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The use of engineered biomimetic substrates combined with neural stem cells
(NSCs) constitutes a promising approach to develop reliable in vitro models of the
nervous tissue. The fabrication of scaffolds with suitable compositional,
topographical, and electrical properties is crucial for directing neural cell
adhesion, differentiation, and arrangement. Herein, we propose the
development of electroconductive polycaprolactone/polyaniline (PCL/PANI)
electrospun mats as functional substrates for NSC culture. A rotating drum
collector was employed to obtain fibers with aligned geometry. According to
the results, the increase in alignment contributed to the reduction of fiber
diameter and the increase of scaffold mechanical properties in terms of
elastic modulus and tensile strength. In vitro experiments demonstrated the
ability of PCL/PANI membranes to support NSC attachment and growth, as
well as significantly foster neuronal differentiation. Furthermore, the presence
of an aligned pattern was shown to effectively influence the arrangement of NSC-
derived neurons, confirming the potential of this substrate for the design of a
physiologically relevant culture platform for in vitro investigation of the
nervous tissue.

KEYWORDS

electrospinning, electrical activity, topographical cue, ECM-like scaffolds, biomimetic
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1 Introduction

The nervous system is commonly considered one of the most complex systems in the
human body. Due to its unique structural and functional characteristics, its
pathophysiology is yet poorly understood, making the treatment of neurological
disorders extremely challenging (Lu et al, 2022). Nervous tissue damage, caused by
neurodegenerative conditions or traumatic injuries, often results in the progressive loss
of neuronal cells and disruption of axonal bundles, leading to the interruption of nervous
signal transmission below the injured segments. Indeed, the restoration of neuronal
connectivity and the recovery of tissue functionality are significantly hampered by the
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neurons, especially in the case of the central nervous system.
Additionally, efficient clinical treatments are still lacking in this
field, as existing therapies are limited to preventing secondary injury
effects and are proving to be ineffective in curing neuronal
dysfunction (Kaplan and Levenberg, 2022). Recently, neural
tissue engineering has provided novel strategies for the in vitro
modeling of the nervous system, contributing to the understanding
of many mechanisms involved in neurological disorders, and the
development of innovative regeneration approaches (Qiu et al,
2020). Indeed, the development of physiologically relevant
in vitro systems is crucial for the identification of molecular
pathways linked to tissue regeneration and holds great potential
in drug screening. Therefore, significant efforts have been made by
neural researchers to develop functional biomimetic platforms, able
to recreate in vitro the distinctive properties of the nervous tissue
(Rouleau et al, 2023). A wide range of biomaterials and
biofabrication methods have been explored to replicate the native
extracellular composition and structure and provide appropriate
stimuli for directing neural cell behavior and maturation in vitro.

Among the numerous techniques exploited for the fabrication of
bioengineered substrates (Babaliari et al., 2018; Cadena et al., 2021;
Traldi et al, 2023), electrospinning technology has attracted
considerable attention in neural tissue engineering and in vitro
modeling, thanks to its ability to simply fabricate fibrous
substrates resembling fiber-shaped cellular assemblies specific to
nervous tissue structures (Hu et al., 2022). Electrospinning is a
versatile technique that exploits the application of a high voltage
between the needle of a syringe (containing the solution) and the
collector plate (for the fiber deposition) (Isaac et al., 2021), to
produce micro or nanofibrous substrates with a high surface-to-
volume ratio and an interconnected porous structure. An appealing
aspect of this approach is the possibility to obtain structures with
different compositions, topography, and, consequently, properties
by tuning the solution and process parameters (Giannitelli et al.,
2018). Several studies have reported the use of electrospinning for
the development of fibrous substrates that guide neural cell activity
and nervous tissue regeneration, by providing several stimuli, such
as biochemical (Cheong et al., 2019; Zhu et al., 2020), topographical
(Gnavi et al., 2015b; 2015a; Karimi et al., 2018; Wu et al., 2020), or
electrical (Zha et al,, 2020; Zhang et al., 2021) cues.

Substrate conductivity is a key factor for electro-active tissue such as
nervous tissue (Keshvardoostchokami et al., 2021). Indeed, electrical
activity is a distinguishing feature of nervous tissue that can be exploited
to guide tissue regeneration and enhance the biomimicry of tissue graft
and in vitro models (Bierman-Duquette et al, 2022). Conductive
polymers, such as poly (pyrrole) and PANI, have been used to
confer electrical activity to nervous tissue-engineered scaffolds
(Farkhondehnia et al., 2018; Zhao et al,, 2018; Garrudo et al., 2019;
Guo et al,, 2023) thereby promoting neural cell differentiation and the
formation of longer neurites (Jin and Li, 2015). In particular, PANT is
widely selected for the preparation of electrospun scaffolds (Razak et al.,
2015; Garrudo et al., 2019).

In the work of Garrudo et al. (2021), the author described the
optimization of PANI and PCL ratio to obtain random nanofibers
with ideal electroconductive properties and high biocompatibility
for NSC culture.
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However, due to its brittle nature and low processability, the
blending of PANI with natural or synthetic polymers is required to
obtain effective scaffolds for tissue engineering approaches
(Palaniappan and John, 2008; Balint et al., 2014; Peidavosi et al.,
2022). For instance, Peidavosi et al. (2022) reported the potential
application of blending PANI with PCL and Barium Titanate to
fabricate electrospun random mats as biocompatible substrates for
bone cell culture.

In addition to electrical activity, the alignment of ECM and cells is a
distinctive feature of nervous tissue (Chen et al, 2019). Then, many
attempts have been made to produce scaffolds with an anisotropic
pattern, intended to guide neural cell migration, differentiation, and
out-growth by influencing the distribution of focal adhesion and the
arrangement of actin filaments (Gnavi et al.,, 2015a; Kennedy et al., 2017;
Ferraris et al., 2020; Hu et al,, 2022). Electrospun substrates with aligned
patterns have been successfully obtained by using different strategies
(Jha et al., 2011; Amores de Sousa et al., 2020; Asheghali et al., 2020; Li
et al, 2022). For instance, Amores de Sousa et al. (2020) produced
aligned PCL nanofibers through a parallel plate-based collector to
investigate the role of substrate morphology in directing NSC fate
DSL. Differently, a touch-spun method was used in the work of
Asheghali et al, who fabricated PCL nanofibrous mats with high
control of fiber alignment, crystallinity, and diameter. The authors
demonstrated the preferential orientation of NSCs according to the fiber
main direction (Asheghali et al., 2020). Rotating drum collectors have
been widely used to obtain aligned fibers through electrospinning
technology, thanks to the possibility of tailoring scaffold properties
by changing collection speed (Gnavi et al., 2015a; Zhu et al., 2015; Nitti
et al,, 2018; He et al, 2020). For example, Zhu et al. reported the
fabrication of a highly aligned PCL electrospun substrate by using a
rotating drum collector. Aligned fibers better promoted axonal growth
and extension compared to random substrates (Zhu et al,, 2015).

Furthermore, several groups demonstrated that the combination
of electrical and topographical cues promotes and enhances neural
cell growth and differentiation (Yang et al., 2016; Farkhondehnia
et al, 2018; Qing et al., 2018; Eftekhari et al.,, 2020). As previously
reported by Yang et al. (2016) the synergic effect of substrate
anisotropy and conductivity enhanced the differentiation of rat
pheochromocytoma PC12-L cells into neurons. Qing et al. (2018)
fabricated an aligned electrospun silk mat functionalized with
conductive reduced graphene paper that promoted neuronal
differentiation of SH-SY5Y cells and the establishment of an
interconnected neural network. In another work, Farkhondehnia
et al. (2018) prepared aligned electrospun conductive nanofibers,
composed of PANI/PCL/poly lactic-co-glycolic acid and explored
the effect of topography and electrical stimulation on the
proliferation and morphology of glioblastoma cells (A-172 cell line).

Recently, we described the preparation of biocompatible PCL/
PANI electrospun mats as a promising substrate for tissue
engineering applications (Licciardello et al., 2021). Herein, we
explored the potential of PCL/PANI blend to obtain an
electroconductive nanofibrous scaffold with aligned geometry by
employing a rotating drum collector to mimic the anisotropic
structure and electroactive properties of nervous tissue. The
collector speed was optimized to obtain nanofibers with defect-
free and highly oriented morphology. PCL/PANI nanofibrous
membranes were characterized in terms

of morphology,
mechanical behavior, and wettability to evaluate the influence of
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fiber alignment on scaffold physical properties. Then, we explored
the feasibility of using PCL/PANI mats to establish a biomimetic
neural cell culture system and create an optimal microenvironment
for the growth and maturation of neural cells. In particular, we
evaluate the effect of substrate composition and topography on NSC
differentiation and arrangement. Indeed, in vitro experiments
demonstrated that the fabricated scaffold effectively supports the
growth and differentiation of NSCs in both neuronal and glial
phenotypes recapitulating the in vivo multi-cellular composition.
Immunofluorescence analysis underlined the ability of ECM-like
nanofibrous mats to steer neuronal differentiation rather than
standard 2D culture. In addition, when cultured on aligned PCL/
PANI mats, the arrangement and neurite outgrowth of NSC-derived
neurons were strongly influenced by the morphological cue of
the substrate.

2 Materials and methods

2.1 Fabrication and characterization of PCL/
PANI electrospun membranes

2.1.1 Formulation of solution

A PCL/PANI blended solution was formulated as previously
described by authors (Licciardello et al., 2021). Briefly, 19 mg of
(1S)-(+)-10-camphorsulfonic acid (CSA, 99%, Sigma Aldrich,
Italy) 3 mL of 1,1,1,3,3,3-
Hexafluoroisopropanol-d2 (HFP, 99% purity, Carlo Erba
Reagents, Italy). After complete solubilization, 15 mg of PANI
(emeraldine base, Mw = 100 kDa, Sigma Aldric, Italy) was added.
The solution was sonicated for 3 min at 20 kHz and then stirred
for 4h, obtaining the PANI-doped solution (PANI:CSA).
Meanwhile, a solution of PCL was prepared by dispersing
500 mg of PCL (Mn = 80 kDa, Sigma Aldrich, Italy) in 2 mL
of HFP for 3 h under magnetic stirring. The PANT:CSA and PCL
solution were mixed and left under stirring overnight, obtaining
the PCL/PANI blended solution.

were  dispersed in

2.1.2 Evaluation of electroconductive properties of
PCL/PANI

The conductivity of PCL/PANI blend was evaluated using a
four-point probe instrument (Ossila, United Kingdom). The
measurements were first performed on PCL/PANI films in a
dry state to evaluate the effect of PANT on the electroconductive
properties of PCL/PANI blend. Hence, PCL/PANI solution was
evenly spread on a glass petri dish and left to dry overnight at
room temperature (RT). In addition, a film of pure PCL was also
prepared from a 10% w/v PCL solution in HFP. The conductivity
of PCL/PANI electrospun nanofibers was measured in a wet state
after incubating the membranes in deionized water overnight.
The analysis was also conducted on electrospun PCL mats as
controls. Before analysis, the obtained films and membranes were
cut into small square specimens and their thickness (t) was
measured through a digital caliber. The sheet resistance (R)
was detected for each sample (n = 3 for each condition).
Subsequently, resistivity (p) and conductivity (o) of the
samples also  calculated

were according to  the

following equations:
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The conductivity values were reported as mean * standard
deviation (std dev).

2.1.3 Electrospinning of PCL/PANI membrane
The electrospun membranes obtained
Novaspider instrument (CIC nanoGUNE, Spain) in vertical

were using
configuration, using the previously optimized parameters
(20kV voltage, 1,000 uLh' flow rate and 20 cm distance)
2023).
collected on a plane collector or rotating drum, obtaining
random (coded as PCL/PANI_RDN) or aligned (coded as
PCL/PANI_ALG) fibers, respectively. To assess the influence
of speed on fiber orientation and morphology, two drum speeds
were tested: 800 rpm (coded as ALG_low speed) and 3,200 rpm
(ALG_high speed). After fabrication, the resulting membranes

(Licciardello et al, The electrospun fibers were

were dried overnight at RT.

2.1.4 Scanning electron microscopy analysis (SEM)

The morphological features of PCL/PANI_RDN and PCL/
PANI_ALG electrospun mats were investigated through scanning
electron microscopy (SEM, Tescan Vega). Before analysis, all the
samples were cut into 1 cm? pieces and coated with a thin platinum
layer using the sputtering instrument. ImageJ software was used to
quantify the average diameter (n = 100 measurements for each
sample). Moreover, the fiber alignment was evaluated by Image]
Directionality plugin analyzing the orientation of both aligned and
random fibers and quantifying the percentage of fibers oriented in
the preferential direction.

2.1.5 Uniaxial tensile tests

The mechanical properties of membranes were evaluated using
the uniaxial tensile instruments MTS QTestTM/10 equipped with a
fixed lower crossbar and an upper mobile crossbar. Before tests, the
samples were cut in dog-bone shape and then mounted between the
grips of the instruments. The samples (n = 3 samples for each
membrane type) were tested at a displacement of 2 mm/min using a
10N load cell. The stress-strain curves of PCL/PANI_RND and
PCL/PANI_ALG samples were plotted and used to calculate
Young’s modulus (E), ultimate tensile strength (UTS) and strain
at failure (¢ %).

2.1.6 Transwell insert modification

Transwell inserts (CellQART®, SABEU GmbH & Co. KG,
Germany) were modified to lodge the electrospun mats, as
previously described (Licciardello et al., 2023). Briefly, the poly
(ethylene terephthalate) (PET) membranes were removed from
the inserts. Sylgard 184 Polydimethylsiloxane base (PDMS,
VWR) and the curing agent were mixed in a ratio of 10:1 wt./wt
obtaining a viscous PDMS solution. A thin layer of PDMS was
applied on the outer walls of the plastic inserts and a first incubation
was performed at 90°C for 10 min to allow a pre-curing of PDMS.
The PCL/PANI_RND and PCL/PANI_ALG mats were cut into
3cm x 3cm pieces and then positioned on the support. The
complete crosslinking of PDMS was promoted by maintaining
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the inserts at 70°C for 2 min, thus obtaining the modified transwell
systems (coded as PCL/PANI TWs).

2.1.7 Cold atmospheric plasma treatment

The electrospun mats were treated with the Argon cold
atmospheric plasma process using Stylus Plasma Noble (Nadir S.
r.], Italy) under the previously optimized conditions (Licciardello
etal, 2021): 10 kV,,;, high voltage, 9 W of radiofrequency power and
7.5 slm argon flux. PCL/PANI TWs were positioned on the flat
support of the instruments and then treated with plasma by
manually moving the stylus on the apical and basolateral surfaces
of the mats.

2.1.8 Water contact angle (WCA) measurement
The water contact angle of atmospheric plasma untreated and
treated samples of electrospun membranes was evaluated using the
Drop Shape Analyzer apparatus equipped with Advance software
(Krss Gmbh, Germany) for data acquisition. A drop of 2 uL of
milliQ water was applied on the basolateral side of the PCL/PANI
TWs and the WCA measurements (n = 3 for each sample) were
fitting method of the data

recorded using the ellipse

acquisition software.

2.2 In vitro cell cultures

2.2.1 NSC culture on PCL/PANI
electrospun membranes

Mouse NSCs (NE-4C, ATCC) were cultured in a growth
medium composed of Eagle’s Minimum Essential Medium
(EMEM, ATCC), supplemented with 10% fetal bovine serum
(FBS, Gibco) and 1% L-glutamine (L-Glu, Gibco). Cells were
maintained at 37°C in a humidified atmosphere of 5% CO, on
tissue culture flasks. Before NSC seeding, PCL/PANI TWs were
subjected to atmospheric plasma treatment to enhance their
wettability. Then, PCL/PANI TWs were sterilized through
incubation in 2% antibiotic-antimycotic solution (Sigma Aldrich)
overnight, followed by UV light irradiation for 1h. NSCs were
seeded at a density of 2 x 10° cells/cm® on the apical side of PCL/
PANI TWs after conditioning the membranes with the growth
medium for an hour. NE-4C cells (2 x 10° cells/cm?) were also
cultured on aligned PCL TWs and glass coverslips as controls. For
NSC differentiation, cells were cultured in the growth medium for
3 days (until reaching 80%-90% of confluency), and then they were
treated with a differentiation medium comprising the growth
medium supplemented by 107°M retinoic acid (RA, Sigma
Aldrich) for 4°days. The culture medium was changed every
2 days. NE-4C cells (2 x 10’ cells/cm®) were also cultured on
glass coverslips as a control. CellTiter-Blue” assay was used to
evaluate NSC viability on PCL/PANI electrospun membranes and
to assess the influence of both cold atmospheric plasma treatment
and fiber alignment on cell attachment and proliferation. Four
different conditions were tested: cells seeded on untreated
random membranes (RND_untreated), plasma-treated random
membranes (RND_treated), untreated aligned membranes (ALG_
untreated), and plasma-treated aligned membranes (ALG_treated).
CellTiter-Blue” assay was performed at 1 day and 3 days of culture
according to manufacturer protocol. Briefly, the culture medium
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was removed from PCL/PANI TWs (n = 3 for each condition) and
samples were incubated in CellTiter-Blue” reagent solution (1:
6 dilution in culture medium) at 37°C for 1h. Fluorescence
intensity values were recorded by using SYNERGYTM HTX
multimode plate reader (BioTeK, Winooski, VM, United States)
with a 530 nm excitation/590 nm emission filter set.

2.2.2 Fluorescence and
immunofluorescence staining

Fluorescence staining of cell nuclei and cytoskeletons was
performed on NSCs seeded on random (RND) and aligned
(ALG) membranes after 3days of culture. This test was
performed to analyze NSC behavior on untreated and plasma-
treated mats and qualitatively attest the cell confluency required
before starting cell differentiation. For cell fixing, PCL/PANI TWs
were rinsed with PBS, and incubated in paraformaldehyde 4% in
PBS (PFA, Alfa Aesar) at RT. After 30 min, samples were washed
twice with PBS and permeabilized with 0.5% v/v Triton X-100
solution in PBS for 10 min. Then, Flash Phalloidin Green 488
(Phalloidin, BioLegend) was added to the apical compartment of
PCL/PANI TWs as 1:60 diluted solution in 1% v/v bovine serum
albumin (BSA, Sigma Aldrich) in PBS and incubated for 40 min at
light. 4' 6-Diamidino-2-
Phenylindole, Dihydrochloride (DAPI, Invitrogen) was used to

RT, avoiding exposure to Lastly,
stain nuclei by incubation in 1:1,000 DAPI solution in PBS in the
dark for 10 min.

For NSC differentiation, NE-4C cells were cultured on RND and
14°days after RA
Immunofluorescence staining was carried out to investigate the

ALG membranes for up to induction.
expression of neuron- and astrocyte-specific markers on days 0, 7,
and 14 from RA induction. PCL/PANI TWs were fixed with PFA 4% in
PBS for 40 min at RT and permeabilized with 0.2% v/v Triton X-100
solution in PBS for 10 min. 2% BSA solution in PBS was used as
blocking buffer and incubated for 1 h at RT. Later, primary antibody
(Table 1) solutions (diluted in PBS with 1% v/v BSA and 0.1% v/v Tween
20) were added to the apical compartment of PCL/PANI TWs and
maintained at 4°C overnight. After washing with 1% v/v BSA and 0.1%
v/v Tween 20 solution in PBS, samples were incubated in secondary
antibody solutions (Table 1) at RT for 1 h. Then, samples were rinsed
with PBS and cell nuclei were stained with DAPI as detailed above.

Before the imaging, the PCL/PANI membranes were separated
from the TW inserts and mounted on glass coverslips by using
Fluoromount™ Aqueous Mounting Medium (Sigma Aldrich). All
images were acquired with the Eclipse Ti2 confocal microscope
(Nikon). Image] software and the Directionality plugin were used
for image analysis. The expression levels of differentiation markers
were evaluated and reported as mean =+ std dev of the fluorescence
intensity of MAP2 and GFAP-related signals for NSC-derived
neurons and astrocytes, respectively. In addition, the percentages
of neuronal and astroglial cells were calculated considering
MAP2 and GFAP stain-positive areas. Lastly, the assessment of
neuron cytoskeleton orientation on aligned nanofibers was
conducted by processing MAP2 images for NSC-derived neurons.
Specifically, the alignment level of neurons was calculated as the
difference in degrees between the main orientation angles of
nanofibers and neurofilaments, obtained by Fourier spectrum
analysis. For each experimental condition (n = 3), three image
fields of each sample were considered.
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TABLE 1 List of primary and secondary antibodies used for neural cell labeling in immunofluorescence staining.

Antibody IgG subclass Source Dilution
Primary mouse anti-MAP2 (clone AP20) IgG Sigma Aldrich 1:500
Primary rabbit anti-GFAP (Polyclonal) — Agilent 1:500
Secondary Alexa Fluor 488 goat anti-mouse IgG (H + L) Invitrogen 1:1,000
Secondary Alexa Fluor 555 goat anti-rabbit IgG (H+1L) Invitrogen 1:500
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FIGURE 1

Analysis of the electroconductive properties of PCL/PANI
electrospun membrane. Comparison of the conductivity values
detected for PCL/PANI mats (PCL/PANI) and pure PCL mats (PCL) in
wet conditions. Data are presented as mean + std dev (n = 3).
Statistical difference (*p < 0.1).

2.3 Statistical analysis

Statistical analyses were performed using GraphPad software
(San Diego, CA, United States). A t-test analysis was used to evaluate
differences in electroconductivity analysis, membrane mechanical
properties, and cell alignment over time. A one-way ANOVA was
conducted to record statistical differences in mat morphological
properties and neural cell differentiation, while a two-way ANOVA
was performed for the analysis of data from WCA, cell viability on
the different substrates, and neural marker relative expressions.

3 Results

3.1 Electroconductive properties of
PCL/PANI

The effect of PANT on the electroconductive properties of PCL/
PANI was evaluated through the four-point probe method.
According to the results, the PCL/PANI blend displayed a
conductivity of 66 * 15S/m. As expected, the conductivity of
pristine PCL was found to be undetectable due to the non-
conductive  nature of the material. Moreover, the
electroconductive properties of PCL/PANI nanofibers were
measured in wet conditions following overnight incubation in

deionized water. As shown in Figure 1, the detected conductivity

Frontiers in Biomaterials Science

value of PCL/PANI mats was 0.009 + 0.001 S/m. This value was
significantly higher compared to PCL mats, which display a
conductivity of 0.003 * 0.002S/m (0.01). These
demonstrated the strong contribution of PANI in conferring
electroconductive properties to the PCL/PANI membranes,
creating electrically conductive domains on the substrate surface,

results

useful for electrical signal transmission (Chen et al., 2013).

3.2 Morphological characterization of PCL/
PANI membranes

The morphology and the arrangement of fibers were evaluated
through SEM analysis. As shown in Figure 2, all the obtained mats
presented a defect-free nanofibrous morphology. In particular, fibers
collected onto the flat collector presented a random orientation with
an average diameter of 355 + 90 nm. Interestingly, fibers produced
using a low speed (800 rpm) had no preferential orientation and an
average diameter of 342 + 50 nm while membranes generated using
high speed (3,200 rpm) consisted of aligned fibers with an average
diameter of 224 + 53 nm (p < 0.0001). Indeed, according to the
analysis of fiber distribution, the orientation of ALG_high speed
(Figure 2F) fibers resulted to be more pronounced in a preferred
direction rather than RND (Figure 2D) and ALG_low speed samples
(Figure 2E). Moreover, as shown in Figure 2F, the amount of fibers
oriented in the same direction was significantly higher in ALG_high
speed mats (about 80%) than RND and ALG_low speed which
instead displayed comparable values. In particular, the high
variability of the amount values for RND and ALG_low speed
could be attributed to the absence of preferential orientation of
the fibers. According to these results, the high speed of 3,200 rpm
was used to produce mats for further characterization.

3.3 Mechanical characterization of PCL/
PANI membranes

The mechanical characterization of the electrospun mats was
performed through uniaxial tensile test. Figure 3A shows the stress-
strain curves of PCL/PANI_RND and PCL/PANI_ALG. Both the
curves exhibited a near-linear elastic trend until the electrospun
samples broke. As shown in the histograms, the UTS and E of
aligned fibers were found to be higher than the random
counterparts. In particular, E increased from 14.33 + 1.81 MPa
for the PCL/PANI_RND fibers to 35.06 *+ 5.06 MPa for PCL/
PANI_ALG fibers (p < 0.001). Moreover, the increase in fiber
alignment led to an increase in UTS from 10.31 + 0.56 MPa for
PCL/PANI_RND to 17.73 + 3.04 MPa for PCL/PANI_ALG (p <
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Morphological characterization of the electrospun membranes. (A—C) Representative SEM micrographs of RND (A), ALG_low speed (800 rpm) (B)

and ALG_high speed (3,200 rpm) (C) PCL/PANI nanofibers (scale bar = 20 um). Quantification of fiber direction and Fourier spectrum of RND (D), ALG_
low speed (800 rpm) (E) and ALG_high speed (3,200 rpm) (F) PCL/PANI nanofibers. (G) Quantification of the amount of fibers oriented in the preferential
direction. Data are presented as mean + std dev (n = 3) (H) Comparison between RND, ALG_low speed and ALG_high speed fiber diameters Data are
presented as mean + std dev (n = 100). Statistical difference (**p < 0.01; ****p < 0.0001).

0.0001). Conversely, the €% increased from 65.6 + 8.2% for PCL/
PANI_ALG fibers to 93.35% + 11% for PCL/PANI_RND (p < 0.1).

3.4 Water contact angle and atmospheric
plasma treatment of PCL/PANI membranes

The evaluation of the contact angle of the electrospun
membranes was performed to investigate the influence of fiber
topography and plasma treatment on the surface wettability of
the electrospun mats. As shown in Figure 4, untreated PCL/
PANI_RND and PCL/PANI_ALG displayed hydrophobic
properties, presenting a water contact angle of 105.5° + 6.6° and
119" £ 7.2° (p < 0.1), respectively. Thus, an atmospheric plasma
treatment was performed to improve the surface wettability. The
effective modification of the mat surface was confirmed by observing
a reduction in water contact angle to 52.9° + 19.3" and 76.3 + 6.7 for
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PCL/PANI_RND (p < 0.0001) and PCL/PANI_ALG (p < 0.001),
respectively. In addition, after plasma treatment, PCL/PANI_ALG
presented higher mean values of water contact angles compared to
PCL/PANI_RND, demonstrating that the topography slightly
affects the surface properties of the substrate. In addition, a slight
difference in WCA was detected between random and aligned
samples, as the values of PCL/PANI_ALG were higher than PCL/
PANI_RND, with a relevant statically difference after the
plasma treatment.

3.5 NSC growth and viability on aligned PCL/
PANI electrospun membranes

To validate the use of PCL/PANI electrospun membranes as

culture substrates for neural cells, NE-4C cells were seeded on PCL/
PANI TWs and cell viability was quantified after days 1 and 3 of
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Mechanical characterization of the electrospun membranes. (A) Stress-strain curves of PCL/PANI_RND and PCL/PANI_ALG. Comparison between

Young's modulus (E) (B), ultimate tensile strength (UTS) (C) and strain at failure (e %) (D). Data are presented as mean + std dev (n = 3). Statistical difference
(*p < 0.1; ***p < 0.001 ****p < 0.0001).
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FIGURE 4
Characterization of surface wettability of the electrospun membranes. (A) Comparison of water contact angle values of RND and ALG mats before

and after plasma treatment. (B) Representative contact angle images for droplets of water on RND and ALG mats before and after plasma treatment. Data
are presented as mean + std dev (n = 3). Statistical difference (*p < 0.1; ***p < 0.001 ****p < 0.0001).
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Evaluation of NSC behavior on PCL/PANI electrospun membranes. (A) Cell viability of NE-4C cells cultured on different substrates (plasma-treated
or untreated, randomly oriented or aligned membranes). Data are presented as mean + std dev (n = 3 biological replicates). Statistical difference (*p < 0.1;
***%p < 0.0001). (B) Representative fluorescence images of cytoskeleton staining in NE-4C cell cultures on plasma-treated and untreated random and

aligned membranes for 3 days (scale bar = 20 um).

culture by using CellTiter-Blue” assay (Figure 5A). An increment in
the recorded fluorescence values was detected after 3°days of culture
in all the groups with slight differences among different samples,
indicating cell proliferation over time. After 3°days, cell viability was
significantly higher for cells seeded on plasma-treated membranes
compared to untreated ones, while no statistically significant
differences were observed between random and aligned fibrous
membranes (Figure 5A). In addition, NSC morphology and
distribution on plasma-treated and untreated membranes were

Frontiers in Biomaterials Science

evaluated by the fluorescence staining of cell nuclei and actin
filaments (Figure 5B). At 3°days of culture, NSCs formed a
uniform monolayer on both random and aligned fibers, showing
characteristic epithelial-like morphology. On the contrary, cells
cultured on untreated mats displayed a different behavior, as
they tended to agglomerate in separated clusters, suggesting a
reduction of initial cell adhesion thus inducing the formation of
aggregates over time. According to these results, plasma-treated
PCL/PANI TWs were selected for the subsequent studies.
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FIGURE 6

NSC differentiation on PCL/PANI electrospun membranes. (A) Representative immunofluorescence images for neuronal and astroglial markers in
NE-4C cell cultures on both random (RND) and aligned (ALG) mats at 14°days after RA induction. Scale bar = 100 um. (B, C) Expression levels of
differentiation markers over time for NE-4C cells cultured on PCL/PANI random (B) and aligned (C) membranes. (D) Comparison of the percentages of
MAP2 and GFAP stain-positive cells in NSC cultures on glass (Glass), aligned PCL mats (PCL), random PCL/PANI mats (PCL/PANI RND) and aligned
PCL/PANI mats (PCL/PANI ALG) at 14°days after RA induction. Data are presented as mean + std dev (n = 3 biological replicates; n = 3 technical replicates)
Statistical difference (*p < 0.1; **p < 0.01; ***p < 0.001; ****p < 0.0001)
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3.6 NSC differentiation on PCL/PANI
electrospun membranes

The differentiation behavior of NSCs was evaluated by
immunofluorescence analysis (Figure 6; Supplementary Figures
S1, 52). The phenotypic characterization was conducted over
14°days after RA induction to assess the presence of different cell
phenotypes and examine the effect of scaffold topography on
NSC fate. Immunofluorescence staining revealed the presence of
GFAP-expressing cells and MAP2-expressing cells after 14°days
from RA induction, thus indicating NSC differentiation into
astrocytes and mature neurons, respectively. In addition,
MAP2-positive
interconnections

cells extended neurites and
all the (Figure 6A),

suggesting high cell interaction with the substrate. It is

numerous
over membranes
noticed that MAP2 expression was upregulated already at
7°days compared to day 0 and it increased over the days, as
confirmed by the greater fluorescence intensity (Figures 6B, C;
Supplementary Figures S1, S2A). On the contrary, GFAP
expression resulted to be not detectable at 0°days and 7°days,
and GFAP-positive cells were stained only at 14°days (Figures 6B,
C; Supplementary Figure S2B). Similar trends were observed in
cells cultured on both aligned and random PCL/PANI TWs. For
both the tested conditions, the number of MAP2-expressing cells
was higher than GFAP ones, in contrast to cells seeded on glass.
Indeed, the percentage of neurons exceeded over two times the
percentage of astrocytes at 14°days, while it was quite comparable
in the case of glass (Figure 6D; Supplementary Figure 53). NSCs
cultured on PCL mats showed similar behavior, as no statistically
significant differences were observed in the ratio of MAP2 to
GFAP stain-positive cells between PCL fibers and random PCL/
PANI fibers, while the ratio value was slightly higher compared to
aligned PCL/PANI mats (Figure 6D; Supplementary Figure S3).
Interestingly, the percentage of neurons was higher than that of
astrocytes when NSCs were cultured on random PCL-PANI
fibers (Figure 6D). Overall, these results revealed that PCL/
PANI fibrous membranes can support NSC differentiation and
promote the growth of mature neuron populations.

3.7 Influence of scaffold topography on
neuronal cell alignment

The influence of fiber alignment on the behavior of neuronal
cells was investigated by seeding NSCs on random and aligned
PCL/PANI TWs. Differences in cell morphology and orientation
were underlined by analyzing the arrangement of neuron-
specific cytoskeletal protein on cells cultured in the two
different conditions. According to the analysis of
MAP2 staining, NSC-derived neurons exhibited directional
neurite outgrowth along aligned fibers (Figures 7A, B, D),
while they did not show a preferential orientation in the case
of random membranes (Figure 7C). Indeed, the average
difference between the orientation angles of MAP2-positive
cells and aligned electrospun fibers was calculated to be
around 11° at 7°days from RA induction (Supplementary
Figure S4) and it is reduced by half in the late-stage
differentiation (Figures 7D, E).
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4 Discussion

Electrospun nanofibrous scaffolds have been extensively
employed in nerve tissue engineering. Indeed, it is well known
that the presence of topographical cues at the nanoscale level
could play a pivotal role in influencing neural cell behavior, in
terms of cell adhesion, proliferation, and maturation (Farrukh et al.,
2018). On the other hand, electrical signals are crucial stimuli for
electroactive tissue regeneration such as nerves (Rivers et al., 2002).
Thus, the cell culture substrate should be specifically engineered to
mediate electrical signaling between cells and respect the anisotropic
structure of the native tissue.

In this work, an electroconductive substrate was obtained by
blending PCL with PANL To the best of our knowledge,
electroconductive nanofibers have been obtained by using several
synthetic polymers (alone or blended), however the use of
electrospun aligned PCL/PANI nanofibers has not been reported
for the fabrication of scaffolds for neural cell culture. Therefore, a
detailed investigation of the effect of scaffold composition and
anisotropy was conducted in this work, highlighting the
contribution of the different properties
guiding NSC fate.

Firstly, the analysis of surface conductivity on PCL/PANI films
that  the of PANI
electroconductive properties to the PCL/PANI blend recording a

substrate on

demonstrated presence conferred
conductivity of 66 + 15S/m. This value is in line with the
conductivity achieved for PANI-based substrates as reviewed by
Bierman-Duquette et al. (2022). Moreover, the inclusion of PANI
into PCL nanofibers was shown to enhance the electroconductive
properties of the electrospun membranes in wet conditions. PCL
mats showed conductivity of 0.003 + 0.002 S/m which is related to
the presence of ions in the aqueous medium absorbed and retained
by the nanofibrous substrate. The addition of the conductive dopant
PANI in PCL/PANI nanofibers resulted in an overall increased
conductivity (Figure 1), which is a combination of ionic-based
conductivity of the absorbed medium and electron-based
conductivity of the conductive polymer (Roshanbinfar et al,
2018). Indeed, PCL/PANI mats showed a conductivity of 0.009 +
0.001 S/m which is in line with the values measured for PANI-based
electrospun fibers reported in the literature (Garrudo et al,
2019, 2021).

Although previous studies evidenced that the combination of
electrical and topographical features of the cell culture support can
be an effective strategy to promote neural cell adhesion and neurite
outgrowth, none of them have reported the ability of these substrates
of modulating the co-differentiation of precursor cells in both
neurons and astrocytes (Ghasemi-Mobarakeh et al, 2011).
Anisotropic substrates have been shown to play a key role in
providing topographical cues for neural cell body alignment
along the fiber’s axes (Wang et al., 2009; Badrossamay et al,
2014). To induce the fiber alignment, a drum collector was used
during the electrospinning process. The influence of drum speed on
fiber orientation was evaluated. In particular, the results of SEM
analysis demonstrated that electrospun nanofibers became more
aligned with increasing drum speed. Moreover, the Fourier
spectrum analysis (Figure 2) revealed the presence of a sharper
and higher peak of alignment for ALG_high speed mats compared
to ALG_low speed that confirmed as the increase of collection speed
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FIGURE 7
Evaluation of NSC-derived neuron orientation on PCL/PANI membranes. (A) Representative immunofluorescence images of MAP2-expressing cells

on aligned mats at 7 and 14 days after RA induction. Scale bar = 100 um. (B, C) Distribution of NSC-derived neuron directions on aligned (B) and random
(C) PCL/PANI membranes at 14 days after RA induction. (D) Comparison between the main directions of NSC-derived neurons and fibers at 14 days after
RA induction by Fourier spectrum analysis. (E) Comparison between the alignment levels of NSC-derived neurons at 7 and 14 days. Data are
presented as mean + std dev (n = 3 biological replicates; n = 3 technical replicates). Statistical difference (*p < 0.1).
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led to a higher percentage of nanofibers oriented in a preferential
direction. These findings are in line with previous reports (Nitti
etal, 2018; He et al,, 2020). In particular, the improvement of fiber
alignment was previously ascribed to the increase in the difference
between the drum surface speed and the final fiber speed, which is
enhanced in the case of high collection speeds (Sadrjahani et al.,
2010). Based on our results, the optimal fiber alignment was
achieved with a speed of 3,200 rpm, allowing for the fabrication
of highly oriented nanofibrous mats. The uniaxial tensile test
demonstrated that fiber alignment led to an enhancement of
scaffold mechanical properties in terms of Young’s modulus and
tensile strength. Several studies have investigated the effect of fiber
alignment on the mechanical properties of electrospun mats,
demonstrating that nanofiber orientation towards a preferential
direction can lead to increased tensile strength and Young’s
modulus in electrospun mats (El-hadi and Al-Jabri, 20165
Merighi et al., 2019; Chen et al,, 2021). Indeed, since the fiber
orientation is in the direction of the load, the fiber’s uniaxial
orientation allows for the equal distribution of the tensile force to
all fibers. Thus, the increase in tensile strength and Young’s modulus
was ascribed to the orientation of the molecular chains in the axis of
the fiber. In particular, when aligned fibers are obtained through a
rotating collector, its rotational speed leads to the application of
mechanical forces to the polymeric jet, thus inducing the stretching
of the polymer chains along the fiber axis. In addition, the
morphological analysis highlighted a correlation between the
fiber diameter and the drum speed, revealing that the fiber
diameter decreased as the collector speed increased due to the
higher stretching level imposed on fibers during the drum
rotation (Medeiros et al., 2008). Several studies reported the
correlation between fiber diameter and mechanical properties of
the electrospun mats (Baji et al., 2010). The electrospun mats
presented thinner diameters at higher collection speeds, leading
to an increase in the membrane’s strength (Shin et al., 2006; Pai et al.,
2011; Yao et al., 2014; Pham et al., 2021). The surface properties of
PCL/PANI membranes were improved by treating electrospun mats
with atmospheric argon plasma. Indeed, PCL/PANI mats were
found to be highly hydrophobic, displaying a contact angle
higher than 100° regardless of fiber orientation. After plasma
exposure, the detected values of wettability decreased to around
53° and 76°, for random and aligned fibers, respectively (Figure 4).
The argon plasma treatment causes the formation of polar groups on
fiber surfaces, allowing water to more easily enter the scaffold pores
(Ivanova et al., 2018; Miroshnichenko et al., 2019; Licciardello et al.,
2021). Additionally, the WCA was slightly higher in the case of
aligned fibers, suggesting that fiber morphology also influences the
wettability of PCL/PANI mats. Indeed, the presence of an aligned
pattern results in changes in mat porosity and fiber diameter and
consequently in the surface properties of the membranes. By
comparing the results of the morphological analysis between
random and aligned membranes, a reduction of fiber diameter
was found with the increased level of alignment. These findings
are consistent with the investigation of Sivan et al., who suggested
that the value of the contact angle of PCL nanofibrous mats is
inversely proportional to the diameter of the fibers, as it determines
the extent of the contact area (Sivan et al., 2020).

The influence of scaffold anisotropy on cell viability and
differentiation has been investigated in vitro using PCL/PANI
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membranes as culture substrates for neural cells. NSCs were
successfully cultured on the electroconductive nanofibrous mats
and differentiated into mature neuronal and astroglial cells. Viability
analysis and fluorescence staining demonstrated that PCL/PANI
membranes are able to support NSC attachment and growth, as
confirmed by the formation of a confluent cell monolayer within
3 days of seeding (Figure 5B). A significant increase of viable cells
was detected in the case of plasma-treated samples, confirming that
the surface modification can improve scaffold hydrophilicity and
then cell adhesion, reducing the formation of cell aggregates (Figures
5A, B). Indeed, it has been reported that surface wettability
considerably affects the absorption and conformation of proteins
from the culture medium, which subsequently mediate cell binding
(Cai et al.,, 2020). Beyond scaffold surface properties, many other
features such as scaffold topography and alignment are known to
influence cell attachment and outgrowth. However, no significant
differences have been noticed between random and aligned fibers in
terms of NSC viability, as comparable values of fluorescence were
reached at 3°days (Figure 5A). Additionally, the cell nuclei and
F-actin staining did not show any changes in cell morphology and
cytoskeleton arrangement according to fiber orientation (Figure 5B).
It is reported in the literature that the effect of fiber alignment is
strictly correlated with fiber diameters. Indeed, fibers displaying
average diameters lower than around 700 nm were shown to
promote the proliferation of NSCs, by forming uniform mats and
minimizing the effects of topography in growth conditions
(Christopherson et al., 2009; Garrudo et al, 2019). Accordingly,
the calculated fiber diameters in our work were 224 + 53 nm and
355 + 90 nm, for aligned and random fibers, respectively, which are
both included in the range cited above. These results suggest that
plasma-treated PCL/PANI mats can support neural cell adhesion
and growth without affecting their stemness state, as confirmed by
the maintenance of NSC proper morphology and highly
proliferative behavior.

Secondly, the differentiation of NSCs was performed by
culturing them on PCL/PANI
investigate the influence of scaffold anisotropy on NSC fate and

electrospun membranes to
maturation. NE-4C cells are known to have the capability of
differentiating into neurons and astrocytes under RA treatment
(Schlett and Madardsz, 1997). After 14°days after RA induction, cells
seeded on both random and aligned fibers expressed neuronal and
astroglial markers and created interconnected neural networks on
the entire membrane (Supplementary Figure S5; Supplementary
Video S1). By analyzing the time course of marker expressions,
the formation of neural aggregates displaying neuron characteristics
was observed on day 7 after RA induction, while GFAP-expressing
astrocytes appeared at 14°days (Figure 6; Supplementary Figure S2).
This is in line with NE-4C neurogenesis stages described in the
literature, where the onset of astroglia cells follows the main
neuronal differentiation. Indeed, different studies reported that
GFAP-positive cells were noted not sooner than the ninth day of
RA treatment (Schlett and Madardsz, 1997; Varga et al,, 2008;
2009).
immunofluorescence images, the morphology and arrangement of

Hédinger et  al, Moreover,  according  to
differentiated NE-4C cells respected the characteristics reported in
the literature, as interconnected neuronal aggregates were observed
on a cell monolayer, while astrocytes were located inside and around

the clusters (Figure 6A) (Varga et al.,, 2008). In addition, marker
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stain-positive areas were calculated to estimate the number of cells
undergoing neuronal and glial differentiations. According to the
analysis, the percentage of cells expressing MAP2 was significantly
higher than GFAP-labeled cells, confirming that NSCs preferentially
differentiate into neurons on PCL/PANI mats. Indeed, neuronal
cells resulted to be more than 70% of cells expressing neural markers,
either in the case of random or aligned mats (Figure 6D). The same
trend was also observed in cells cultured on PCL mats. Differently,
the number of neurons and astrocytes was comparable when NE-4C
cells were seeded on glass. In general, these results suggest that fiber-
based substrates promoted neuronal differentiation, providing a
biomimetic environment for neural cells. Indeed, although the
values of Young’s modulus in PCL-PANI mats are significantly
higher than that of brain tissue, whose elastic modulus ranges from
0.1 to 1 kPa (Tarricone et al,, 2022), they can be considered more
similar to the one of native tissue compared to glass (~GPa) (Ford
and Rajagopalan, 2018).

Interestingly, the ratio of neurons to astrocytes was higher for
PCL/PANI random mats than aligned ones (Figure 6D). This aspect
is apparently in contrast to what was reported in the work of
Ashegali and colleagues, who showed a correlation between
higher alignment and increased ratio of TUJ1-labeled neurons to
GFAP-labeled astrocytes (Asheghali et al., 2020). Several studies
underlined the importance of anisotropy in enhancing neuronal
differentiation (Lim et al., 2010; Mohtaram et al., 2015; Eftekhari
et al.,, 2020). However, it is well-documented that the mechanical
properties of scaffolds are equally important in directing NSC fate
(Farrukh et al, 2018). It is reported that NSCs preferentially
differentiate into neurons on substrates having low elastic
modulus while stiffer materials induce their differentiation into
astrocytes (Saha et al., 2008; Ali et al, 2015). In this work, a
higher percentage of astrocytes was detected on aligned fibers,
which presented both a biomimetic aligned orientation and
enhanced mechanical properties in terms of Young’s modulus
and tensile strength compared to random counterparts.
Accordingly, the GFAP stain-positive area was higher in the case
of NSC culture on glass, as cells were differentiated on stiff substrates
(~GPa) (Ford and Rajagopalan, 2018). In summary, the capability of
PCL/PANI nanofibrous mats in boosting the differentiation of
cultured NSCs into neurons was demonstrated, in contrast to
traditional over differentiation in glial cells, also evidencing the
possibility of modulating the ratio between the two cell populations
depending on substrate physical properties.

Lastly, the use of PCL/PANI mats in modulating neuron
arrangement and neurite outgrowth was assessed. Several studies
have shown the potential of aligned structures in directing neurite
extension (Wang et al., 2009; Mohtaram et al., 2015; Hyysalo et al.,
2017; Amores de Sousa et al., 2020). This aspect has been proven to be
a very important factor for regulating in vitro neuronal activity
(Hajiali et al., 2018) and significantly contributes to the maturation
of in vitro neural tissues, especially in combination with exogenous
electrical stimulation (Eftekhari et al., 2020). In our study, the effect of
aligned fiber configuration was investigated on NSC-derived neurons.
Specifically, neuronal morphology was evaluated by analyzing the
localization of cytoskeleton protein with respect to fiber orientations.
According to immunofluorescence imaging, cells cultured on aligned
mats were arranged in a preferential direction, following fiber main
orientation angles (Figures 7A, D). Indeed, by comparing the Fourier
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spectra of angle distributions, a difference lower than 5 was observed
between the primary directions of neurons and fibers at 14°days
(Figure 7E). On the contrary, a wide distribution was found in the case
of neurons seeded on random mats, where no trend in cell orientation
can be identified (Figure 7C). These results confirmed that the
presence of aligned patterns in the PCL/PANI nanofibrous mats
directly influenced neuronal cell spreading and neurite attachment
and could provide contact guidance for axonal elongation towards a
preferential direction.

5 Conclusion

In this work, the use of electroconductive PCL/PANI nanofibrous
membranes was proposed to develop functional scaffolds for neural
stem cell culture and nervous tissue modeling. The electrospinning
process was employed to fabricate nanofibers in both random and
aligned configurations, to mimic the typical nanofibrous and
anisotropic architecture of the neural ECM. The interaction of
NSCs with substrates having different physical and morphological
properties was shown to stimulate specific cell responses in terms of
cell differentiation and arrangement. The results of this work
demonstrated that the nanofibrous structure of PCL/PANI mats
significantly promoted the differentiation of NSCs into neurons
compared to traditionally used glass substrates, supporting the
establishment of an extended and interconnected neural network.
Additionally, the presence of aligned patterns was proven to guide
neuron orientation toward a preferential direction, providing
biomimetic topographical cues for neurite outgrowth. The
capability of this system to replicate some essential features of the
in vivo microenvironment, such as tissue anisotropy and multi-
cellular composition, makes it an attractive platform for the
in vitro investigation of neuronal injuries and neurodegeneration,
as well as the exploration of novel regenerative approaches. A step
forward in model biomimicry would be the combined use of this
platform with human induced pluripotent stem cell (hiPSCs) culture.
Moreover, the electroactive properties of such nanofibrous substrates
expand their applicability within dynamic systems for electrical
stimulation or signal recordings, thus offering new opportunities

for the creation of functional engineered tissue analogs.
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