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similarity to the extracellular matrix. However, their inherent brittleness and limited bioactivity
necessitate further enhancement. This study investigates the effects of incorporating a
polyvinyl  alcohol/collagen/halloysite  nanotube (PVA/Col/HNT) hydrogel on the KEYWORDS
physicochemical properties of polyvinylidene fluoride/polyvinyl alcohol (PVDF/PVA)
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. LT : o Electrospinning
electrospun mats to improve their suitability for nerve regeneration applications. The hydrogel Freeze - thawing
was integrated onto the electrospun matrices using casting and freeze-thawing techniques. Casting
The resultant composites were characterized for their morphological, mechanical, and Nerve tissue
biological properties. Field emission scanning electron microscopy revealed a uniform Tissue reqeneration
distribution and interconnectivity between the electrospun mat and hydrogel layer, supported . genera

Bilayer composite

by Fourier transform infrared spectroscopy spectra indicating strong hydrogen bonding
interactions. Atomic force microscopy demonstrated reduced surface roughness (Ra: 5.3 nm
electrospun surface, 41.9 nm hydrogel surface) compared to single-layer electrospun mats
(Ra: 192.5 nm), promoting better cell attachment and proliferation. Mechanical testing showed
a significant increase in tensile strength (1.762 MPa) and Young's modulus (39.612 MPa)
while maintaining high elongation at break (316.253%), ensuring flexibility and durability. The
scaffold's piezoelectric properties further enhanced its potential for nerve regeneration. In vitro
biocompatibility assays using human fibroblast cells confirmed increased cell adhesion and
proliferation, highlighting the suitability of the PVA/Col/HNT hydrogel-infused PVDF/PVA mats
for soft tissue engineering. This study underscores the composite's potential in advancing
nerve regeneration therapies.

1. INTRODUCTION

The peripheral nervous system can regenerate and repair, but injuries are more common due to direct mechanical
trauma. Regeneration capacity depends on the patient's age, injury mechanism, and proximity to the nerve cell body.
Peripheral nerve injuries are uncommon, affecting only 3% of severe injuries [1, 2]. Direct nerve restoration with
autografts is the gold standard for severe axonotmesis and neurotmesis injuries. However, autografts have drawbacks
such as inadequate donor tissue availability, secondary incisions, loss of feeling, potential neuroma formation, and less-
than-ideal donor nerve dimensions [3, 4]. To address these issues, tissue engineering has created artificial nerve grafts. In
peripheral nerve surgery, tissue engineering research focuses primarily on recreating and repairing the end of the nerve
farthest from the lesion site after a peripheral nerve injury [5-7]. An ideal nerve substitute would comprise a scaffold
component that replicates the extracellular matrix of the peripheral nerve, together with a cellular component that
promotes and sustains the regeneration of peripheral nerve axons [8]. The scaffold must possess the ability to enhance
cell proliferation, enable the maintenance of specialized cell activities, and assist cell adhesion [8, 9].

The transmission of bioelectrical signals is crucial for the functional recovery of nerves, and an ideal peripheral nerve
scaffold should have electrical activity properties similar to natural nerves [10]. Piezoelectric materials can convert stress
changes into electrical signals, activating intracellular signaling pathways critical for cell activity and function [10, 11].
Polyvinylidene fluoride (PVDF) is a thermoplastic fluoropolymer chemically inert and synthesized through the
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polymerization of vinylidene fluoride. It possesses notable characteristics such as strong piezoelectric properties,
chemical resistance, biocompatibility, and transparency. It is extensively utilized in biomedical applications such as
biosensors, smart drug delivery systems, and tissue engineering [12]. PVDF has poor reactive side chains, causing nutrient
transport and membrane wettability, which can cause inflammation and hinder drug carrier function [13, 14]. As a result,
previous research used the Taguchi Method to investigate the influence of polyvinyl alcohol (PVVA) on the physiochemical
properties and biocompatibility of PVDF electrospun. PVA is a nontoxic, biocompatible, and biodegradable polymer for
tissue engineering [15]. Incorporating PVA with other polymer solutions increases the free surface energy, allowing for
high drug loading capacity and cell migration during healing processes. The optimal PVDF/PVA electrospun fiber
demonstrated good biocompatibility properties and a low toxic potential for human cells.

Despite the vast advantages of electrospinning in biomedical applications, the single design is less favorable due to
its mechanical properties and high burst release effect. The bilayer or multilayer design provides considerable benefits
over single-layer scaffolds in nerve tissue regeneration by creating a more biomimetic environment that improves cellular
connections and functional recovery [16]. Research indicates that bilayer scaffolds incorporate varied material
compositions and structures in separate layers to facilitate neuronal development and extracellular matrix deposition. A
bilayer scaffold with an electrospun polycaprolactone (PCL) outer layer and a hydrogel-based inner layer exhibited
enhanced mechanical support. It facilitated Schwann cell migration and axonal regeneration compared to single-layer
structures [17]. In a rat sciatic nerve damage model, bilayer scaffolds with a gradient structure enhanced nerve conduction
velocity and functional recovery scores by up to 35% compared to single-layer scaffolds [18, 19]. These findings
underscore the significance of biomimetic stratification in scaffold design to improve peripheral nerve healing.

This study uses a bilayer conduit consisting of the electrospun layer and hydrogel layer structure that mimics the nerve
tissue (axons, myelin sheath, and perineurium). This design allowed the conduit to release the therapeutic agents slowly
over time. This kept the area clean while the patient healed, protected it from external mechanical stress, and helped cells
adhesion and grow. The hydrogel was fabricated using PVA as the base material, which enhanced drug loading capacity
and improved moisture absorption. The hydrogel layer also has halloysite nanotubes (HNT) and collagen, which help
cells stick together. The HNT gives the nerve conduits a lot of surface area for drugs and cells to interact.

2. MATERIAL AND METHODS
2.1  Development of Bilayer Electrospun-Hydrogel Layer

The electrospun layer was formed by dissolving PVDF (My = 534000 g/mol) in dimethyl sulfoxide with PVA (My, >
89000 g/mol) at a PVDF-to-PVA ratio of 90:10 to form homogenous electrospinning solutions. As reported in previous
work, as illustrated in Figure 1 [15, 20], the suspension was placed into a syringe and electrospun at 10 kV for 1 hour at
0.5 mL/h and 15 cm tip-to-collector distance under ambient conditions. The hydrogel solution was developed by
dissolving PVA in distilled water, resulting in a 13% (w/v) solution, which was then modified with 3 wt% collagen (Mw
= 300000 g/mol), and 2 wt% halloysite nanotube, HNT (My = 258 g/mol). Next, we placed the PVDF/PVA electrospun
on top of a glass dish and filled it with PVA/Col/HNT hydrogel before proceeding with the casting process. The sample
underwent freeze-thaw cycles three times to form an electrospun-hydrogel bilayer conduit film scaffold.
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Figure 1. The development process of electrospun-hydrogel bilayer conduit films scaffold
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2.2 Morphological Characterizations

Field Emission Scanning Electron Microscope (FESEM) was utilized for morphological observation of hydrogel
coating on electrospun to form bilayer conduit film, with samples coated with gold for 30 seconds and examined at 500-
10000X magnification using Image J software. Atomic Force Microscopy (AFM) uses a cantilever tip to image the
sample, providing a highly high-resolution image of the surface topography of the sample structure. We prepared the
samples to a size of 1 cm x 1 cm and used the AFM (Park System XE-100, Korea) in contact mode to measure the root
mean square roughness of the scaffold sample, following ASTM E2859-11 [21] guidelines.

2.3 Mechanical Characterization — Tensile Testing

A tensile test was conducted on samples prepared according to ASTM D3039/D3039M [22]. The samples were pulled
until they broke to measure ultimate tensile strength, Young modulus, and elongation at break. The ends were mounted
with a gauge length of 15 mm, and the test was conducted at a strain rate of 10 mm/min and load strength of
5 kN at room temperature.

2.4 Chemical Characterization — Fourier Transform Infrared Spectroscopy Testing

A 1cm x 1 cm composite was positioned in the sample holder, assuring coverage and alignment with the infrared
spectroscopy source. Fourier Transform Infrared Spectroscopy (FTIR) (Perkin Elmer) was employed to ascertain the band
value and existence resulting from the interaction between the bilayer composite. This study utilized a 4000-400 cm
range with a resolution of 4 cm™to analyze the primary functional groups.

2.5  Conductivity Analysis

A customized Faraday Bucket was used to detect the samples' surface charge potentials after they were sliced into
4 cm x 4 cm pieces [22, 23]. The voltage potential difference between the ground and the bucket was measured using a
simple electrometer (PASCO Scientific). The electrometer's potential measurements were recorded approximately every
60 seconds.

2.5 Biological Analysis

Human Skin Fibroblast (HSF 1184) cells were cultivated in T-flasks using DMEM media enriched with fetal bovine
serum, penicillin-streptomycin, and pyruvate, all sourced from Thermo Fisher Scientific. Before cytotoxicity
examination, the cells were cultured at 37°C with a CO, concentration of 5%. The sample was inoculated with a
suspension of HSF cells at a concentration of 1x10* cells/mL for 24 hours. The MTT (3-[4,5-dimethylthiazol-2-yl]-2,5
diphenyl tetrazolium bromide) assay measured the absorbance of purple formazan crystals, indicating the amount of
viable cells after 24 hours. The absorbance was measured at 570 nm using a microplate reader. The cells undergo Trixton-
X treatment as the positive control, while normal culturing is the negative control. The specimens were stained with the
Live/Dead Kit assay to evaluate the cells' viability, and the image was recorded using an inverted fluorescence microscope.

3. RESULTS AND DISCUSSION
3.1  Morphological Analysis

The cross-sectional structure of the electrospun (a), hydrogel (b), and bilayer (c—d) are shown in Figure 2 by FESEM
images. As illustrated in Figure 2(a), the electrospun fiber diameter produces an average diameter of 171.60+1.2 nm and
89.5+2.1% porosity reported by previous work [16]. The electrospun layer (Figure 2(a)) was composed of humerous
fibers arranged in a manner that made it strong under tension and allowed the nerve conduits to remain flexible. These
mechanical properties are crucial in protecting the inner, more delicate hydrogel layer from external forces, thus
maintaining the integrity of the regenerating nerve [9, 2, 26]. The freeze-thaw method coats the electrospun with a
hydrogel layer, increasing the fine fiber diameter up to 165.7+0.4 nm, which is beneficial for mimicking the extracellular
matrix and supporting cell adhesion and proliferation, as indicated in Table 1. Figure 2(c-d) showed that the casting and
freeze-thaw process successfully fabricated the PVA/Collagen/Halloysite Nanotube hydrogels combined with electrospun
PVDF/PVA, forming a bilayer structure. It shows that the layers were intact and penetrated each other, as indicated by
the arrow line. Casting hydrogel onto electrospun layers creates an intimate contact, allowing the hydrogel to adhere to
the fibers' porous surface structures. The bilayer scaffold has the highest porosity (96.27+2.3%), which is advantageous
for cell infiltration, nutrient exchange, and waste removal. This is even higher than the PVA/HNT/Col hydrogel
(94.11+1.1%) and PVDF/PVA electrospun scaffold (89.50+2.1%). Hydrogels, especially those made of polyvinyl
alcohol, commonly undergo crosslinking using the freeze-thaw method [22]. This process creates a network structure,
with ice crystals forming during freezing and melting upon thawing. This process also facilitates crosslinking between
the electrospun layer and hydrogel, promoting stronger adhesion and potential hydrogen bonding [22, 27]. This synergistic
effect of electrospun fibers and hydrogel creates a multi-scale porous structure. The electrospun layer provides
interconnected micro- and nanopores, while the hydrogel enhances porosity by retaining water and preventing fiber
packing. This combination improves cell infiltration, nutrient diffusion, and extracellular matrix deposition, making it
ideal for nerve tissue regeneration.
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Figure 2. FESEM micrograph image of: (a) PVDF/PVA electrospun, (b) PVA/Collagen/HNT hydrogel and (c-d)
electropsun/hydrogel bilayer cross-section

Sample Ra (nm) Rq (nm)

PVDF/PVA Electrospun 192.5+2.3 247.142.5
PVA/HNT/Col Hydrogel 78.8%£1.5 95.4+1.8
Bilayer (Electrospun 5.3+2.8 75+1.1

Bilayer (Hydrogel Surface) 41942.4 57.3+2.2

Figure 3. AFM images: (a) PVDF/PVA electrospun, (b) PVA/Collagen/HNT hydrogel and (c-d) electrospun/hydrogel
bilayer cross-section as well as (e) the surface roughness of the surface

Table 1. Fiber diameter, porosity, thickness and sample potential per unit mass value of the composite scaffolds
Fiber Diameter Porosity Sample potential per

Type of scaffolds (nm) (%) Thickness unit mass (V/g)
PVDF/PVA Electrospun 171.6+0.5 89.50+2.1 531.56+0.4 um 1.312+0.5
PVA/HNT/Col Hydrogel - 94.11+1.1 0.092+0.2 mm 0.510+0.7
Electrospun — Hydrogel Bilayer 165.7£0.4 96.27+2.3 0.095+0.6 mm 0.892+0.1

The AFM micrograph in Figure 3 shows the PVDF/PVA nanofiber scaffold, the PVA/Collagen-HNT hydrogel
scaffold, and the surface of the two-layer scaffold on both sides. The roughness of the surface can be qualitatively
presented in average roughness, Ra, and root-mean-square roughness, Rq, where when the value of R, and Rq increases,
the roughness characteristic increases [28-30]. The samples' roughness values were in the nanoscale range, which
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correlates to the high surface area that can enhance the attachment, growth, and proliferation of new nerve cells on the
nerve scaffold [30]. The Ra and Rq values correlate with the porosity and morphological integrity of the scaffolds. The
PVDF/PVA electrospun scaffold has the highest roughness (Ra: 192.5+2.3 nm, Rq: 247.1+2.5 nm), indicating a highly
fibrous and irregular surface, which can enhance cell adhesion but may limit uniform cell growth. The PVA/HNT/Col
hydrogel exhibits lower roughness (Ra: 78.8£1.5 nm, Rq: 95.4+1.8 nm), which aligns with its smoother, hydrated structure
that supports cell proliferation. For the bilayer scaffold, the electrospun surface has the lowest roughness (Ra: 5.3+2.8 nm,
Rq: 7.5+1.1 nm), suggesting a more compact and refined fiber arrangement, likely due to interaction with the hydrogel
layer, reducing surface irregularities. Meanwhile, the hydrogel surface (Ra: 41.942.4 nm, Rq: 57.3+2.2 nm) shows
moderate roughness, balancing surface smoothness for cell proliferation with sufficient texture for adhesion. These results
align with the high porosity of the bilayer scaffold (96.27+2.3%), indicating an optimal microenvironment for nerve tissue
regeneration by providing a structurally stable yet bioactive interface [31].

3.2  Mechanical Analysis

The mechanical properties of the electrospun-hydrogel bilayer scaffold demonstrate a significant improvement over
single-layer scaffolds, balancing strength, flexibility, and elongation, which are crucial for nerve tissue regeneration.
Table 2 shows that the PVDF/PVA electrospun has higher tensile strength than hydrogel due to its fibrous nature and
tight packing. PVA/HNT/Col Hydrogel, a more flexible material, has lower tensile strength. The bilayer scaffold's tensile
strength (1.762 MPa) is slightly higher than the electrospun scaffold (1.721 MPa) and significantly greater than the
hydrogel (0.761 MPa), indicating that the integration of the hydrogel layer does not compromise structural integrity. The
Young's modulus of the bilayer scaffold (39.612 MPa) is nearly 1.8 times higher than the electrospun scaffold
(22.032 MPa) and 54 times higher than the hydrogel (0.725 MPa), suggesting that the bilayer design enhances rigidity
while maintaining a controlled level of flexibility [32]. The electrospun has a high Young's modulus (22.032 MPa) but
may lack flexibility in applications requiring adaptability, such as dynamic tissues like nerves. In comparison to other
bilayer composite scaffolds, such as PCL/collagen or PLGA/gelatin bilayers, the electrospun-hydrogel bilayer exhibits
superior elongation at break (316.253%), outperforming many reported bilayer systems where elongation often remains
below 250% [33,34]. The electrospun-hydrogen bilayer exhibits the highest elongation at break (316.253%), making it a
more ductile and stretchable material. Integrating the hydrogel into the electrospun fibers using the casting and freeze-
thaw methods has resulted in a scaffold with a balance of mechanical strength, flexibility, and stretchability [32, 35].

Furthermore, the AFM roughness data correlates well with these findings—the lower roughness of the bilayer
electrospun surface (Ra: 5.3 nm, Rq: 7.5 nm) suggests a smoother, more compact fiber arrangement, potentially enhancing
mechanical strength. The hydrogel surface roughness (Ra: 41.9 nm, Rq: 57.3 nm) allows for better cell adhesion and
migration, further improving scaffold performance. These results collectively highlight the bilayer system provides a
suitable environment for cell attachment, migration, and proliferation. At the same time, its mechanical properties ensure
that it can withstand the physical forces encountered in a biological system, particularly in nerve regeneration, where
flexibility and mechanical support are critical [7, 8, 31].

Table 2. Mechanical analysis of the nerve tissue conduit scaffold

Type of scaffolds Tensi(ll\e}”sét;;ength Youn(g';v| '\F/>|e(1))dUIus Elongati((gz)at break
PVDF/PVA Electrospun 1.72140.661 22.032+0.504 28.281+0.051
PVA/HNT/Col Hydrogel 0.761+0.023 0.725+0.013 273.331+0.032
Electrospun — Hydrogel Bilayer 1.762+0.014 39.612+0.031 316.253+0.012

3.3  FTIR Analysis

The FTIR spectra of PVDF/PVA electrospun fibers, PVA/HNT/Collagen hydrogel, and the electrospun-hydrogel
bilayer composite reveal distinct functional group interactions as indicated in Figure 4. In the PVDF/PVA electrospun
spectrum, the presence of a broad peak around 3400 cm™ indicates O-H stretching from PVA, while characteristic C-F
stretching vibrations (~1170-880 cm™) confirm the presence of PVDF [16, 36]. The PVA/HNT/Collagen hydrogel
spectrum shows a broad O-H stretching peak (~3300-3500 cm™) due to hydrogen bonding, along with amide I (~1650
cm™) and amide II (~1550 cm™) peaks, confirming collagen integration [37]. Additionally, Si-O stretching (~1000-1100
cm™) from HNT indicates its successful incorporation within the hydrogel network [22]. The electrospun-hydrogel bilayer
spectrum combines key features of both individual components, maintaining a broad O-H stretching peak due to extensive
hydrogen bonding while also exhibiting C-F stretching (~1170-880 cm™) from PVDF and Si-O peaks (~1000-1100 cm™)
from HNT, demonstrating effective layer integration [36, 38]. The physical crosslinking in the bilayer is achieved through
the freeze-thaw method, where repeated freezing induces ice crystal formation, forcing polymer chains closer together.
Ice melting allows for strong intermolecular hydrogen bonds between PVA chains upon thawing, creating a stable
hydrogel matrix [39]. This mechanism enhances the hydrogel's mechanical strength and structural integrity without
requiring chemical crosslinking agents.
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Figure 4. FTIR Spectra of electrospun, hydrogel, and bilayer composites

The electrospun layer interacts with the hydrogel via interfacial hydrogen bonding, primarily between PVA in both
layers, ensuring strong adhesion. Hydrogen bonding in the electrospun-hydrogel bilayer composite can be verified by
examining the large O-H stretching peak in the FTIR spectra. The O-H stretching band in the bilayer composite spectrum
is about 3300-3400 cm™, resembling the hydrogel but exhibiting a more prominent profile and a minor shift relative to
the individual components. This alteration and expansion signify improved hydrogen bond formation between PVA
molecules in both layers (electrospun and hydrogel), demonstrating robust interfacial interactions. The amide | (~1650
cm ') and amide II (~1550 cm™) peaks from collagen are still prominent in the bilayer spectrum, indicating that hydrogen
bonding between collagen (amide groups) and PVA (hydroxyl groups) enhances the composite's integrity. The Si-O
stretching (~1000-1100 cm™) from HNT remains evident, suggesting that the nanotubes facilitate interfacial bonding
through interacting with PVA hydroxyl groups. The primary evidence of hydrogen bonding in the bilayer composite is
the lack of free hydroxyl peaks and the broad characteristic of the O-H band, indicating robust intermolecular hydrogen
bonding instead of separate hydroxyl groups. The freeze-thaw process amplifies these interactions, resulting in the
physical crosslinking essential for structural integrity. This verifies that the electrospun and hydrogel layers are effectively
merged by hydrogen bonding rather than just physical adhesion.

3.4  Conductivity Analysis

The experimental findings indicate that PVDF/PVA electrospun fibers possess the maximum potential per unit mass
at 1.312+0.5 V/g, followed by the electrospun-hydrogel bilayer composite at 0.892+0.1 V/g, and the PVA/HNT/Collagen
hydrogel at 0.510+0.7 V/g as indicated in Table 1. These results correspond with current studies indicating that PVDF-
based electrospun fibers have enhanced piezoelectric capabilities attributable to the high g-phase content of PVDF and
the alignment of polymer chains generated by electrospinning, which improves charge generation and storage [40, 41].
The hydrogel alone demonstrates the lowest potential owing to its elevated water content and absence of conductive
elements, while including HNT may facilitate minimal charge retention [22, 42]. The electrospun-hydrogel bilayer
composite exhibits an intermediate V/g value, deriving advantages from the piezoelectric properties of the electrospun
layer and the hydrogen bonding interactions in the hydrogel offer a promising hybrid system where electrospun fibers
provide guidance cues for axonal growth. In contrast, the hydrogel enhances cell adhesion and nutrient diffusion.

Previous studies indicate that piezoelectric scaffolds with surface potentials around 0.8—1.2 V/g enhance neurogenesis
and nerve cell adhesion [43, 44]. A bilayer polyurethane-collagen nerve conduit was reported to facilitate peroneal nerve
regeneration, highlighting the importance of a bilayer structure in nerve repair, which aligned with this research outcome
[45]. Overall, the electrospun-hydrogel bilayer composite presents the most suitable environment for nerve tissue

journal.ump.edu.my/jmes 10549



M. S. A. Hamzah et al. | Journal of Mechanical Engineering and Sciences | Volume 19, Issue 1 (2025)

engineering, as it combines moderate conductivity, high porosity, and structural support, essential for nerve repair and
regeneration. Optimizing fiber alignment, composite thickness, and hydrogel crosslinking could further enhance its
bioelectrical and mechanical properties to match native nerve tissue better.

3.5 Biological Analysis

The biocompatibility and regenerative potential of the PVDF/PVA electrospun, PVA/Collagen/HNT hydrogel, and
PVDF/PVA-PVA/Col/HNT bilayer scaffolds were evaluated using human fibroblast cells. Fibroblast cells are critical in
preliminary studies assessing scaffolds for nerve tissue regeneration due to their role in wound healing, biocompatibility
testing, cell proliferation, scaffold evaluation, and initial screening before using neuronal cells. They assess
biocompatibility, toxicity, and fundamental cellular interactions, ensuring scaffolds are well-tested and optimized for their
intended application in nerve tissue regeneration. The data was gathered using two key methods: the MTT assay, which
measures cell metabolic activity as an indicator of viability (see Figure 5), and the Live-Dead Kit Assay, which assesses
cell viability through fluorescent staining of live and dead cells (see Figure 6). The bilayer scaffold (PVDF/PVA-
PVA/Col/HNT) demonstrated higher fibroblast cell viability (86.97%) than the single-layer scaffolds, correlating with its
highest porosity (96.27%), which enhances cell infiltration, nutrient diffusion, and waste removal. The fiber diameter
(165.7+0.4 nm) closely mimics the extracellular matrix, supporting better cell adhesion and neurite extension. Its lower
surface roughness (Ra: 5.3 nm electrospun surface, 41.9 nm hydrogel surface) than PVDF/PVA electrospun (Ra: 192.5
nm) reduces excessive topographical barriers, improving cell spreading and attachment. These characteristics align with
previous studies on bilayer scaffolds for tissue engineering, which report that optimized porosity, fiber morphology, and
surface properties significantly enhance bioactivity and regenerative potential. The better integration of mechanical
support from the PVDF/PVA layer and the hydrogel layer's biological compatibility seems to support higher initial cell
activity. The Live-Dead Kit Assay result shown in Figure 6 confirms that the bilayer scaffold provides the best conditions
for fibroblasts to grow and survive over time. This suggests that it has much potential for use in nerve regeneration.
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Figure 5. Cell viability percentage of the scaffolds after 1 and 3 days using MTT assay
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Figure 6. Cell viability images of the scaffold after 1 and 3 days using Live-Dead Kit assay
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4. CONCLUSIONS

This study successfully fabricated and evaluated a bilayer scaffold composed of PVDF/PVA electrospun fibers and
PVA/Collagen/HNT hydrogel for potential nerve tissue regeneration. FESEM micrographic analysis confirmed a uniform
and interconnected structure, ensuring strong integration between the electrospun and hydrogel layers. Mechanical testing
demonstrated that the bilayer scaffold exhibited enhanced mechanical properties, with increased tensile strength (1.762
MPa), Young's modulus (39.612 MPa), and elongation at break (316.253%), providing an optimal balance of structural
integrity and flexibility—crucial for nerve regeneration applications. Surface roughness analysis revealed that the bilayer
scaffold had significantly lower R, values (5.3 nm electrospun surface, 41.9 nm hydrogel surface) than the single-layer
electrospun mat (192.5 nm), facilitating better cell attachment and proliferation. Furthermore, conductivity analysis
indicated an intermediate surface potential (0.892+0.1 V/g), benefiting from the piezoelectric properties of PVDF and
hydrogen bonding interactions in the hydrogel, which aligns with the optimal range (0.8-1.2 V/g) for neurogenic
stimulation and axonal growth guidance. FTIR analysis confirmed successful chemical interactions between the
electrospun and hydrogel layers, ensuring structural stability and bioactivity. In vitro biocompatibility assays (MTT and
Live-Dead Kit assays) using human fibroblast cells demonstrated significantly higher cell viability (86.97%) in the bilayer
scaffold compared to single-layer scaffolds (PVDF/PVA: 60.66%, PVA/Col/HNT: 73.58%), indicating a highly
conducive environment for cell proliferation and attachment. These findings highlight that the bilayer scaffold effectively
integrates mechanical strength, bioactivity, and controlled conductivity, making it a promising candidate for nerve tissue
engineering applications. Future studies should optimize fiber alignment, hydrogel crosslinking, and in vivo validation to
enhance its neuro-regenerative potential further.
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