indicated p < 0.0001. 3 wells for each group were
measured.

This journal is © The Royal Society of Chemistry 2018
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p < 0.0001 and the main effect value for culture time, F (2, 12) ¼
18.28, p ¼ 0.0011, which indicated that electrical stimulation
had even more signicant inuence than culture time on the
proliferation of glial cells in 3D-CNFs.

The ES-related enhancement of cell proliferation is
consistent with previous results obtained.55,61–65 The prolifer-
ation is probably attributed to the elevated calcium level
because the voltage-gated calcium channels in the cell
membrane could be activated by electrical stimulation.65

Furthermore, the surface properties of PPy coated nanober
could be changed during electrical stimulation. For example,
it had been reported that an increase of bronectin absor-
bance on PPy with electrical stimulation.66 With the increase of
protein absorbance on PPy surface, the surface would become
more biocompatible and help cells spread, migrate and
proliferate. For example, some astrocyte-secreted matricellular
proteins are known to involve in cell proliferation, maturation
and migration.67 Although the number of neurons is generally
assumed to be a key determinant of brain function, glial cells
have been valued as a major part of the brain.59 Regulation of
glial cell proliferation could be an important tool in regener-
ation of specic part of the brain as the glia/neuron ratio varies
along the brain.68
3.6 Effect of ES on maturation of neurons

The effect of ES on cortical cell cultures in 3D-CNFs was also
characterized by neuron maturation, i.e., the ratio of the
number of mature neurons to the total number of neurons
(Fig. 11). Anti-tau antibody staining was utilized to dene
maturation of neurons,22 i.e., mature neurons could be dened
Fig. 11 Fluorescent images of neurons in control (a) and ES (b) groups
after 7 day culture and thematuration of neurons in 3D-CNFs (c) Day 1,
Day 3 and Day 7. Green: MAP2; blue: DAPI; red: Tau. * indicated p <
0.05, ** indicated p < 0.01, *** indicated p < 0.001 and **** indicated p
< 0.0001. 3 wells for each group on each day were measured.

This journal is © The Royal Society of Chemistry 2018
as neurons with tau expression. The total number of neurons
was obtained by counting the cells with MAP2 expression in
Imaris (Bitplane, USA). The single-channel and merged uores-
cent images indicated the existing of mature neurons aer 7 day
culture in the control and ES group respectively (Fig. 11a and b). A
signicant enhancement of maturation happened in ES groups
compared to control groups could be observed at every time point
starting from Day 1 to Day 7. Without ES, the maturation in
control groups reached 35.70% onDay 1, then slowly increased to
44.98% on Day 3 and nally reached 46.68% on Day 7. With ES,
61.07% of neurons in the 3D-CNFs were mature on Day 1 fol-
lowed by a signicant jump to 76.75% on Day 3, which increased
to 84.27% on Day 7. From a two-way ANOVA, the main effect
values were ES (F (2, 12) ¼ 208.9, p < 0.0001) and culture time (F
(2, 12) ¼ 21.84, p ¼ 0.0001), which suggested that both ES and
culture time contributed signicantly on the maturation of
neurons in 3D-CNFs (Fig. 11c). The enhancement of neuron
maturation may also be attributed to the signaling change, i.e.,
the inux of Ca2+ induced by the depolarizing current, which can
active the calmodulin-kinases to elicit neurite outgrowth and
expedite neurites development.22,26
4. Conclusions

The biocompatibility of 3D PAN nanobers with and without
PPy coating had been demonstrated by culturing cortical cells.
The uffy 3D structure was shown to allow cells to penetrate
into the interior space to form 3D cultures. Clustering behaviors
of cultured cortical cells were different affected by both the
coating and electrical stimulations. While smooth PAN 3D
nanobers showed dispersive cell distribution, PPy coated
3D-CNFs showed clusters of cortical cells. The proliferation
data showed in Fig. 10 further indicated the biocompatibility of
PPy-coated PAN scaffolds. The number of cells cultured in the
3D-CNFs was consistent from Day 1 to Day 3 without a signi-
cant decrease, and increased signicantly from Day 3 to Day 7.
Different from previous observations on 2D substrates, pulsed
electrical stimulations could prevent formatting of cell clusters
if applied at the beginning of culture, but could not disperse the
clusters of cortical cells already formed. Furthermore, the
electrical stimulations improved the proliferation of glial cells
and accelerate neuron maturation. However, for the future
clinical application, it might still has some concerns in the long-
term use of PPy as a previous report mentioned the PPy-coated
silicon tube has caused a light inammation aer half-year
implantation in rats.39 A quantitative relation between of dose
of implanted tissue and inammation would be studied on the
pre-clinical level.

In summary, the combined effects of the 3D conductive
nanobers and electrical stimulation on neurons and glial cells
were investigated. This study enriched the growing body of
evidence for using electrical stimulation and 3D conductive
nanobers to control the culture of cortical cells. The uffy 3D
nanobrous structure and conductive properties provide
a novel platform to explore a series of applications in neural
tissue engineering.
RSC Adv., 2018, 8, 11027–11035 | 11033
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Mater., 2012, 7, 45013.

18 J. Xie, M. R. MacEwan, X. Li, S. E. Sakiyama-Elbert and Y. Xia,
ACS Nano, 2009, 3, 1151–1159.
11034 | RSC Adv., 2018, 8, 11027–11035
19 H. B. Wang, M. E. Mullins, J. M. Cregg, A. Hurtado,
M. Oudega, M. T. Trombley and R. J. Gilbert, Journal of
Neural Engineering, 2009, 6, 16001.

20 J. Xie, S. M. Willerth, X. Li, M. R. Macewan, A. Rader,
S. E. Sakiyama-Elbert and Y. Xia, Biomaterials, 2009, 30,
354–362.

21 J. M. Corey, D. Y. Lin, K. B. Mycek, Q. Chen, S. Samuel,
E. L. Feldman and D. C. Martin, J. Biomed. Mater. Res., Part
A, 2007, 83, 636–645.

22 Z.-Q. Feng, T. Wang, B. Zhao, J. Li and L. Jin, Adv. Mater.,
2015, 27, 6462–6468.

23 B. Tian, J. Liu, T. Dvir, L. Jin, J. H. Tsui, Q. Qing, Z. Suo,
R. Langer, D. S. Kohane and C. M. Lieber, Nat. Mater.,
2012, 11, 986–994.

24 T. Dvir, B. P. Timko, M. D. Brigham, S. R. Naik,
S. S. Karajanagi, O. Levy, H. Jin, K. K. Parker, R. Langer
and D. S. Kohane, Nat. Nanotechnol., 2011, 6, 720–725.

25 C. J. Bettinger, R. Langer and J. T. Borenstein, Angew. Chem.,
Int. Ed., 2009, 48, 5406–5415.

26 L. Ghasemi-Mobarakeh, M. P. Prabhakaran, M. Morshed,
M. H. Nasr-Esfahani and S. Ramakrishna, Tissue Eng., Part
A, 2009, 15, 3605–3619.

27 Y. Liu, X. Liu, J. Chen, K. J. Gilmore and G. G. Wallace, Chem.
Commun., 2008, 3729.

28 M. Ravi, V. Paramesh, S. R. Kaviya, E. Anuradha and
F. D. Paul Solomon, J. Cell. Physiol., 2015, 230, 16–26.

29 L. Jin, T. Wang, Z.-Q. Feng, M. Zhu, M. K. Leach,
Y. I. Naim and Q. Jiang, J. Mater. Chem., 2012, 22,
18321–18326.

30 H. Nakada, A. Tetsuya, I. Yasuhiko and K. Yasuo, J. Nippon
Med. Sch., 2014, 81, 221–235.

31 S. K. Nataraj, K. S. Yang and T. M. Aminabhavi, Prog. Polym.
Sci., 2012, 37, 487–513.

32 Q. P. Pham, U. Sharma and A. G. Mikos, Tissue Eng., 2006, 12,
1197–1211.

33 N. Bhardwaj and S. C. Kundu, Biotechnol. Adv., 2010, 28, 325–
347.

34 T. Ishii, Y. Komizu, N. Shibuya, K. Kusaka and
T. Matsushita, Altern. Anim. Test. II, Proc. Int. Sci. Conf.,
2nd, 2015, 20, 66–72.

35 Y. B. Truong, V. Glattauer, K. L. Briggs, S. Zappe and
J. A. M. Ramshaw, Biomaterials, 2012, 33, 9198–9204.

36 S. P. Liu, C. H. Lin, S. J. Lin, R. H. Fu, Y. C. Huang, S. Y. Chen,
S. Z. Lin, C. Y. Hsu and W. C. Shyu, J. Biomed. Nanotechnol.,
2016, 12, 732–742.

37 C. E. Schmidt, V. R. Shastri, J. P. Vacanti and R. Langer, Proc.
Natl. Acad. Sci. U. S. A., 1997, 94, 8948–8953.

38 P. M. George, A. W. Lyckman, D. a. Lavan, A. Hegde,
Y. Leung, R. Avasare, C. Testa, P. M. Alexander, R. Langer
and M. Sur, Biomaterials, 2005, 26, 3511–3519.

39 X. Wang, X. Gu, C. Yuan, S. Chen, P. Zhang, T. Zhang, J. Yao,
F. Chen and G. Chen, J. Biomed. Mater. Res., Part A, 2004, 68,
411–422.

40 D. Han, S. T. Boyce and A. J. Steckl, MRS Online Proc. Libr.,
2011, 1094, 1094.

41 L. Jin, Q. Xu, S. Kuddannaya, C. Li, Y. Zhang and Z. Wang,
ACS Appl. Mater. Interfaces, 2017, 9, 17718–17726.
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra01323c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ar
ch

 2
01

8.
 D

ow
nl

oa
de

d 
on

 1
0/

23
/2

02
5 

6:
12

:3
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
42 Y. Fan, F. Xu, G. Huang, T. J. Lu andW. Xing, Lab Chip, 2012,
12, 4724–4731.

43 S. Kuddannaya, J. Bao and Y. Zhang, ACS Appl. Mater.
Interfaces, 2015, 7, 25529–25538.

44 U. Roessmann, M. E. Velasco, S. D. Sindely and P. Gambetti,
Brain Res., 1980, 200, 13–21.

45 E. M. Hol and M. Pekny, Curr. Opin. Cell Biol., 2015, 32, 121–
130.

46 J. Lee, M. J. Cuddihy and N. A. Kotov, Tissue Eng., Part B,
2008, 14, 61–86.

47 L. Jin, Q. Xu, S. Wu, S. Kuddannaya, C. Li, J. Huang, Y. Zhang
and Z. Wang, ACS Biomater. Sci. Eng., 2016, 2, 2042–2049.

48 S. Sahoo, S. Dhibar and C. K. Das, eXPRESS Polym. Lett., 2012,
6, 965–974.

49 H. Castano, E. A. O'Rear, P. S. McFetridge and
V. I. Sikavitsas, Macromol. Biosci., 2004, 4, 785–794.

50 A. Odawara, M. Gotoh and I. Suzuki, RSC Adv., 2013, 3,
23620–23630.

51 J. Hernández-Ferrer, R. N. Pérez-Bruzón, M. J. Azanza,
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S. Miettinen and S. Haimi, Tissue Eng., Part A, 2013, 19,
882–892.

62 C. D. McCaig, A. M. Rajnicek, B. Song and M. Zhao, Physiol.
Rev., 2005, 85, 943–978.

63 S. D. McCullen, J. P. McQuilling, R. M. Grossfeld,
J. L. Lubischer, L. I. Clarke and E. G. Loboa, Tissue Eng.,
Part C, 2010, 16, 1377–1386.

64 S.-Z. Yow, T. H. Lim, E. K. F. Yim, C. T. Lim and K. W. Leong,
Polymers, 2011, 3, 527–544.

65 R. Balint, N. J. Cassidy and S. H. Cartmell, Tissue Eng., Part B,
2013, 19, 48–57.

66 A. Kotwal and C. E. Schmidt, Biomaterials, 2001, 22, 1055–
1064.

67 C. Eroglu, J. Cell Commun. Signal., 2009, 3, 167–176.
68 F. A. C. Azevedo, L. R. B. Carvalho, L. T. Grinberg, J. M. Farfel,

R. E. L. Ferretti, R. E. P. Leite, W. J. Filho, R. Lent and
S. Herculano-Houzel, J. Comp. Neurol., 2009, 513, 532–541.
RSC Adv., 2018, 8, 11027–11035 | 11035

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra01323c

	The effect of electrical stimulation on cortical cells in 3D nanofibrous scaffolds
	The effect of electrical stimulation on cortical cells in 3D nanofibrous scaffolds
	The effect of electrical stimulation on cortical cells in 3D nanofibrous scaffolds
	The effect of electrical stimulation on cortical cells in 3D nanofibrous scaffolds
	The effect of electrical stimulation on cortical cells in 3D nanofibrous scaffolds
	The effect of electrical stimulation on cortical cells in 3D nanofibrous scaffolds
	The effect of electrical stimulation on cortical cells in 3D nanofibrous scaffolds
	The effect of electrical stimulation on cortical cells in 3D nanofibrous scaffolds
	The effect of electrical stimulation on cortical cells in 3D nanofibrous scaffolds

	The effect of electrical stimulation on cortical cells in 3D nanofibrous scaffolds
	The effect of electrical stimulation on cortical cells in 3D nanofibrous scaffolds
	The effect of electrical stimulation on cortical cells in 3D nanofibrous scaffolds
	The effect of electrical stimulation on cortical cells in 3D nanofibrous scaffolds
	The effect of electrical stimulation on cortical cells in 3D nanofibrous scaffolds
	The effect of electrical stimulation on cortical cells in 3D nanofibrous scaffolds
	The effect of electrical stimulation on cortical cells in 3D nanofibrous scaffolds

	The effect of electrical stimulation on cortical cells in 3D nanofibrous scaffolds
	The effect of electrical stimulation on cortical cells in 3D nanofibrous scaffolds
	The effect of electrical stimulation on cortical cells in 3D nanofibrous scaffolds


