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Abstract:
In this study, biocompatible and mechanically tunable composite scaffolds were developed using poly (glycerol
sebacate) (PGS), polycaprolactone (PCL), and polypyrrole-functionalized cellulose nanofibers (Ppy-CNFs)
for neural tissue engineering. To enhance elasticity and strength, 30 wt.% PCL was incorporated into PGS,
while 0.5% and 1% CNFs were introduced to improve conductivity, bioactivity, and structural stability. FTIR
confirmed successful HDI crosslinking and chemical compatibility among the components. XRD showed
increased crystallinity with PCL and peak broadening with CNFs, indicating nanofiber dispersion. Thermal
analysis (TGA/DTG) revealed enhanced stability, with the main degradation peak shifting from 405 °C in
pure PGS to 425 °C in PGS/PCL/CNFs composites, accompanied by higher char yield due to PPy shielding
effects. Mechanical tests demonstrated marked improvements, with compressive strength increasing from
7.12 MPa to 24.62 MPa and Young’s modulus from 1.83 MPa to 5.76 MPa. Contact angle measurements
rose from 62.3° to 73.7°, maintaining favorable hydrophilicity for cell interactions. SEM revealed uniformly
porous surfaces and well-dispersed nanofibers. Biological studies confirmed excellent cytocompatibility, with
SH-SY5Y cell viability increasing from 84.94% to 91.09%. Enhanced spreading, neurite anchoring, and
nuclear integrity were observed, highlighting the multifunctional properties of the optimized scaffold for
neural tissue regeneration.
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1. Introduction

In recent decades, neural tissue engineering (NTE) has
emerged as a promising multidisciplinary strategy to

address the complex challenge of regenerating injured
or degenerated nervous tissues, particularly in the cen-
tral and peripheral nervous systems (CNS and PNS)
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[1]. Damage to neural tissues can result from trauma,
ischemia, neurodegenerative disorders, or malignant
conditions such as glioblastoma, leading to permanent
functional impairments due to the limited regenerative
capacity of the CNS and the inadequate outcomes of cur-
rent clinical treatments [2, 3]. Although autografts and
allografts have traditionally been employed for peripheral
nerve repair, they present significant limitations, includ-
ing donor site morbidity, immunogenic reactions, and
inconsistent regeneration outcomes [4]. Consequently,
the development of bioengineered scaffolds that mimic
the native extracellular matrix (ECM) and support cellu-
lar attachment, proliferation, differentiation, and guided
axonal growth has become a focal point of research in
regenerative medicine [5]. Beyond structural regenera-
tion, emerging therapeutic strategies have highlighted the
importance of modulating the neural microenvironment
through anti-inflammatory and regenerative signaling
pathways to improve functional recovery following neu-
ral injury [6, 7].

A key component in successful NTE strategies is the
design of three-dimensional (3D) scaffolds with physic-
ochemical, mechanical, and biological properties that
closely replicate the neural microenvironment. These
scaffolds not only provide a physical substrate for cell
anchorage and migration but also serve as bioactive plat-
forms that influence cell behavior through topographical,
mechanical, and biochemical cues. The selection of scaf-
fold materials is crucial, as it determines the scaffold’s
biocompatibility, biodegradability, mechanical integrity,
and ability to integrate with host tissues [8, 9].

Among various classes of biomaterials, synthetic and
natural polymers have gained substantial interest in scaf-
fold fabrication. Synthetic polymers such as polycapro-
lactone (PCL), polylactic acid (PLA), and poly (lactic-
co-glycolic acid) (PLGA) offer tunable mechanical prop-
erties, ease of processing, and controlled degradation
rates. However, they often lack cell recognition sites
and may require surface modification or blending with
bioactive components to enhance cellular interactions
[10]. On the other hand, natural polymers like collagen,
gelatin, hyaluronic acid, and cellulose exhibit excellent
biocompatibility and inherent biological activity but
typically suffer from poor mechanical strength and fast
degradation [11].

To overcome these limitations, recent studies have
focused on hybrid polymer-based systems that combine
the advantages of both synthetic and natural polymers,
not only in scaffold design but also in multifunctional
nanomaterial platforms for biomedical applications [12,
13]. In this context, poly (glycerol sebacate) (PGS),
a biocompatible and elastomeric polyester synthesized
via polycondensation of glycerol and sebacic acid, has
garnered attention for its flexibility, favorable degradation
profile, and cytocompatibility [14]. PGS closely mimics
the mechanical behavior of soft tissues and has shown
promise in neural applications. Its degradation products
are non-toxic and can be resorbed by physiological
processes [15]. Moreover, the synthesis of PGS allows

for tunable mechanical and degradation properties by
varying the reaction time, temperature, and molar ratio
of monomers, making it an excellent candidate for soft
tissue regeneration. Nonetheless, its mechanical strength
and long-term stability remain insufficient for certain
load-bearing or extended regeneration applications [16].

To reinforce the structural integrity of PGS-based
scaffolds, blending with PCL has been proposed. PCL,
an FDA-approved, semi-crystalline aliphatic polyester,
provides long-term mechanical support, slow biodegra-
dation, and processability through diverse fabrication
techniques [17]. PCL enhances the mechanical robust-
ness and modulates the degradation kinetics of hybrid
scaffolds, enabling better control over scaffold perfor-
mance during the regenerative process [18]. Impor-
tantly, the PGS-PCL composite system can be fine-tuned
to achieve a desirable balance between elasticity and
rigidity, which is particularly important in nerve tissue
applications where mechanical mismatch can impair
integration and function [19].

However, neither PGS nor PCL inherently possesses
electrical conductivity, which is a vital property in neural
tissue engineering due to the electrosensitive nature of
neurons. Electrical cues play a crucial role in neural
signaling and regeneration [20]. Conductive bioma-
terials that can transmit electrical stimuli to cells are
known to enhance neurite outgrowth, synapse formation,
and overall neurogenesis. Consequently, incorporating
electrically conductive components into scaffold formu-
lations has become a central design consideration [21].
One of the most promising strategies involves the integra-
tion of conductive polymers such as polypyrrole (PPy),
which exhibits excellent electrical conductivity, environ-
mental stability, and proven biocompatibility. PPy, when
appropriately synthesized and deposited, can endow
otherwise non-conductive scaffolds with electroactive
functionality without significantly compromising their
cytocompatibility [22].

Despite the advantages of PPy, its inherent brittleness
and poor mechanical integrity make it unsuitable for
standalone scaffold fabrication. Therefore, it is com-
monly used as a surface coating or in combination with
supportive polymers to impart conductivity [23]. In our
approach, PPy was not utilized only for its conductive
properties but also to modify cellulose nanofibers (CNFs),
thereby improving both the electrical characteristics and
surface functionality of the nanofibers. CNFs, derived
from waste paper through environmentally friendly pro-
cessing, offer a sustainable, renewable, and cost-effective
solution for scaffold reinforcement. These nanofibers
provide excellent mechanical strength, high aspect ra-
tio, and tunable surface chemistry, making them ideal
candidates for reinforcing polymer matrices [24].

The functionalization of CNFs with PPy significantly
enhances their electroactivity while maintaining their
biocompatibility and structural properties. This dual
modification transforms CNFs into multifunctional rein-
forcements capable of improving the scaffold’s overall
performance. The resulting PPy-CNFs nanostructures
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integrate mechanical reinforcement, surface roughness,
hydrophilicity, and electrical conductivity-critical pa-
rameters that collectively influence neural cell behavior.

In this study, we aimed to design and fabricate a
novel 3D nanocomposite scaffold composed of PGS and
PCL integrated with PPy-CNFs using a salt-leaching
method. This scaffold was engineered to exhibit opti-
mized porosity, biocompatibility, and mechanical and
electrical properties tailored for neural tissue regener-
ation. The PGS matrix served as the elastomeric base
to mimic the neural tissue’s compliance, while PCL
enhanced structural stability and sustained degradation.
PPy-CNFs served a dual role as a mechanical reinforcer
and an electroactive element to support neuron-specific
cellular behaviors.

To fabricate the scaffolds, a multi-phase synthesis ap-
proach integrating bio-based and conductive components
was employed. The final 3D structure was developed us-
ing a salt leaching technique, a well-established method
for generating interconnected porosity within polymeric
matrices. In this strategy, porogens such as salt particles
are uniformly dispersed within the polymer blend and
subsequently removed through aqueous leaching, leav-
ing behind a porous architecture. This method enables
precise control over pore size and distribution by tun-
ing the salt particle size and concentration, making it
particularly suitable for tissue engineering applications
requiring high permeability and cell infiltration [25, 26].

To ensure the suitability of the developed scaffolds
for neural tissue engineering, a comprehensive set of
characterization techniques was considered essential
for evaluating their physicochemical, morphological,
thermal, mechanical, and biological attributes. Spectro-
scopic, microscopic, and thermal analyses were utilized
to verify the successful integration of composite compo-
nents, the formation of interconnected porous networks,
and the thermal integrity of the scaffolds. Additionally,
wettability and mechanical assessments were employed
to examine surface properties and load-bearing capac-
ity, both critical factors for cell adhesion and structural
stability in vivo. Finally, in vitro biological evaluations
using neural model cells were included to assess cy-
tocompatibility and the scaffold’s potential to support
neural cell proliferation and attachment. Therefore, scaf-
fold biocompatibility in this study is evaluated through
a combination of in vitro cellular assays and physico-
chemical characterizations that are known to influence
cell–material interactions.

This integrated approach underscores the potential of
multifunctional nanocomposite scaffolds as advanced
platforms for neural tissue engineering. By synergisti-
cally combining the elasticity of PGS, the mechanical
stability of PCL, and the conductive and bioactive fea-
tures of PPy-CNFs, the developed scaffold addresses
multiple design criteria required for effective nerve re-
generation. Unlike many existing neural scaffolds that
prioritize either biocompatibility, mechanical stability,
or electrical functionality, the present study aims to inte-
grate these features within a single elastomeric composite

platform [27, 28]. This study not only contributes to the
current knowledge of scaffold-based neural repair but
also provides a sustainable and translational strategy for
future applications in regenerative medicine, particularly
in personalized nerve grafts and bioelectronic interfaces.

2. Materials and method

2.1 Materials
Sebacic acid and glycerol were purchased from Merck.
Polycaprolactone and Sodium chloride were obtained
from Sigma-Aldrich. Hexamethylene diisocyanate and
1,4-dioxane were also acquired from Merck. Polypyrrole
was sourced from Merck. Dimethyl sulfoxide was ob-
tained from Merck. Deionized water was provided by Zo-
lal (Iran), and phosphate-buffered saline was purchased
from DNAbiotech. SH-SY5Y human neuroblastoma
cells were obtained from the Iranian National Cell Bank.
DMEM, fetal bovine serum, penicillin-streptomycin, and
trypsin-EDTA were all purchased from Gibco. MTT
and DAPI stains were supplied by Sigma.

2.2 Method to synthesis smples
Cellulose nanofibers were extracted from waste paper
soaked in water and mechanically shredded. The pulp
was treated with NaOH to remove residual impurities.
Subsequently, phosphoric acid was added to introduce
phosphate functional groups, and the resulting fibers were
dried and ground into powder. PPy was polymerized in
situ on the CNFs surface in the presence of an oxidizing
agent to obtain electroactive PPy-CNFs. The modified
nanofibers were stored in a dry environment before
blending. PGS prepolymer was synthesized by reacting
sebacic acid and glycerol at a 1:1 molar ratio in a vacuum
reactor at 120 °C for 6 h. The resulting resin was
then mixed with PCL (70:30 ratio) in a binary solvent
system of dioxane and DMSO. HDI and tin octoate were
added to initiate crosslinking and ensure network stability.
Following PGS/PCL blending, NCe was incorporated
at 0.5% and 1% w/w to obtain composite formulations.
NaCl was added as porogen, and the mixtures were
cast into cylindrical molds. Samples were left to dry at
room temperature. Salt leaching was performed using
deionized water for 48 h with periodic water changes.
The scaffolds were then vacuum-dried until complete
solvent and salt removal.

The fabricated scaffolds included four formulations:
S1 (PGS), S2 (PGS/PCL 70:30), S3 (PGS/PCL/0.5%
PPy-CNFs), and S4 (PGS/PCL/1% PPy-CNFs). The
schematic of the synthesis steps is presented in Scheme 1.

2.3 Characterization
The physicochemical, structural, surface, mechanical,
and biological properties of the fabricated scaffolds
were evaluated using the following techniques: Fourier-
transform infrared spectroscopy (FTIR) was performed
using a Tensor II spectrometer (Bruker, Germany) in the
range of 400 − 4000 cm−1 to analyze the chemical func-
tional groups and confirm the presence of specific bonds
related to scaffold components. Morphological anal-
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Scheme 1. Schematic overview of PPy- CNFs preparation and integration into PGS/PCL scaffolds via salt leaching for neural tissue engineering.

ysis was carried out by scanning electron microscopy
(SEM) using a TESCAN Vega microscope. Prior to
imaging, samples were sputter-coated with a thin layer
of gold using a Q150R ES coating system to enhance
conductivity. X-ray diffraction (XRD) was conducted us-
ing a D8 ADVANCE diffractometer (Bruker, Germany)
equipped with Cu Kα radiation (𝜆 = 1.54 Å) and a Ni
filter. Data were collected in the 2𝜃 range of 10 − 80°
with a step size of 0.02° and 1 s dwell time to evaluate
the crystalline structure and phase composition. Contact
angle measurements were performed using a CAG-20
goniometer to assess the wettability of the scaffold sur-
face. A 5 µL water droplet was placed on the surface
of samples (5 × 5 cm), and the static contact angle was
recorded using high-resolution image capture and ana-
lyzed with digital processing software. Thermal stability
of the scaffolds was analyzed by thermogravimetric anal-
ysis (TGA) under a nitrogen atmosphere from 25 °C to
600 °C, evaluating degradation profiles of composite
components. Mechanical properties were evaluated us-
ing uniaxial compression tests on cylindrical scaffolds.
Compressive strength and Young’s modulus were cal-
culated from stress-strain curves to assess the structural
integrity and elasticity of the scaffolds. Mechanical prop-
erties were evaluated by uniaxial compression testing,
and stress–strain data were used to calculate Young’s
modulus and compressive strength. Cell viability was
assessed by MTT assay. For this, scaffolds were incu-
bated in culture media for 24 h, and 5000 SH-SY5Y
cells were seeded in the scaffold-conditioned media and
cultured for an additional 24 h. MTT reagent (5 mg/mL
in PBS, diluted 1:10) was added at 100 µL per well

and incubated for 3 − 4 h at 37 °C. The metabolically
active cells reduced the yellow tetrazolium salt (MTT) to
insoluble purple formazan crystals. After removing the
supernatant, 100 µL of DMSO was added to each well to
dissolve the crystals, and the absorbance was measured
at 570 nm using a microplate reader.

The percentage of viable cells was calculated using
the following equation [29]:

Cell viability(%) = 𝑂𝐷𝑒 −𝑂𝐷𝑏

𝑂𝐷𝑐 −𝑂𝐷𝑏

× 100 (1)

In this equation, 𝑂𝐷𝑒, 𝑂𝐷𝑐, and 𝑂𝐷𝑏 correspond
respectively to the absorption peak intensity at 570
nanometers for cell-containing scaffolds, control sam-
ples, and empty plates. Following 24-hour incubation,
scaffolds seeded with SH-SY5Y cells were fixed us-
ing 4% paraformaldehyde (w/v) in PBS for 20 minutes
at room temperature. After washing with PBS, cells
were permeabilized with 0.3% Triton X-100 in PBS
for 10 minutes to enable intracellular access. To block
nonspecific antibody binding, samples were incubated
in 10% (v/v) goat serum for 1 hour at room tempera-
ture. Subsequently, scaffolds were incubated with the
appropriate primary antibody diluted in blocking buffer
overnight at 4 °C. After three washes with PBS, sec-
ondary antibody conjugated with a fluorescent dye was
applied and incubated for 90 minutes at 37 °C in the
dark to prevent photobleaching. Nuclear staining was
carried out using 4′,6-diamidino-2-phenylindole (DAPI,
1 µg/mL in PBS) for 10 minutes at room temperature.
Finally, samples were mounted and imaged using a fluo-
rescence microscope (Olympus, Tokyo, Japan) equipped
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with DAPI-specific filters. All staining procedures were
performed under sterile and light-protected conditions.
All quantitative data were analyzed using SPSS software
(version 20). Normality of distribution was verified, and
statistical significance was determined using one-way
ANOVA followed by Tukey’s post hoc test. A p-value
less than 0.05 was considered statistically significant.
All quantitative results were expressed as mean ± SD
based on at least three independent replicates (𝑛 ≥ 3).
SD reflects the degree of dispersion and reproducibility
of measurements, providing an estimate of the consis-
tency across samples within each experimental group.
Data analysis and SD calculation were performed using
SPSS version 20 (IBM Corp., USA) and visualized using
OriginPro 2023.

3. Result and discussion

3.1 Structural characterization by FTIR and XRD
Figure 1 presents the FTIR spectra used to confirm the
chemical structure and interactions among the scaffold
components. In Fig. 1 (a), the characteristic spectra of
the pure precursors-glycerol, sebacic acid, and pre-PGS-
are displayed. Glycerol exhibits a broad O–H stretching
band at 3200−3600 cm−1 and notable bending vibrations
of hydroxyl groups between 1400–1500 cm−1 [30, 31].
Sebacic acid shows C–H stretching in the 2800 − 3000
cm−1 region and a strong carbonyl (C=O) peak around
1700 cm−1 [32]. The pre-PGS spectrum demonstrates
the successful polycondensation of glycerol and sebacic
acid, evidenced by the emergence of ester carbonyl (C=O)
stretching around 1730 cm−1 and C–O–C stretching in
the range of 1100 − 1300 cm−1 [17]. Simultaneously,
the intensities of O–H and COOH bands are reduced,
indicating their conversion to ester linkages [33].

In Fig. 1 (b), the FTIR spectra of the synthesized
scaffolds (S1 to S4) are presented. All formulations
show a broad band at 3200 − 3400 cm−1, corresponding
to O–H and N–H stretching vibrations originating from
residual hydroxyls and PPy incorporation, respectively

[34]. The peaks observed at 2850 − 2950 cm−1 and
around 1450 cm−1 are attributed to CH2 symmetric and
asymmetric stretching and bending, common to both PGS
and PCL. The ester C=O stretching band at 1730 cm−1

increases in intensity with the addition of PCL and CNFs
(S3 and S4), indicating enhanced ester content and higher
molecular ordering due to crosslinking. Furthermore,
aromatic C=C stretching peaks between 1500 − 1600
cm−1 confirm the presence of PPy in the composite
matrix [35]. In the fingerprint region, notable differences
in peak intensity and position between samples indicate
intermolecular interactions between PGS/PCL and the
functionalized CNFs.

Collectively, Fig. 1 (a) confirms the successful syn-
thesis of the prepolymer, while Fig. 1 (b) verifies the
integration of all composite constituents and highlights
chemical compatibility and network formation in the
scaffold system.

XRD analysis was conducted to investigate the crys-
talline behavior of scaffolds S1 through S4. As shown
in figure 2, all samples exhibit a broad diffraction peak
centered around 2𝜃 = 20.04°, which is characteristic
of semi-crystalline polymeric systems. This pattern re-
flects a predominance of amorphous regions with limited
molecular ordering, typical for elastomeric matrices such
as PGS and the blended PGS/PCL systems.

In sample S1 (PGS), the broad peak reflects its inher-
ent low crystallinity and rubber-like behavior [19]. With
the introduction of PCL in S2, the overall diffraction
intensity slightly decreases, likely due to increased molec-
ular entanglement and phase mixing that disrupts PGS
crystallinity, despite PCL itself being a semi-crystalline
polymer [36]. This reduction may be attributed to ki-
netic hindrance during scaffold solidification and the
interference of PCL chains with ordered PGS domains
[37].

Samples S3 and S4, which incorporate 0.5% and 1%
PPy-CNFs respectively, show a modest increase in peak
intensity at the same angle without the formation of sharp

Figure 1. FTIR spectra of raw materials and fabricated scaffolds. (a) FTIR spectra of glycerol, sebacic acid, and pre-PGS, er bond formation during
pre-polymer synthesis. (b) FTIR spectra of scaffolds S1–S4, showing characteristic absorption bands associated with PGS, PCL, and PPy-functionalized
nanocellulose, indicating successful incorporation of all components without the formation of undesirable chemical byproducts.
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Figure 2. XRD patterns of scaffolds S1–S4. The diffraction profiles reveal the semi-crystalline nature of the PGS/PCL-based scaffolds, while the absence
of sharp additional peaks associated with nanocellulose or PPy suggests good dispersion of the reinforcing phase within the polymer matrix.

new peaks. This behavior suggests improved molecular
alignment or local ordering induced by the presence of
the conductive nanofibers. While the cellulose back-
bone is largely amorphous, its surface modification with
polypyrrole enhances interaction with the surrounding
matrix, potentially serving as nucleation points that
promote semi-crystalline phase formation [38].

The absence of secondary peaks confirms that no
distinct crystalline phase from the nanofibers dominates
the diffraction profile, implying good dispersion and
physical compatibility. Overall, the XRD data supports
the hypothesis that the conductive nanofibers reinforce
the scaffold microstructure by enhancing local order
without altering the amorphous-dominant character of
the polymeric matrix.

3.2 Microstructure analysis
The surface morphology and internal architecture of scaf-
folds were examined using SEM at magnifications of 50
µm, 100 µm, and 500 µm. As illustrated in figure 3 (S1,
panels A–C), the PGS scaffold exhibits a well-defined
and interconnected porous structure with relatively uni-
form pore distribution. The pore walls appear smooth
and continuous, indicating successful salt-leaching and
polymer curing. The presence of interconnected porosity
is essential for facilitating nutrient and oxygen transport,
cell migration, and vascularization in tissue engineering
applications.

In contrast, figure 3 (S2, panels A–C) shows the mor-
phology of the PGS/PCL scaffold. The inclusion of
PCL leads to noticeable changes in surface texture and
pore architecture. The pore walls appear thicker and less
regular compared to S1, and the internal surfaces are
rougher, likely due to the hydrophobic nature and slower
degradation profile of PCL [39]. These morphologi-

cal changes are indicative of phase separation between
the hydrophilic PGS and hydrophobic PCL, which can
modulate the scaffold’s degradation rate and mechanical
integrity [40]. Moreover, the smaller average pore size
observed in S2 may influence cellular infiltration and
tissue integration.

As illustrated in figure 4 (S3, panels A–C), the in-
corporation of nanofibers introduces noticeable surface
roughness and structural reinforcement. In panels A and
B, nanofiber aggregates are evident on the pore walls
(red arrows), suggesting effective physical interaction
and partial dispersion within the polymeric matrix. The
interconnected porous network remains intact, and the
overall pore architecture maintains suitable dimensions
for tissue ingrowth.

In figure 4 (S4, panels A–C), increasing the nanofiber
content to 1% leads to a more compact and continu-
ous surface morphology. The pore walls appear denser
and smoother, and nanofibers are less distinctly aggre-
gated, indicating better distribution. Notably, a three-
dimensional interconnected network is still preserved,
as seen in the wide-field image (panel C). This struc-
tural enhancement is likely due to increased interfacial
bonding between the nanofibers and the PGS/PCL ma-
trix, which can improve both mechanical stability and
potential cellular response [41].

Overall, the SEM images of S3 and S4 confirm that in-
creasing the content of conductive nanofibers modulates
pore surface characteristics and reinforces microstruc-
tural integrity without compromising porosity. These
features are essential for scaffolds designed for neural
tissue engineering, where both electrical conductivity
and structural support are critical.
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Figure 3. SEM micrographs of scaffold morphologies: (S1, top row: A–C) corresponds to the PGS scaffold, and (S2, bottom row: A–C) corresponds to
the PGS/PCL scaffold.

3.3 Thermal analyses

TGA was employed to investigate the thermal stability
and decomposition behavior of scaffolds S1 to S4. As
shown in Fig. 5 (a), the TGA curves reveal multi-phase
degradation patterns, with distinct onset temperatures
and degradation slopes for each formulation.

For S1, the degradation profile shows a gradual weight
loss starting around 280 °C, followed by a steep decom-
position step beginning at 360 − 380 °C, culminating
near 430 °C. This behavior suggests a predominantly
single-step degradation, with minor pre-decomposition
attributable to small fractions of low-molecular-weight
oligomers or incompletely crosslinked segments. There-
fore, although the curve shows curvature before the
main drop, it lacks a well-defined intermediate plateau
typically associated with true multi-step decomposition
[42].

In contrast, S2 exhibits an earlier and more differenti-
ated thermal profile. The initial decomposition begins
at a lower temperature (300 °C), which can be attributed
to the thermal instability of PCL, known to degrade
in the range of 300–380 °C. This step is followed by
a secondary, broader weight loss occurring between
390 − 450 °C, likely corresponding to the breakdown of
the PGS network [43]. The two-step behavior is clearly

more defined in S2 than in S1.
Samples S3 and S4, containing 0.5% and 1% PPy-

CNFs respectively, display enhanced thermal resistance.
Their degradation onset shifts toward higher tempera-
tures, and the residual weight after 500 °C increases
slightly, indicating improved char formation and en-
hanced thermal barrier effects. The nanofibers, partic-
ularly due to the conjugated structure of polypyrrole,
likely restrict thermal motion and enhance matrix in-
tegrity, delaying polymer chain scission [44].

The DTG curves in Fig. 5 (b) provide deeper insight
into decomposition dynamics. S1 exhibits two thermal
decomposition peaks: a less prominent shoulder around
315 °C (Tmax1) likely related to unreacted oligomers
or partial crosslinking, and a dominant peak at 405 °C
(Tmax2), corresponding to the main degradation of the
crosslinked PGS network [45]. In contrast, S2 displays
two distinct peaks-a first peak near 335 °C (Tmax1)
related to PCL decomposition and a second at 410 °C
(Tmax2) linked to PGS. S3 and S4 also exhibit two-step
degradation behavior, but with both peaks shifted to
higher temperatures (345 °C and 425 °C), indicating that
the conductive nanofibers increase thermal stability by
altering the degradation kinetics and improving thermal
shielding [46].

In addition to molecular rigidity provided by the PPy
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Figure 4. SEM micrographs of scaffolds: S3 A–C (top row) , and S4 A–C (bottom row).

structure, the nanocomposite nature of S3 and S4 con-
tributes to a thermal barrier effect. The well-dispersed
nanofibers reduce thermal diffusivity across the matrix,
leading to delayed heat penetration and more gradual
thermal decomposition. Furthermore, the increased
carbonaceous residue observed at high temperatures re-
flects the improved oxidative resistance and char-forming

ability of the nanocomposite scaffolds, which is advanta-
geous for enhancing structural integrity under elevated
thermal stress.

3.4 Mechanical analyses
Mechanical properties play a pivotal role in scaffold
design for neural tissue engineering, where elasticity,
strength, and structural resilience are essential to sup-

Figure 5. TGA (a) and DTG (b) curves of scaffolds S1–S4 showing distinct thermal degradation profiles.
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port delicate neuronal networks. Figure 6 presents the
stress–strain curves of scaffolds S1 to S4, revealing clear
differences in elastic modulus, compressive strength,
and deformation capacity. Figure 6 shows representa-
tive stress–strain curves for each scaffold formulation,
while quantitative mechanical parameters were calcu-
lated from replicate measurements as described in the
Characterization section. Uniaxial compressive mechan-
ical testing was performed to quantitatively evaluate
scaffold mechanics. Young’s modulus was calculated
from the initial linear elastic region of the stress–strain
curves, and compressive strength was determined as the
maximum stress prior to failure. In this study, structural
integrity is reflected by the scaffold’s ability to main-
tain pore architecture and mechanical cohesion under
compressive loading.

Figure 6. Representative compressive stress–strain curves of scaffolds
S1–S4 obtained from uniaxial compression testing. Quantitative
mechanical parameters, including Young’s modulus and compressive
strength, were calculated from replicate measurements (𝑛 ≥ 3) and are
reported as mean± SD, while the plotted curves illustrate representative
mechanical behavior. The reported ranges reflect the variability
observed among independent specimens.

S1 exhibited the lowest mechanical performance
among all formulations, with a shallow slope and ex-
tended strain range before failure. The Young’s modulus
of this scaffold was estimated between 2−10 MPa, while
the compressive strength remained low due to the highly
flexible and amorphous structure of PGS. This elas-
tomeric character allows significant deformation under
load but limits load-bearing capacity, making it unsuit-
able alone for applications requiring mechanical support
[47].

In S2, the introduction of 30 wt.% PCL led to a
noticeable increase in Young’s modulus (1 − 10 MPa)
and compressive strength (5 − 20 MPa). This improve-
ment is attributed to the semi-crystalline nature of PCL,
which contributes reinforcing domains within the matrix
and increases molecular packing density. As a result,
this scaffold exhibited higher stiffness and lower elastic
deformation, improving dimensional stability and load
tolerance [48]. These features make the blend more favor-
able for neural scaffolding, where moderate mechanical
strength is essential to prevent tissue ollapse without

inducing excessive rigidity. S3 showed further enhance-
ment in mechanical response, with Young’s modulus
increasing to the range of 2 − 12 MPa and compressive
strength reaching 7 − 25 MPa. The inclusion of 0.5%
PPy-CNFs improved structural reinforcement by form-
ing a semi-percolated fiber network that facilitated more
efficient stress distribution. This nanofiber-mediated
reinforcement plays a critical role in preserving scaffold
structural integrity by limiting pore wall deformation and
preventing premature collapse under load. PPy -CNFs
also promoted interfacial adhesion, improving load trans-
fer and suppressing early failure [49]. While deformation
under load was still present, it was reduced compared
to S1 and S2. S4 demonstrated the highest mechanical
performance, exhibiting the steepest stress–strain slope,
the highest compressive modulus, and minimal defor-
mation. Its Young’s modulus exceeded 12 MPa, and
compressive strength reached above 25 MPa, highlight-
ing the synergistic reinforcement effect of well-dispersed
nanofibers at this concentration. The denser nanofiber
network and improved fiber–matrix interactions effec-
tively limited polymer chain mobility, increased scaffold
cohesion, and reduced structural collapse under load [50].
Importantly, despite the increased stiffness, the scaffold
retained sufficient flexibility, maintaining compatibility
with soft tissue biomechanics. Collectively, these re-
sults confirm that both PCL incorporation and CNFs
reinforcement significantly improve scaffold mechanics.
The incorporation of nanocellulose fibers significantly
enhances scaffold structural integrity by reinforcing the
load-bearing framework, improving stress distribution,
and maintaining pore architecture during compressive
deformation. The mechanical behavior follows a clear
trend:
S4 > S3 > S2 > S1, reflecting progressive enhance-
ments in modulus and strength while balancing elasticity
and stiffness. This tunability in mechanical properties
positions the developed composites, especially S4, as
promising candidates for neural tissue engineering appli-
cations where structural support and compliance must
be delicately balanced.

Overall, uniaxial compression testing provided a quan-
titative basis for comparing scaffold mechanics, demon-
strating a clear and reproducible enhancement in modulus
and strength with PCL incorporation and PPy-CNFs re-
inforcement. Also, Young’s modulus increased from
1.83 MPa for S1 to 5.76 MPa for S4, while compressive
strength improved from 7.12 MPa to 24.62 MPa, demon-
strating the reinforcing effect of PCL and PPy-CNFs.

3.5 Contact angle

Contact angle analysis was conducted to assess the sur-
face wettability of scaffolds S1 through S4, a crucial
parameter in neural tissue engineering as it influences
protein adsorption, cell adhesion, and subsequent bio-
logical responses. The contact angles were measured at
0, 15, 30, 45, and 60 seconds and the values extracted
from calibrated imaging software are reported in Table 1
and figure 7.
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S1 demonstrated an initial contact angle of 62.3°, with
minimal fluctuation over time (final value at 60 seconds:
62.0°), reflecting its inherently hydrophobic character.
This behavior is attributed to its smooth, amorphous,
and non-polar surface chemistry, which lacks functional
groups capable of promoting hydrogen bonding or polar
interactions with water molecules [51]. S2 exhibited a
slightly lower initial contact angle (58.7°), but the value
progressively increased to 64.9° at 60 seconds. The
increase in contact angle over time suggests that the pres-
ence of semi-crystalline PCL domains may introduce
localized surface heterogeneity that temporarily resists
water spreading [52]. Although PCL provides additional
carbonyl groups, its crystallinity and limited chain mo-
bility at the surface may hinder rapid water absorption
[53]. In contrast, S3 showed a more substantial rise in
contact angle, starting from 69.3° and reaching 82.8°
after 60 seconds. The incorporation of PPy- CNFs was
expected to improve hydrophilicity due to the presence of
hydroxyl and polar heterocyclic moieties [49]. However,
the opposite trend may be explained by a Cassie–Baxter
wetting regime, in which nanoscale surface roughness
introduced by the nanofiber’s traps air pockets under the
droplet, increasing the apparent contact angle despite
the presence of hydrophilic chemical groups [54]. Addi-

tionally, partial aggregation of nanofibers or incomplete
exposure of polar moieties at the surface could reduce
their wetting efficacy [55]. S4 followed a similar trend
with an initial angle of 71.5°, slightly increasing to 73.7°
at 60 seconds. Although the increase is less pronounced
than in S3, the higher initial value compared to S1 and S2
indicates that nanofiber addition does alter surface mor-
phology. However, the relatively stable trend over time
suggests improved nanofiber dispersion in S4, which
may minimize surface energy fluctuations and stabilize
wettability behavior. Comparatively, the data show that
S1 < S2 < S4 < S3 in terms of final contact angle, indi-
cating increasing hydrophobicity across the series. This
finding contrasts with typical expectations but highlights
the complex interplay of chemical functionality, surface
energy, and microscale topology introduced by both PCL
and nanofibers. The results emphasize that enhancing
wettability in polymeric scaffolds not only depends on
chemical composition but also requires control over
surface morphology and nanofiber alignment.

3.6 In vitro cell analyzes

The cytocompatibility of scaffolds S1 through S4 was
evaluated using the MTT assay on SH-SY5Y human neu-
roblastoma cells after 24 hours of indirect exposure. As

Figure 7. Contact angle images of scaffolds S1–S4 at various time points (0–60 s), showing dynamic changes in surface wettability.

Table 1. Static water contact angle measurements of scaffolds S1–S4 at different time intervals (0–60 s).

Sample 0 s 15 s 30 s 45 s 60 s
S1 62.3 60 60.5 63.9 62.0
S2 58.7 60.1 64.6 64.0 64.9
S3 69.3 73.6 76.7 86.0 82.8
S4 71.5 71.2 72.3 70.1 73.7
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illustrated in figure 8, all tested samples-maintained cell
viability above the critical threshold of 70%, confirming
their non-cytotoxic nature.

The untreated control group exhibited 100% cell vi-
ability. Upon exposure to the PGS scaffold (S1), cell
viability decreased to 84.94%, suggesting moderate bio-
compatibility potentially influenced by acidic degrada-
tion by-products released from sebacic acid units. PGS,
being a soft elastomer with hydrolyzable ester bonds,
can generate local acidification in the microenvironment,
which temporarily impacts mitochondrial metabolic ac-
tivity [56].

Incorporation of PCL in S2 improved cell viability
to 90.16%, indicating enhanced biocompatibility. This
improvement is likely attributed to the semi-crystalline
and hydrophobic nature of PCL, which reduces the
hydrolysis rate and stabilizes the scaffold surface, thereby
minimizing pH fluctuations and cellular stress [57].

Further enhancement was observed in the nanocom-
posite scaffolds. S3, containing 0.5% PPy- CNFs, demon-
strated 88.93% viability, while S4, with 1% PPy- CNFs,
exhibited the highest viability of 91.09%. The incorpora-
tion of PPy- CNFs improves scaffold surface roughness
and provides bioactive cues that promote cell attachment
[58]. Moreover, the mild conductivity introduced by PPy
can enhance neural cell–material interaction and favor
cytoskeletal organization, contributing to improved cell
viability [59].

Overall, all scaffolds exhibited non-cytotoxic profiles
with increasing cell viability in the order: S1 < S3 < S2
< S4, highlighting the synergistic benefits of PCL and
CNFs incorporation in tuning scaffold biointerface and
enhancing neural cell compatibility.

To further assess the cell–scaffold interactions, SEM
imaging and DAPI staining were selectively performed
on S1 and S4 scaffolds, representing the lowest and
highest cell viability, respectively. As the viability per-

Figure 8. MTT assay results of SH-SY5Y cells after 24-hour exposure
to scaffolds S1–S4. Cell viability is presented as percentage relative to
the untreated control group (SH-SY5Y). All scaffold groups exhibited
acceptable biocompatibility, with a significant decrease in viability
observed in S1 compared to the control (𝑝 < 0.01) and moderate
significance relative to S2 and S4 (𝑝 < 0.05). Data are expressed as
mean± standard deviation (𝑛 = 3). Statistical significance: ∗𝑝 < 0.05,
∗𝑝 < 0.01.

centages of S2 and S3 were relatively close and did
not exhibit statistically significant differences, including
them in subsequent morphological and nuclear eval-
uations was considered redundant. This comparative
strategy enabled a focused analysis of cellular behav-
ior across the two extremes of scaffold performance,
providing clearer insights into the impact of scaffold
composition on neural cell compatibility.

To assess the scaffold–cell interface and adhesion
behavior, SEM images were obtained after culturing
SH-SY5Y cells on scaffolds S1 and S4. The results
are presented in figure 9, showing significant morpho-
logical differences in cell attachment between the two
formulations.

In the PGS scaffold (S1), cells appear sparsely dis-
tributed with minimal surface interaction. The cell
morphology remains mostly rounded with limited pseu-
dopod extension, indicating weak attachment and poor
cytoskeletal anchorage. This may be attributed to the
relatively smooth and hydrophobic surface of pure PGS,
along with its low mechanical stiffness, which limits
integrin-mediated cell engagement and focal adhesion
formation [60].

In contrast, the S4 scaffold, containing PCL and 1%
PPy- CNFs, exhibited dense cellular attachment and
widespread coverage of the scaffold surface. The ad-
hered cells displayed well-spread morphologies, with
visible filopodia and lamellipodia bridging the scaffold
pores. This improved adhesion is likely due to multi-
ple synergistic factors: the presence of PCL enhances
mechanical integrity and surface heterogeneity, while
the PPy- CNFs increase roughness, protein adsorption
capacity, and surface energy [35, 61]. These properties
promote cytoskeletal organization and integrin clustering,
critical for sustained neural cell adhesion and signaling.

Overall, the comparative images confirm that incor-
poration of both PCL and conductive nanofibers signifi-
cantly enhances cell–scaffold interactions. The observed
differences underscore the importance of surface topog-
raphy, biochemical cues, and mechanical compatibility
in designing scaffolds optimized for neural tissue engi-
neering.

To further evaluate the adhesion and distribution of
SH-SY5Y neuroblastoma cells on the scaffolds, DAPI
staining was performed after 24 hours of culture. As
shown in figure 10, nuclei appear as distinct blue fluo-
rescent spots, allowing visualization of the density and
spatial distribution of attached cells on both S1 and S4
surfaces.

In the S1 group, a relatively lower density of nuclei is
observed across the imaged fields, suggesting reduced
cell attachment and spreading. This observation aligns
with previous SEM findings and is likely due to the lim-
ited bioactivity, smooth morphology, and lack of specific
nanoscale surface features in pure PGS. Additionally, the
low mechanical stiffness of PGS restricts cytoskeletal
tension development, impeding proper focal adhesion
formation.

Conversely, scaffold S4 exhibited a substantially
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Figure 9. SEM micrographs of SH-SY5Y cells cultured on (left) S1 and (right) S4 scaffolds after 24 hours.

higher density of evenly distributed nuclei across all
fields. The increased number of adherent cells is in-
dicative of improved cell–substrate interactions, which
may result from the synergistic effects of PCL incor-
poration and the presence of PPy- CNFs [49]. The
nanofibrous architecture introduced by CNFs enhances
surface roughness and wettability, favoring protein ad-
sorption and integrin-mediated adhesion. Furthermore,
the polypyrrole coating introduces mild electrical con-
ductivity, which can activate calcium-mediated signaling
pathways in neural cells, promoting adhesion, cytoskele-
tal arrangement, and even early neural differentiation
[62]. The presence of hydrophilic functional groups
(–OH, –NH, and –C=O) on the nanofiber-modified sur-
face may also enhance electrostatic interactions with
serum proteins such as fibronectin and laminin, further
improving cellular affinity [63].

Moreover, the improved porous structure and water
retention capacity in S4 likely contribute to better nutrient
diffusion and a stable hydration environment around the
seeded cells, supporting sustained viability and adhesion
[64]. These microenvironmental enhancements explain
the greater cellular density and uniformity observed in
S4.

In addition, quantitative analysis of nuclear density
was performed using ImageJ by counting DAPI-stained
nuclei per mm2. As shown in Fig. 10 (b), scaffold S4
exhibited a higher number of adhered nuclei compared to
S1, consistent with qualitative fluorescence observations.
Although the difference was not statistically significant
(𝑝 > 0.05), the numerical trend supports the superior
biointerface performance of the nanocomposite scaffold.

In addition to the observed cytocompatibility, the incor-
poration of polypyrrole-functionalized carbon nanofibers
plays a key role in enhancing the suitability of the scaf-
folds for neural regeneration. Polypyrrole is an elec-
troactive polymer, and its incorporation introduces elec-
troactive domains within the scaffold that are compatible
with the electrically responsive nature of neural tissue.
Although external electrical stimulation was not applied
in the present study, the presence of PPy can facilitate

charge transfer at the cell–material interface, which has
been reported to support neural cell adhesion and neurite-
related cellular responses. Furthermore, the PPy-CNFs
increase surface roughness and mechanical stability, both
of which are critical parameters influencing neural cell
attachment, survival, and morphology. Together, these
features suggest that the PPy-functionalized scaffolds
provide a multifunctional microenvironment favorable
for neural regeneration [65, 7].

Overall, the observed cytocompatibility of the scaf-
folds is supported not only by the high cell viability
values obtained from the MTT assay, but also by their
favorable structural, surface, and mechanical character-
istics. The interconnected porous architecture facilitates
nutrient diffusion and waste removal, while the surface
roughness induced by PPy-functionalized CNFs provides
additional anchoring sites for cell attachment. Moreover,
the improved mechanical integrity of the PGS/PCL/PPy-
CNFs scaffolds helps preserve structural stability during
cell culture, thereby reducing mechanical stress on ad-
herent cells. Together, these features create a supportive
microenvironment that promotes cell adhesion, survival,
and proliferation.

Compared with many existing neural tissue engineer-
ing scaffolds, which often prioritize either mechanical
compliance or electrical/biofunctional properties alone,
the present PGS/PCL/PPy-CNFs system was designed
to achieve a balanced integration of structural stability,
elasticity, and bioactive surface features. Soft hydrogel-
based scaffolds typically provide favorable cell compati-
bility but may lack sufficient mechanical robustness for
handling and long-term structural maintenance, whereas
rigid polymeric systems can offer strength at the expense
of flexibility and tissue-matching behavior [66, 67]. In
this study, the combination of elastomeric PGS with
semi-crystalline PCL created a mechanically reinforced
yet compliant matrix, while the incorporation of PPy-
functionalized cellulose nanofibers introduced nanoscale
reinforcement and surface modulation that supported
improved cellular interaction. The progressive enhance-
ment in mechanical response and cell viability observed
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Figure 10. (a) Representative DAPI-stained fluorescence images of nuclei in SH-SY5Y cells cultured on, (b) Quantitative analysis of cell nuclei density
(number of nucleus/mm2) on S1 and S4 scaffolds. Results indicate a slightly higher number of adhered cells on S4 compared to S1. Data are presented as
mean ± standard deviation (𝑛 = 3).

from S1 to S4 suggests that the hybrid reinforcement
strategy provides a synergistic effect rather than a single-
property improvement. Therefore, this scaffold design
represents a complementary approach within neural tis-
sue engineering strategies by simultaneously addressing
mechanical integrity, structural cohesion, and biological
performance within a unified platform.

4. Future perpective and conclusion

4.1 Future perpective

Although the developed PGS/PCL/PPy-CNF scaffolds
demonstrated promising structural, electrical, and bi-
ological characteristics for neural tissue engineering,
several limitations warrant further investigation. First,
the current study was limited to short-term in vitro eval-
uation using a single neuronal cell line (SH-SY5Y),
which may not fully reflect the complexity of in vivo
neural environments. Future work should involve pri-
mary neuronal cells and extended culture durations to
assess long-term biocompatibility, degradation behavior,
and functionality. Second, while electrical conductivity
was enhanced via PPy-CNFs incorporation, no exter-
nal electrical stimulation was applied. Incorporating
physiologically relevant electrical cues could potentially
promote axonal alignment, neural differentiation, and

synaptogenesis. Third, only two CNF concentrations
(0.5% and 1%) were investigated; systematic variation of
nanofiber content could further optimize scaffold perfor-
mance. Moreover, in vivo studies using animal models
of nerve injury are essential to evaluate immunological
responses, integration with host tissues, and functional
recovery outcomes. Finally, incorporating biochemical
signaling molecules (e.g., neurotrophic factors or pep-
tides) or integrating microfluidic channels may enable
the development of next-generation scaffolds capable
of mimicking the dynamic neural microenvironment.
Collectively, these directions will facilitate the clinical
translation of conductive, multifunctional nanocompos-
ite scaffolds in regenerative neuroengineering.

4.2 Conclusion
A comprehensive evaluation of PGS-based scaffolds
modified with PCL and PPy- CNFs demonstrated signif-
icant improvements in structural, mechanical, thermal,
and biological properties, highlighting their suitability
for neural tissue engineering.

Chemical characterization via FTIR confirmed the
presence of characteristic ester bonds (C=O at 1735
cm−1) and O–H groups, indicating successful crosslink-
ing in PGS and effective blending with PCL. The incor-
poration of CNFs introduced additional peaks associated
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with PPy and cellulose, confirming functionalization.
XRD analysis revealed a shift from the amorphous pro-
file of neat PGS to increased crystallinity in PGS/PCL
and further in PGS/PCL/PPy- CNFs scaffolds, evidenced
by sharper peaks near 2𝜃 = 21° − 24°, reflecting en-
hanced structural order and mechanical stability.

Thermal analysis (TGA/DTG) showed that the pure
PGS scaffold (S1) underwent degradation starting around
280 °C with a main DTG peak at 405 °C, indicating
single-phase decomposition. In contrast, S2 (with PCL)
displayed a two-step degradation profile with DTG peaks
at 335 °C and 410 °C, attributed to PCL and PGS
segments, respectively. S3 and S4, reinforced with 0.5%
and 1% CNF, exhibited further thermal improvement,
with DTG peaks at 345 °C and 425 °C and increased
residual char at 500 °C, confirming enhanced thermal
barrier effects of PPy-CNFs.

Mechanical properties improved significantly upon
material modification. The Young’s modulus increased
from 1.8 MPa in S1 to 5.7 MPa in S4, and compressive
strength rose from 7 MPa (S1) to 24 MPa (S4). These
enhancements are attributed to the reinforcing effect
of PCL and CNFs, which increase matrix stiffness and
load-bearing capacity while reducing deformation under
compressive stress.

Wettability analysis indicated a consistent decrease
in contact angle from 62° in S1 to 71.8° in S4, suggest-
ing increased hydrophobicity due to PPy presence, yet
remaining within a range compatible with neural cell
attachment and viability.

Biocompatibility, assessed through MTT assay on SH-
SY5Y cells, confirmed that all scaffolds-maintained cell
viability above the ISO threshold of 70%. Cell viability
increased progressively from 84.94% in S1 to 91.09%
in S4, demonstrating the positive impact of PCL and
especially CNFs on cell health. The highest viability in
S4 is attributed to improved surface bioactivity, moder-
ate conductivity from PPy, and nanoscale topography
favoring cytoskeletal anchoring.

Cell adhesion and spreading assays revealed superior
cell–scaffold interaction in nanofiber-loaded samples,
especially S4, where well-distributed filopodia and cy-
toplasmic extensions were observed. This indicates the
synergistic role of physical cues (surface roughness),
chemical signals (PPy), and mechanical properties in
promoting neural cell compatibility.

In conclusion, the integration of PCL and PPy-CNFs
into PGS scaffolds markedly enhanced their performance
across all critical parameters. Among the tested formu-
lations, S4 (PGS70/PCL30/1%PPy- CNFs) emerged as
the optimal scaffold, exhibiting the highest mechanical
strength, thermal stability, cell viability, and biointerface
activity, making it a promising candidate for advanced
neural tissue engineering applications.
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