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A B S T R A C T

Neurodegenerative diseases compromise the quality of life of increasing numbers of the world’s aging popula-
tion. While diagnosis is possible, no effective treatments are available. Using both tissue engineering and na-
nomedicine approaches, it is possible to develop systems appropriated for cell transplantation. Culturing neural
stem cells (NSCs) on conductive polymers promotes their differentiation yield. The study herein aims at opti-
mizing and characterizing NSC-compatible, electrically conductive poly(capro-ε-lactone) (PCL)-polyaniline
(PANI) electrospun scaffolds for neural tissue engineering applications. Furthermore, the optimal PANI to PCL
ratio required for ideal electroconductivity properties is still not well understood. The obtained fibers were
characterized by FTIR, TGA and DSC, and their material’s mechanical properties and electroconductivity, were
investigated. For the first time, PCL-PANI fiber’s biocompatibility was assessed in NSCs; cell adhesion, growth
rate and morphology were evaluated and correlated with the material’s physico-chemical properties. All the
samples tested were able to support neural stem cell growth without any major changes on the cell’s typical
morphology. We were also successfully able to produce electrically conductive nanofibers with conductivities
above of biological fluids (7.7× 10−2 S/cm vs 1.0×10−2 S/cm), making these ideal candidates for in vitro
neural differentiation studies under electrical stimulation. Overall, this study provides valuable knowledge to
improve future, in vitro models for drug testing and tissue engineering applications.

1. Introduction

Neurodegenerative diseases compromise the health of increasing
numbers of the world’s aging population. They are caused by a pro-
gressive loss of the patient’s brain cells, and the signs vary based on the
disease and the affected area of the brain. Most commonly essential
brain functions gradually disappear, including memory, judgement, and
movement control. Alzheimer’s disease (AD), the most common cause
of all dementia (60–80%), is estimated to affect 24 million people
globally, with an incidence of 0.6% for patients of 65–69 years old and
6% for 85 years old patients [1] Parkinson’s disease (PD), the second
most common neurodegenerative disease, has comparatively lower in-
cidence (8–18 cases per 100,000 annually) and is observed in 1% of 60-
year-old patients and in about 3% of patients older than 80 years of age.

Life span after onset of PD is just 15 years [1]. While diagnosis is pos-
sible, no effective cures are available for these diseases and treatments
available are only palliative. Although some risk factors, especially for
AD, have been extensively reported, i.e., old age, genetics, cere-
brovascular disease, and other conditions such as obesity, diabetes and
smoking, the etiological uncertainty of the diseases remains a challenge
[1].

Replenishing neurons is the ultimate therapy to cure these other-
wise progressive, debilitative and fatal neurodegenerative diseases. Cell
therapy, with neural stem cells (NSCs) or mesenchymal stem cells
(MSCs), has potential for effectively treating neurodegenerative dis-
eases, either by replenishing the cell pool or through the secretion of
paracrine factors [2–6]. However, these therapies do not take into ac-
count that these diseases: (1) are multifactorial; (2) negatively impact
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the brain ECM; and, therefore, (3) hamper any chances for survival
and/or an optimal differentiation of NSCs into fully mature and func-
tional neurons and glial cells [7]. Carradori and coworkers review some
of these factors and remind us that no clinical trial using stem cells for
neurodegenerative diseases has yet reached phase III studies [5].

Tissue engineering focuses on the development of tissue and organ
substitutes, restoring or augmenting their structure and functions [8]. A
potential combination between tissue engineering, nanotechnology and
material science is critical for the development of successful tissue en-
gineering strategies targeting neurodegenerative diseases [5]. Particu-
larly important is the development and optimization of biomaterials
and nanostructured scaffolds that can support NSCs growth, differ-
entiation and maturation. Such biomaterials require the optimization of
diverse physical properties, including mechanical properties, chemical
cues, and electroconductivity, to modulate cell behavior and mimic the
target tissue microenvironment [9,10]. One important cue in en-
gineering neural tissue replacements is the direct electrical stimulation
of cells. Electrical stimulation can not only enhance proliferation but
also promote migration and differentiation of various cell types, in-
cluding cardiomyocytes and neural cells [9,11–13]. In vitro, NSCs ex-
posed to electric fields adopt a more elongated morphology, [12] re-
sulting in an increased number of neurites, [14,15] and expression of
higher level of neuron specific proteins (i.e., Tuj1, MAP2) [9,11]. The in
vivo use of electricity to directly stimulate the entorhinal and hippo-
campal regions (deep brain stimulation) can also impact memory and
learning [16–18].

Conductive polymers have been shown to be capable of sustaining
cell growth [19] and conduct electric stimuli to cultured cells. Even in
the absence of electrical stimulation they can slightly improve NSC
differentiation [9,20]. When used for neural tissue engineered scaffolds,
conductive polymers can enable direct and electrically tunable cell
stimulation, while exhibiting better mechanical properties than me-
tallic-derived biomaterials [12]. In addition, the easy fabrication and
processing of conductive polymers into any three-dimensional (3D)
structure that suits the requirements of the targeted tissue make these
materials ideal candidates for potential therapy in neurodegenerative
diseases [21,22].

One particularly useful conductive polymer is poly(aniline) (PANI)
[23] When doped with camphorsulfonic acid (CSA), this polymer un-
dergoes a change in its resonance structure, switching from the quinoid-
rich, emeraldine base (blue) form to a benzene-rich, emeraldine salt
(green) form, making it more conductive [19,24,25]. PANI was proved
to be biocompatible [26,27] and has been used in the production of
films, [19,28] electrospun fibers [14,29] and hydrogels [30,31] for cell
culture applications. Previous studies have also shown the potential
application of PANI-poly(caprolactone) (PCL) blended fibers as gas
sensors [32] and as scaffolds for myoblasts and HUVECs [33,34]. The
blending of PANI with PCL also holds promise in creating a bio-
compatible and electroconductive scaffold for neural tissue en-
gineering. However, no studies have yet focused on using such blends
for culturing NSCs.

Furthermore, the optimal PANI to PCL ratio required for ideal
electroconductivity properties is still not well understood. The present
study aims at optimizing and characterizing NSC-compatible, elec-
trically conductive PCL-PANI electrospun scaffolds, for applications in
neural tissue engineering. This platform will potentially be useful for:
(1) building in vitro platforms for drug screening and disease models;
(2) serving as an interface for deep-brain electrodes; and (3) allowing
the direct transplantation of fully grown and functional neurons into
patients’ brains.

2. Materials and methods

2.1. Materials

PANI, of molecular weight (MW) 100,000 Da, CSA (98% purity),

2,2,2-trifluoroethanol (TFE), poly(caprolactone) MW 80,000, poly(L-
ornithine hydrobromide) MW 30,000–70,000, glucose, human re-
combinant insulin, 2-(4-amidinophenyl)-6-indolecarbamidine dihy-
drochloride (DAPI), phalloidin–tetramethylrhodamine B isothiocyanate
and osmium tetroxide (4% in H2O) were purchased from Sigma (St.
Louis, MO). Dulbecco’s phosphate buffer saline (DPBS), Dulbecco's
Modified Eagle's Medium (DMEM-F12+glutamax (1X)), N2-supple-
ment (100X), pen-strep mixture (penicillin 10,000 units mL−1, strep-
tomycin 10,000 µgmL−1) human recombinant epidermal growth factor
(EGF), human recombinant fibroblast growth factor 2 (FGF-2), B27-
supplement (50X), reazurin (Alamar Blue® cell viability reagent) and
triton-x-100 (Surfact-Amps®, 10% in water) were obtained from
Thermofisher. Ultra-low attachment 24-well plates (flat bottom) were
obtained from Corning. Medical glue (silastic® medical adhesive sili-
cone type A) was obtained from Biesterfeld Spezialchemie Ibérica, SL.
Paraformaldehyde (PFA, 4% in phosphate buffered saline (PBS),
ChemCruz) was obtained from Santa Cruz Biotechnology. Normal goat
serum (10%) was obtained from Life Technologies. A frozen stock of
ReN-VM cells (Millipore) was used in these studies.

2.2. PCL-PANI solution preparation

The various PCL-PANI/CSA, or simply PCL-PANI, solutions were
prepared by adding PANI and CSA in ratio of 0.78 g to 1 g respectively
following literature reports. [19] Doping occurred upon dissolution of
the two compounds in TFE, and the obtained solutions were stirred for
24 h until the color changed from blue to green. PCL was then added to
the resulting mixture. Eight different solutions of PCL-PANI were pre-
pared and identified by the PCL:PANI weight ratio (Table 1).

2.3. Electrospinning

The prepared PCL-PANI solutions (Table 1) were electrospun using
a spinneret system (MECC, Ogori, Fukuoka, Japan) and a 23G needle
(0.635mm of internal diameter) under the following conditions: vol-
tage of 15 kV, flow rate at 1.0mL h−1, distance from needle to collector
of 15 cm, temperature of 21 °C, relative humidity of 20%. Samples were
collected on a static copper collector, and then dried under vacuum
before being analyzed.

2.4. Physical characterization of the obtained fiber mats

2.4.1. Fiber mats morphology and fiber diameter
The morphology of the fiber mats obtained was evaluated using

Scanning Electron Microscopy (SEM) (Carl Zeiss Supra 55 FESEM) at
1 kV, IL detector, after coating with a thin platinum layer. Fiber dia-
meter was evaluated using SEM images. A total of 100 individual fibers
(five images with 20 fibers/image) for each combination were analyzed

Table 1
Identification and composition of the solutions used in the fiber’s preparation
and corresponding fiber’s diameters. Results presented as mean ± sd.

Sample PANI (mg) CSA (mg) PCL (g) TFE (mL) Fiber diameters (nm)

88:12 68 87 0.5 10 96 ± 29
91:9 68 87 0.7 10 268 ± 42
93:7 68 87 0.9 10 276 ± 82
94:6 68 87 1.1 10 258 ± 72
95:5 68 87 1.3 10 273 ± 93
96.25:3.75 51 65 1.3 10 348 ± 124
97.5:2.5 33 43 1.3 10 334 ± 154
98.75:1.25 16 21 1.3 10 333 ± 119
PCL 5% 0 0 0.5 10 87 ± 29
PCL 7% 0 0 0.7 10 161 ± 50
PCL 9% 0 0 0.9 10 228 ± 73
PCL 11% 0 0 1.1 10 320 ± 79
PCL 13% 0 0 1.3 10 561 ± 187
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using NIH ImageJ software (National Institute of Health, MD, USA). The
diameters obtained were averaged and the histograms were plotted
using Microsoft Excel.

2.4.2. Attenuated total reflectance–fourier transform infra-red spectroscopy
(ATR-FTIR)

A profile of the fiber mat (5× 2 cm2) was obtained by FTIR (Perkin
Elmer Spectrum One FT-IR Spectrophotometer) using the ATR module.
Transmittance spectra were obtained over the region from 650 to
4000 cm−1 at room temperature and recorded with an accumulation of
32 scans and a resolution of 4 cm−1.

2.4.3. Thermogravimetric analysis (TGA)
Thermal decomposition of the fiber mats was determined, under a

nitrogen atmosphere, using a computer-controlled TA instrument (TGA
Q5, New Castle, DE, USA). Samples were heated in alumina crucibles,
from 50 °C to 600 °C at a constant heating rate of 1.5 °Cmin−1. Profiles
of mass loss as a function of temperature were obtained and evaluated
using TA Universal Analysis 2000 software (Version 4.5A, TA
Instruments). The onset temperature of degradation and corresponding
mass loss were calculated for each sample using first and second deri-
vatives.

2.4.4. Differential scanning calorimetry (DSC)
The thermal properties of PCL-PANI fibers were determined using a

differential scanning calorimeter (DSC) 8500 (Perkin-Elmer). Pre-
weighed fibermats were sealed in aluminum pans and heated at
10 °Cmin−1 to 100 °C to ensure even spreading in the pan. After this the
samples were subjected to one heating and cooling cycle each between
−80 and 100 °C at 1.5 °Cmin−1 under a nitrogen atmosphere.
Crystallization, melting and glass-transition temperatures, along with
their respective enthalpies, were calculated using TA Universal Analysis
2000 software (Version 4.5A, TA Instruments).

2.4.5. Electroconductivity measurements
Electrospun fiber mats were coated with four 50 nm thick gold

strips, using a Temescal e-beam evaporator, to improve electrical con-
tact. The electroconductivity was measured using the 4-probe method
on a probe station (Suss Manual 4 Probe Station coupled to Keithley
4200 IV/CV meter). Each mat was measured in 5 different spots, and
electroconductivity was averaged from 3 mats. The thickness of the
mats was measured using a Dektak 8 Profilometer at 3mg, 111 µm s−1.

2.4.6. Mechanical tests
A uniaxial tensile test was performed on the electrospun mats using

an Instron 5800 (Plansee, Franklin, MA) load frame with a 10 N load
cell. Specimens were cut to a rectangular shape (40mm×15mm,
n=5) and the crosshead speed was set constant at 10mmmin−1

during the uniaxial test. Young’s modulus was calculated from the
0–15% strain linear region in the stress-strain curve and the ultimate
tensile strength (UTS) and maximum extension were measured from the
highest peak of the stress-strain curve.

2.5. Biocompatibility assessment

2.5.1. ReN-VM cell culture conditions
In this study the human-derived cell line ReN-VM, NSCs im-

mortalized through the transfection of c-myc, is used due to its ease of
cell culturing and ability to differentiate into mature neural cells [35].

ReN-VM cells were grown on poly-ornithine (20 µgmL−1) and la-
minin (10 µgmL−1) coated plates in N2 media, composed of DMEM/
F12 with N2 supplement (1:100), additional glucose (1.6 gmL−1), in-
sulin (20 µgmL−1) and pen-strep (1:100), supplemented with EGF
(20 ngmL−1), FGF-2 (20 ngmL−1) and B27 (10 µLmL−1), at 37 °C and
5% CO2.

2.5.2. ReN-VM cell proliferation assay and kinetic data calculation
Electrospun fiber mats, immobilized on glass coverslips with med-

ical glue, were firstly UV sterilized for 1.5 h per scaffold side and
treated with 1% pen-strep solution in PBS, for 3 h. They were then
coated with poly-ornithine and laminin before being seeded with ReN-
VM cells (P10) at 20,000 cells cm−2. Supplemented N2 media was
added 1 h after seeding (37 °C and 5% CO2) to promote initial cell at-
tachment. Media was exchanged at day 1, when cell adhesion was
calculated, and then every two days thereafter until the end of the
experiment. Cellular metabolic activity was assessed using Alamar
Blue® at days 1, 3, 5 and 7. Cell number was determined using a cali-
bration curve. Cell adhesion (Eq. (1)), growth rate, (Eq. (2)) and du-
plication time (Eq. (3)) were calculated using the following formula:

=Cell adhesion at day cells at day seeded cells1 ( 1)/( ) (1)

= −Growth rate ln cells day ln cells day total time[ ( 7) ( 3)]/ (2)

=
−Doubling time ln growth rate h(2)/ ( )1 (3)

2.5.3. Confocal imaging
Cells at day 7 were fixed in PFA 4% for 10min, washed with DPBS

twice and then permeabilized with staining solution (goat serum 5%
and Triton-x-100 0.1% in DPBS) for 15min at RT. Phalloidin-
Rhodamine (0.5 mgmL−1) and DAPI (1mgmL−1) staining was per-
formed with staining solution for 45min and 5min, respectively. Cells
were then washed and kept in DPBS and imaged using a confocal mi-
croscope (Zeiss LSM 510META Spectral Confocal). Fixed cells were also
treated with osmium tetroxide 1% for 30min, dried using a critical
point dryer (Supercritical automegasamdri 915B, purge at 3), coated
with platinum and imaged using SEM (Carl Zeiss Supra 55 FESEM).

2.6. Statistical analysis

All data are presented as mean values ± standard deviations (SD).
Statistical analysis was performed using Microsoft Excel. Significant
differences between groups were measured using ANOVA test, followed
by post-hoc analysis and Bonferroni correction. p < 0.05 was con-
sidered statistically significant.

3. Results

3.1. Average fiber diameters and histograms

Electrospun PCL-PANI fibers were easily obtained. SEM images of
PCL-PANI fibers and their corresponding diameter distribution histo-
grams are shown in Figs. 1 and S1. The diameters are within the na-
noscale range (Table 1). With the exception of samples 91:9 and 88:12,
the addition of PANI:CSA impacted the overall fiber diameter in a
statistically significant way when compared to pure PCL fibers. When
considering samples 95:5, 96.25:3.75, 97.5:2.5, 98.75:1.25, only 95:5
(273 ± 93 nm) was statistically different from the others. For samples
95:5, 94:6, 93:7, 91:9 and 88:12, where PANI:CSA amount was kept
constant but PCL was varied, we found that 91:1 (268 ± 42 nm) and
88:12 (96 ± 29 nm) were each significantly different from the others.

3.2. ATR-FTIR

FTIR spectra for all the fiber blends and standards (PCL 13%,
PANI:CSA) demonstrated that both PCL and PANI polymers were
blended within the fibers. PCL peaks corresponding to asymmetric/
symmetric CH2 bands (2866 cm−1 and 2943 cm−1), carbonyl groups
(1727 cm−1) and the fingerprint region (1100–1400 cm−1) could be
identified in both PCL and PCL-PANI fibers (Fig. 2A). The three char-
acteristic amine peaks in the PANI:CSA standard at 652 cm−1,
830 cm−1, and 946 cm−1 were assigned to NeH bending, 3300 cm−1

F.F.F. Garrudo, et al. European Polymer Journal 117 (2019) 28–37

30



was assigned to NeH stretching but these peaks were not identified in
the blended fibers. The peak at 1412 cm−1 was assigned to the aromatic
ring. New peaks, some of low intensity, were also identified in PCL-
PANI fibers, corresponding to the para-substituted benzene (794 cm−1)

(Fig. 2C) and quinoid (1554 cm−1) rings (Fig. 2B), nitrile (2336 cm−1),
secondary amine (3455 cm−1) and alcohol (3728 cm−1), present in
PANI:CSA. These last four peaks showed very weak intensities. Overall,
all the PCL-PANI samples have similar spectra, and peaks from both

Fig. 1. SEM images (25,000X) and diameter histograms of PCL-PANI electrospun fibers (A) 95:5, (B) 96.25:3.75, (C) 97.5:2.5, (D) 98.75:1.25, (E) 94:6, (F) 93:7, (G)
91:9 and (H) 88:12. Scale bar 1 µm.

Fig. 2. (A) ATR-FTIR spectra for PCL-PANI fibers (a) 88:12, (b) 91:9, (c) 93:7, (d) 94:6, (e) 95:5, (f) 96.25:3.75, (g) 97.5:2.5, (h) 98.75:1.25. The spectra for the
reference materials (i) neat PCL 13% fibers and (x) PANI:CSA complex are also shown. (B) Close caption of the 1400–1650 cm−1 region with special focus on the
peaks at 1554 cm−1; (C) Close caption of the 650–900 cm−1 region with special focus on the peaks at 794 cm−1. (resolution 4 cm−1, 32 scans).
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PCL and PANI:CSA were identified.

3.3. TGA analysis and calculation of the component’s relative amounts

TGA results also showed the incorporation of PANI in the fibers
prepared from the blends solutions. Fig. 3 shows the thermograms for
the various PCL-PANI fibers, PCL(13%) fibers and for a sample of PANI-
CSA. The important data extracted from these curves are shown in
Table 2. We observed that the onset of fiber blend degradation occurs at
lower temperatures than that of pure PCL fibers. This lower thermal
stability is attributed to the presence of PANI-CSA, which has an onset
degradation temperature at ∼168.1 °C (Fig. 3) that is closer to the in-
itial onset temperature for the blended fibers (189.1 ± 6.7 °C). At this
stage the total mass loss increased with increasing amounts of PA-
NI:CSA (Table 2). The second onset temperature for the PCL:PANI fibers
occurs at 343.4 ± 6.3 °C, close to the onset of neat PCL fibers de-
gradation at 341.6 °C. This second onset temperature remained stable in
all the samples tested, and the relative amount of mass loss at this stage
also decreased with the increasing fiber content of PANI:CSA. The
amount of lost material roughly corresponds to the PCL present in the
PCL-PANI fibers, since PANI:CSA loss started at 303.5 °C, and was broad

enough to overlap with the PCL onset temperature. A third onset
temperature was observed at 437.8 ± 5.2 °C in all the PCL-PANI fibers,
also present on PCL fibers (427.0 °C). This loss corresponds to PCL de-
gradation and correlates to total mass loss of the fibers and the PA-
NI:CSA content. The amount of residue at 600 °C also increased with the
increasing amount of PANI:CSA in the fibers, probably due to remaining
PANI degradation products. Overall, from these data we can conclude
that all the PCL-PANI samples are different, with onset temperatures
overlapping with ones from PCL and PANI:CSA standard.

3.4. Electroconductivity

PANI:CSA incorporation into the fibers resulted in electro-
conductive fiber mats (Fig. 4). Higher PANI:CSA content was associated
with higher conductivity values, reaching a maximum of
7.7×10−2 S cm−1 for PCL-PANI (88:12), 4.2× 10−2 S cm−1 for PCL-
PANI (95:5) and 3.4×10−2 S cm−1 for PCL-PANI (93:7). The re-
maining samples showed decreased conductivity:
96.25:3.75 > 91:1 > 94:6 > 97.5:2.5 > 98.75:1.25. The increase of
the fiber electroconductivity was proportional to PANI:CSA content in
the fibers up to PCL-PANI 95:5 and a plateau was reached until PCL-

Fig. 3. TGA profiles (A1 and A2) and respective first derivates (B1 and B2), of PCL-PANI electrospun fibers with different PCL to PANI ratios. All samples include
profiles for the standards used (neat PCL 13% fibers and PANI-CSA powder) (1.5 °Cmin−1, 50–600 °C).

Table 2
TGA data compilation for the tested fibers (1.5 °C per min, 50–600 °C), including onset temperature for material degradation (°C) and corresponding weight loss (w/w
%). Tn=Temperature onset n, n= 1, 2, 3.

Sample Onset T1
(°C)

Peak T1
(°C)

Weight Loss T1
(%)

Onset T2
(°C)

Peak T2
(°C)

Weight Loss T2
(%)

Onset T3 (°C) Peak T3 (°C) Weight Loss T3
(%)

Residue (%)

88:12 187.3 225.0 12.8 329.7 359.4 64.8 367.4 411.1 10.7 11.7
91:9 195.7 230.7 20.4 355.6 349.8 62.6 358.2 408.6 8.1 8.9
93:7 190.4 256.7 14.9 337.5 364.3 68.2 380.2 412.1 8.0 8.9
94:6 182.1 231.4 16.1 336.6 360.4 70.0 380.7 414.3 6.7 7.2
95:5 196.3 237.2 12.0 344.9 367.8 76.5 388.3 418.49 5.4 6.2
96.25:3.75 195.5 229.7 9.3 342.0 364.0 81.5 395.6 421.6 4.6 4.5
97.5:2.5 186.9 230.4 5.3 342.3 364.7 85.9 389.6 413.3 4.6 4.2
98.75:1.25 178.2 267.7 2.8 344.9 367.4 89.2 387.24 412.4 5.3 2.7
PCL 13% – – – 341.6 368.0 94.6 387.6 408.6 3.9 1.5
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PANI 88:12.
The results obtained indicate that the minimum PCL:PANI ratio

necessary to turn PCL fibers conductive is 96.25:3.75. However, only
sample 88:12 was statistically different from the least conductive
sample 98.75:1.25 (8.8×10–5 S cm−1).

3.5. Mechanical properties

The addition of PANI:CSA to PCL altered the properties of the fiber
mat. Maximum extension significantly decreased for all the samples
tested (Figs. 5 and S3). They were all more fragile and brittle. Inter-
estingly, Young’s modulus only increased for samples 96.25:3.75,
97.5:2.5 and 98.75:1.25 when compared with PCL 13% fibers.

When comparing only samples 98.75:1.25, 97.5:2.5, 96.25:3.75,
and 95:5 addition of PANI:CSA is correlated with a decrease in the

Young’s tensile modulus, UTS and Maximum extension (Fig. 5). For
samples 94:6, 93:7, 91:9 and 88:12 similar trends were observed. Sta-
tistically significant differences were observed only among these 2
groups, where decreasing PCL content influenced only Young’s tensile
modulus.

3.6. Cell viability and kinetic data

ReN-VM cells (Passage 10) were grown on the fibers after standard
poly-ornithine and laminin coating. An equivalent number of cells
(Fig. 6), calculated from reduced Alamar Blue was determined at days
1, 3, 5, and 7. Cell adhesion, doubling time, and growth rate (Table 3)
were calculated from these values.

High amounts of PANI:CSA are associated with a lower cell adhe-
sion at day 1, roughly less 50% when compared to the pristine PCL

Fig. 4. Electroconductivity values for the PCL-PANI blends tested. All samples were statistically compared against PCL-PANI 98.75:1.25 (*=p < 0.05). Results are
presented as mean ± sd (n=3).

Fig. 5. Mechanical properties of the tested PCL-PANI fibers and respective PCL control standard fibers: (A) Young’s tensile modulus, (B) Ultimate strength and (C)
Maximum extension. Respective PCL fibers (5% to 13%) were used as controls (* means p < 0.05).
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fibers (Tables 3 and S2). This suggests that PANI:CSA incorporation
decreased cell retention on the fiber mats. However, the absolute
number of cells adhered to the electrospun matrix were sufficient to
further investigate the cell-cell interactions. From a research point of
view, the low initial cell density allows one to follow the scaffold co-
lonization and cell visualization more efficiently. The low initial ad-
hesion efficiency might eventually be improved by either optimization
of the seeding protocol and/or incorporation of adhesion molecules that
do not compromise fiber electroconductivity. Growth rate was higher
on PCL-PANI fibers with higher PANI:CSA content, especially when
compared to the corresponding PCL fibers.

Despite low adhesion values, both Alamar Blue (Fig. 6), DAPI/
Phalloidin staining and SEM imaging (Figs. 7 and S4) demonstrate the
presence of adherent and viable cells growing on the fiber mats
throughout the entire experiment.

DAPI-phalloidin and SEM images show that cells growing on PCL-
PANI fibers are further apart than on PCL fibers (Fig. 7). This effect is
negated when PANI:CSA content decreased below a certain value
(sample 97. 5:2.5), from where cells form clusters more frequently. One
interesting feature observed in these images is cells growing on PCL-
PANI (Fig. 7) and PCL fibers (Fig. S4) maintain their normal spindle-
shaped/stellar morphology, stretching along the fiber mat with no ap-
parent orientation. These results suggest that PCL-PANI fibers are bio-
compatible in terms of both cell adhesion and growth and allow NSCs to
retain their natural morphology.

4. Discussion

Previous studies have shown the potential of PANI-PCL blended fi-
bers as gas sensors [32] or as scaffolds for culturing myoblasts and
HUVECs, [33,34] suggesting that this blend might be a suitable

candidate for neural cell culture. Based on this, we hypothesized that a
biocompatible and electroconductive scaffold for neural tissue en-
gineering might be obtained by blending these two polymers. The goal
of this study is to optimize this blend and characterize the resulting
NSC-compatible and electrically conductive PCL-PANI electrospun
scaffolds. Achieving this goal will lead to a biocompatible in vitro
platform for drug screening and disease modelling. Such platform can
also serve as an interface for deep-brain electrodes or allow the direct
transplantation of fully grown and functional neurons into patients’
brains.

Understanding how the fiber diameter varies is helpful in de-
termining how suitable the non-woven fibermats are as matrices for
neural regeneration. All the fibers obtained have diameters within the
nanoscale range (< 350 nm) and afford uniform fibermats, which ac-
cording to the literature should facilitate NSC proliferation by pro-
moting cell migration and reducing the effect of topographic cues that
otherwise would lead to neural cell differentiation [36]. Blended fiber
samples of 95:5, 94:6, 93:7, however, have similar diameters, and in
samples 91:1 and 88:12 the drop observed for fiber is significant. There
were no statistically significant differences between sample 95:5 and
samples 94:6 and 93:7, or between samples 96.25:3.75, 97.50:2.50 and
98.75:1.25. However, increasing PANI:CSA content reduced the stan-
dard deviation of the average fiber diameter. This might be the result of
a greater charge distribution through the fibers during electrospinning,
caused by increasing amounts of PANI:CSA. This makes the solvent
evaporation rate more uniform and promotes the production of a more
homogeneous population of fibers.

TGA and FTIR data confirms the presence of all components in the
fibers. TGA shows that they are also in the right proportions and de-
grade in a predictable way, while FTIR also proves that no interactions
are visible between PCL and PANI:CSA.

The FTIR of the PANI:CSA standard does not show a PANI shoulder
band from 1650 to 4000 cm−1, suggesting that CSA doping successfully
affords a conductive form of PANI:CSA [37]. The doping used in this
project, 0.78 g of PANI for 1 g of CSA, is similar to the optimal literature
values, affording doping of 50% of amine groups in the polymer chain
and giving the maximum electroconductivity possible. Values below or
above 50–60% doping are known to reduce polymer’s conductivity
[23,37,38].

An early onset temperature in TGA correlates with the presence of
PANI:CSA mixture in the fibers, and higher contents are associated with
bigger steps in the curve. The presence of separate and constant onset
temperatures in the TGA profiles and the absence of visible changes on
FTIR’s peak intensities indicates that these two polymers do not mix
when blended together in the fibers. This conclusion is supported also
by the DSC results (Fig. S2). No major changes in the Tg values of PCL

Fig. 6. Cell growth profile at days 1, 3, 5, and 7 using the equivalent number of cells (mean+ std, n=3). Glass coverslips and PCL 9% fibers were used as controls.

Table 3
Cell kinetics data obtained from the growth curve data. Growth rate and dou-
bling time were calculated between days 3 and 7.

Sample Adhesion (%) Growth Rate (per day) Doubling time (h−1)

88:12 9 0.50 33
91:9 14 0.38 44
93:7 11 0.46 36
94:6 16 0.28 59
95:5 5 0.34 49
96.25:3.75 9 0.41 41
97.5:2.5 17 0.31 54
98.75:1.25 16 0.36 47
PCL 13% 29 0.45 37
Glass Coverslip 92 0.13 126
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were observed in any of the samples tested by DSC, and Tm doesn’t vary
significantly among all the samples tested. This proves that there is
phase separation between the components when they are together in a
blend fiber (Fig. S3) [39]. In fact, higher PANI:CSA amounts decreases
the energy released by the system when crystallization occurs (88:12,
91:9, 93:7, 94:6) (Table S1), confirming that the interactions formed
are not stable and supporting the previously observed increasing fra-
gility of the fibers with PANI:CSA content. These features hadn’t any
effect on the electrospinnability of the tested solutions, since the pro-
cess was stable and homogeneous mats were obtained.

Because the stabilizing forces involved aren’t strong, increasing
amounts of PANI:CSA disrupt the interactions and make the fibers
progressively softer and more fragile. In fact, the Young’s tensile
modulus is low for fibers having high amounts of PANI:CSA. However,
approaching the native modulus value of brain tissue (7.11–9.21 KPa) is
an important designing feature for neural tissue scaffolds, since it
promotes not only its biocompatibility but also efficient cell differ-
entiation [40–43].

In this study, samples with PCL-PANI ratio above 95:5 showed high
electroconductivity values, namely samples 88:12, 95:5 and 93:7
(7.7× 10−2 S/cm, 4.2×10−2 S/cm and 3.4× 10−2 S/cm respec-
tively). These values are lower than the ones described for polyaniline

films (2.7× 102 S/cm) [23], but are in line with the one Low and
coworkers obtained for their PCL-PANI fibers used for gas sensing
(8.0× 10−2 S/cm) [32]. Interestingly, most of the fibers tested surpass
the conductivity of biological fluids (∼1×10−2 S/cm), suggesting that
these fiber mats are suitable candidates for further studies.

The existence of a plateau phase between samples 95:5 and 88:12 is
not easily explained, since electroconductivity should have increased
proportionally to PANI content. Increased concentrations of PANI can
lead to the formation of capacitors, impacting current passing as was
reported before [39,44]. Because these fibers were made with much
higher concentrations, it is possible that capacitor formation might
explain the plateau phase observed in electroconductivity.

In this work, 1,1,1-Trifluoroethanol is used as the solvent for the
PCL-PANI solutions produced. The solubility of PANI in TFE is similar
to that in 1,1,1,3,3,3-hexafluoropropan-2-ol (HFP) [45]. HFP can ac-
tually enhance PANI:CSA electroconductivity by acting as a pseudo
dopant and stabilizing its resonance structure through hydrogen bridges
between the alcohol group of HFP and imine groups of PANI:CSA,
promoting PANI:CSA chain uncoiling and relaxation by blocking chain-
chain interactions through its bulky fluoride groups [46]. TFE should
show a similar mechanism for chain relaxation and electroconductivity
enhancement for fibers [45]. Since the fibers obtained are also

Fig. 7. DAPI/Phalloidin (A 400X scale bar 50 µm) and SEM images (B 2000X scale bar 20 µm, C 5000X scale bar 50 µm) of ReN-VM cells growing on PCL-PANI fibers
after 10 days in culture. PCL-PANI fibers tested: (A1, B1, C1) 95:5, (A2, B2, C2) 96.25:3.75, (A3, B3, C3) 97.5:2.5, (A4, B4, C4) 98.75:1.25, (A5, B5, C5) 94:6, (A6,
B6, C6) 93:7, (A7, B7, C7) 91:9, (A8, B8, C8) 88:12.
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electroconductive, TFE can therefore be viewed as a more economical
alternative to HFP. However, care must be taken with TFE since high
humidity values (40–50%) during electrospinning can negatively affect
the conductivity of the samples tested.

Both PCL and PANI:CSA are generally viewed as biocompatible
materials [27,47,48]. Another goal in this study is also to confirm that
these mats can be used in NSC culture. Since cells were able to adhere,
the cell growth values obtained were high for all PCL-PANI fibermats
and the cells maintained a normal spindle-shaped/stellar morphology
we conclude that PANI:CSA have minimal toxic effects when in-
corporated into PCL for NSCs.

In the fabricated fiber mats, increased amounts of PANI:CSA in the
fibers were associated with a lower adhesion at day 1, possibly the
result of PANI:CSA decreasing the contact angle of the fibers [49].
However, this did not compromise their interaction with the electro-
spun fibers, as it is shown in the SEM images where the cells are in-
timately interacting with the fiber mats.

Due to the low adhesion observed, the initial cell number was low
for all the PCL-PANI samples. However, the cell growth rate on all the
samples tested containing PANI:CSA is similar to neat PCL fibers
(Tables 3 and S2). When analyzing PCL-PANI samples alone, growth
rate tended to be higher with increased PANI:CSA content. Since initial
cell adhesion was low for these samples, the cells had more scaffold
surface to spread and grow, which is visible in Fig. 7. It is hypothesized
that this minimized cell-cell contact inhibition of growth and prevented
the formation of cell clusters as seen on PCL samples (Fig. S4) [36,50].

The doubling time values for cells growing on PCL-PANI fibers were
lower and not close to the values described in the literature for ReN-VM
cell growth on tissue culture plates (23.8 h).

It was reported in the literature that NSCs growing on electrospun
PES fibers with diameters of 283 ± 45 nm show a higher proliferative
potential than on similar fibers of larger diameters (749 ± 153 nm and
1452 ± 312 nm), but spread less across the fiber mat and instead form
clusters [36]. In our study all the fibers tested (except for PCL 13%),
were all closer in size to 283 ± 45 nm. Cluster formation wasn’t
commonly observed with PCL-PANI fibers and, what is more, the
growth rate is higher when compared to the neat PCL fibers tested. This
suggests that the effect of fiber diameter is not enough to explain the
differences observed.

As a final note, since cell growth is observed and cell’s maintain a
normal spindle-shaped/stellar morphology we can assume that
PANI:CSA has minimal toxic effects when incorporated into PCL for
NSCs [25].

5. Conclusions

PCL-PANI nanofibers were obtained and characterized through
SEM, FTIR, TGA and DSC. For the first time it was demonstrated that
NSCs were able to adhere and grow on these fibers, maintaining both
their viability and spindle-shaped/stellar morphology. Thus, the fibers
obtained were shown to be biocompatible for NSCs, allowing these fiber
mats to potentially be used for neural cell culture. For sample 88:12, the
electroconductivity (7.7× 10−2 S cm−1), the low young’s module and
good cell kinetic properties justify further cell studies. The fibers ob-
tained still require further optimization to improve their mechanical
and cell-adhesive properties, as well as modulation to improve their
electroconductivity throughout cell culturing. The development of
biocompatible and electroconductive PCL-PANI fibers will facilitate
improved studies of neural cell studies, pivotal for obtaining the ap-
propriate cell morphology to either test neuroactive drugs, advance
tissue engineering strategies, or use for indirect therapies such as deep
brain stimulation, key for treating neurodegenerative diseases.
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