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Abstract

Nerve cell repair is a complex process influenced by genetic factors, damage severity, and treatment type. Although nerve
tissue engineering has advanced, many scaffolds still fail to mimic the natural electrical properties of nerve tissue or deliver
drugs effectively. To address these issues, this study presents a multifunctional scaffold designed to support nerve
regeneration while reducing inflammation and pain. The scaffold was fabricated using 3D microextrusion printing, allowing
precise control over geometry and composition. Polyvinyl alcohol (PVA) and collagen (Col) provided biocompatibility and
biodegradability, while reduced graphene oxide (rGO) enhanced electrical conductivity. Amoxicillin (Amox) and ibuprofen
(Ibu) were incorporated for antibacterial and anti-inflammatory effects. The scaffold exhibited a conductivity of
(5.83 £0.65) x 103 S/m, and sustained drug release, with amoxicillin reaching ~0.6 mg/L and ibuprofen ~0.12 mg/L after
480 min. It showed strong antibacterial activity, with inhibition zones of 28.3 +£3.32 mm (E. coli) and 18.34 +£2.83 mm (S.
aureus). Mechanically, it withstood ~5.5 MPa of stress and over 150% tensile strain. Cell viability exceeded 120%,
indicating excellent biocompatibility. These results suggest the scaffold effectively integrates conductivity, structural
strength, and therapeutic delivery to promote nerve regeneration.
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1 Introduction

Neural injuries are common conditions resulting from
damage or severance of nerve fibers, leading to impaired
nerve transmission [1]. Nerves possess a limited regen-
erative capacity; while minor injuries can heal sponta-
neously, severe injuries require surgical intervention.
Despite advancements in microsurgical techniques, the
success rates of nerve repair remain relatively low, with
satisfactory outcomes observed in fewer than 40% of cases
[2]. The limited regenerative capacity of nerves and the low
success rates of surgical approaches highlight a critical
unmet clinical need for more effective, targeted strategies
that can restore nerve function and accelerate healing [2].
Consequently, bioengineering strategies focus on develop-
ing alternatives to nerve grafting and microsurgery to
enhance nerve regeneration. Therefore, the primary aim of
this study is to design and characterize a multifunctional
scaffold that can simultaneously support nerve regeneration,
restore electrical signaling, and reduce inflammation and
pain in nerve injuries [3]. Neural tissue engineering aims to
restore nerve function by facilitating tissue repair and
regeneration, offering innovative and effective alternatives
to conventional treatment approaches [4—6]. A fundamental
strategy in neural tissue engineering involves the fabrication
of polymeric scaffolds that provide a supportive three-
dimensional (3D) environment for nerve cells to adhere,
proliferate, and differentiate [7, 8]. These scaffolds serve as
structural frameworks that promote cellular interactions,
facilitating functional recovery of the damaged tissue
[9, 10]. By integrating conductive and therapeutic compo-
nents into the scaffold structure, this approach directly
addresses the limitations of conventional scaffolds that lack
electrical functionality and local drug delivery capacity
[11]. In this context, biofunctional and conductive neural
scaffolds are designed to mimic the structural and functional
properties of native neural tissue, supporting cell adhesion,
proliferation, and communication. These scaffolds not only
provide mechanical support but also integrate conductive
materials to enhance electrical signaling, which is crucial
for nerve tissue [12-14]. By incorporating conductive bio-
materials, biofunctional scaffolds can potentially improve
the efficiency of neural regeneration, making them pro-
mising candidates for nerve repair applications [15, 16]. In
this study, customized scaffolds were designed using
polyvinyl alcohol (PVA), a biocompatible polymer, via 3D
microextrusion printing [17]. PVA is widely utilized in
scaffold fabrication due to its biocompatibility, biodegrad-
ability, and ability to reduce inflammatory responses in
nerve injuries [18-21]. Collagen (Col), a natural protein
abundantly found in various tissues, plays a crucial role in
mimicking the microenvironment of neural tissue, provid-
ing structural support and contributing to wound healing
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[22, 23]. The surface properties of PVA/Col scaffolds
facilitate cell adhesion, proliferation, and neural tissue
regeneration, making them promising biomaterials for nerve
repair. The selection of bioactive materials that support
nerve regeneration is a fundamental aspect of neural tissue
engineering [24, 25]. In this regard, conductive scaffolds are
particularly important for tissue engineering applications
that require electrical activity, such as nerve and muscle
tissue regeneration. These scaffolds facilitate the transmis-
sion of electrical signals and help maintain electrical activity
within the tissue, thereby promoting functional recovery
[26-28]. By mimicking the natural electrical properties of
neural tissue, conductive scaffolds hold great potential for
applications in nerve repair and muscle tissue regeneration.
Scaffolds for tissue engineering must be fabricated from
biocompatible and body-compatible materials to ensure
successful integration and functionality [22, 29]. The
incorporation of conductive nanomaterials, such as reduced
graphene oxide (rGO), enhances electrical communication
within the scaffold, which is crucial for neural tissue engi-
neering [30-33]. Additionally, the controlled release of
therapeutic agents through scaffolds has the potential to
accelerate the healing process. The controlled delivery of
antibiotics and anti-inflammatory drugs aims to reduce the
risk of infection and regulate inflammation, while analgesics
contribute to patient comfort and facilitate recovery
[34, 35]. Peripheral nerve injuries are frequently associated
with post-traumatic inflammation and high susceptibility to
bacterial contamination, particularly in open or surgical
lesions [36]. It has been reported that excessive inflamma-
tion delays Schwann cell migration and axonal extension
and negatively influences functional recovery, highlighting
the importance of early anti-inflammatory intervention in
neural repair [37]. Therefore, amoxicillin was specifically
selected as a broad-spectrum P-lactam antibiotic to mini-
mize early-stage bacterial colonization and reduce infection-
driven inflammation in the regenerating neural micro-
environment against both Gram-positive and Gram-negative
bacteria, which are commonly encountered in wound
environments [38]. Ibuprofen was incorporated as a non-
steroidal anti-inflammatory drug (NSAID) to modulate
inflammatory responses and reduce prostaglandin-mediated
pain, which can otherwise impair axonal regeneration
[39, 40]. Importantly, previous studies have demonstrated
that local ibuprofen delivery in peripheral nerve injury
models can enhance axonal growth and improve functional
outcomes by modulating inflammatory cascades [40, 41].
Thus, the combined incorporation of amoxicillin and ibu-
profen was strategically designed to address two critical
barriers to nerve regeneration: early infection risk and acute
inflammatory response, while simultaneously improving
patient comfort through analgesic effects [37]. This dual
approach aligns with contemporary regenerative medicine
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strategies that emphasize localized, multifunctional ther-
apeutic modulation within implantable scaffolds.

Three-dimensional printing technologies offer significant
advantages in tissue engineering by enabling the fabrication
of highly customized scaffolds with adjustable porosity,
mechanical strength, and complex architectures that pro-
mote cell growth and tissue regeneration [42—44].

Although several studies have reported conductive
neural scaffolds or drug-loaded polymeric systems sepa-
rately, the present study introduces a synergistic multi-
functional platform that integrates (i) electroconductive
rGO reinforcement, (ii) a hybrid biopolymer—synthetic
polymer matrix (PVA/Col), and (iii) a dual-drug delivery
system within a precisely controlled microextrusion-
printed architecture. Graphene-based composites such as
rGO-reinforced polymers have been widely recognized
for their ability to improve electrical conductivity,
mechanical strength, and cellular interactions in neural
tissue engineering, enabling enhanced neurite extension
and functional recovery compared to non-conductive
materials [45, 46]. The combined incorporation of rGO
into the polymer matrix not only enhances electroactivity
but also improves scaffold stability and promotes a bio-
electric microenvironment that supports neuronal growth
and guidance, as demonstrated in recent work on con-
ductive biomaterials for nerve repair [47, 48]. In parallel,
the dual loading of amoxicillin and ibuprofen introduces a
biologically responsive dimension by simultaneously
addressing early-stage bacterial risk and acute inflamma-
tory cascades that may otherwise impair axonal regen-
eration, aligning with current strategies for controlled
therapeutic delivery in regenerative scaffolds [37, 40, 41,
49]. In the literature, the simultaneous combination of
rGO-mediated electroactivity and dual Amox/Ibu release
within a 3D microextrusion-printed PVA/Col scaffold has
not been previously reported for neural tissue engineering
applications. This integrated design offers concurrent
electrical stimulation capability, mechanical adaptability,
and localized therapeutic modulation within a single
biomimetic construct, representing a novel and compre-
hensive approach to neural scaffold development. In this
study, the 3D biofunctional and conductive neural scaf-
folds were developed by incorporating rGO into bio-
compatible PVA/Col scaffolds, along with anti-
inflammatory and analgesic drugs to enhance their bio-
functionality. The developed 3D scaffolds were morpho-
logically, chemically, mechanically, and biologically
characterized to assess their potential for neural tissue
engineering applications. These findings suggest that the
developed 3D scaffold system could serve as a viable
alternative to current nerve repair strategies, combining
structural support, biofunctionality, and electrical con-
ductivity within a single platform.

2 Materials and methods
2.1 Materials

Graphene, sulfuric acid (95-97%, Mw: 98.08, Merck,
Germany), phosphoric acid (85%, Mw: 98, Merck, Ger-
many), potassium permanganate (Mw: 158.03, ISOLAB,
Germany), hydrogen peroxide (30%, Mw: 34.01, Cinnagen,
Iran), hydrochloric acid (37%, Mw: 36.46, Merck, Ger-
many), and ethanol (99.5%, Mw: 46.07, Merck, Germany)
were used for reduced graphene oxide synthesis. Polyvinyl
alcohol (pellet forms, 98-99% hydrolyzed, Mw:
31,000-50,000, Sigma-Aldrich, USA), collagen (powder,
from Bovine hide, 97% Type I with the remainder of Type
III collagen, Merck, Germany), Amoxicillin (95-102%
anhydrous, Mw:365.40, Sigma-Aldrich, USA), and Ibu-
profen ((S)-2-(4-Isobutylphenyl)propanoic acid((S)-
(+)-Ibuprofen), 299.8%, Mw: 206.28 g/mol, BLD pharm,
India).

2.2 Preparation of PVA/Col/rGO/Amox/Ibu Solution
for 3D Printing

2.2.1 Synthesis of reduced graphene oxide

In this experiment, graphene oxide (GO) was synthesized
using Hummer’s method. Initially, 360 mL of sulfuric
acid (H,SO,) and 40 mL of phosphoric acid (H;PO,) were
added to a beaker. The beaker was then placed on a sili-
cone oil bath to maintain a consistent temperature, with
the oil heated to 55-60 °C. This temperature range kept
the reaction temperature stable between 40 and 45 °C. The
beaker, along with the oil bath, was placed in a mixer and
stirred at 200 rpm. Subsequently, 3 g of graphite and 18 g
of potassium permanganate (KMnO,) were gradually
added to the solution, which was stirred at 40-45 °C for
16 h. After 16 h of stirring, the reaction was stopped by
transferring the solution to a beaker containing 400 g of
ice. During the mixing process, 7 mL of hydrogen per-
oxide (H,0,) was added drop by drop, causing the solu-
tion to turn yellow. For the washing step, the solution was
first precipitated, then centrifuged (Nuve, NF 800, Tur-
key) at 6000 rpm for 45 min: first with water, followed by
three washes with hydrochloric acid (HCl), and then three
washes with ethanol. Finally, the material was dried in an
oven at 60 °C (Elektro-mag, M420P, Turkey) [50]. To
reduce graphene oxide, the oxygen-containing functional
groups were removed to restore its electrical conductivity.
The reduction was achieved through thermal treatment.
lg of GO powder was wrapped in aluminum foil,
ensuring it was tightly sealed on all sides. The wrapped
powder was then placed in a preheated muffle furnace
(Liya Test, LT-G0275, Tiirkiye) set to 350 °C, where it
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Fig. 1 A Experimental part of the 3D biofunctional and conductive
neural scaffolds. B Printability assessment of the 3D biofunctional and
conductive neural scaffold

Table 1 Amounts of biomaterials used in neural scaffolds

PVA Col 1GO Amox Ibu
PVA/Col 9:1 1.8g 02g - - -
PVA/Col/rGO 90:10:1 1.8g 02g 002g - -
PVA/ColrGO/ 90:10:1:1:1 1.8g 02g 0.02g 0.02g 0.02¢g
Amox/Ibu

Table 2 Different 3D printing parameters used for optimization

PVA  Needle tip Flow rate Pressure Infill Number of
(w/v)  (Gauge) (mm/s): (psi) density layers
Feed rate (%)
(%)
16% 27 1:25 12-16 22 5
17% 27 1:30 15 28 5
17% 27 1:30 15 32 4
18% 25 5:20 16-18 22 4
18% 25 5:20 16-18 32 7
18% 25 5:20 16-18 46 4
20% 25 5:50 28-30 22 5
20% 25 5:30 28-30 46 5
20% 25 5:30 28-30 46 7

was treated thermally for 1 min. It was essential to gra-
dually remove the crucible from the furnace to prevent
any material loss due to abrupt pressure changes, which
could cause the material to disperse into the air. The final
product was a black powder [30, 51].

@ Springer

2.2.2 Preparation of PVA/Col/rGO/Amox/Ibu solution

In this study, PVA, Col, rGO, and drugs were combined
to fabricate a conductive scaffold via microextrusion 3D
printing (Fig. 1A). PVA and collagen are water-soluble
polymers [52, 53]. A 20% (w/w) PVA/Col (9:1) solution
was mixed in 10ml of distilled water at 70 °C until
homogeneous. To enhance the conductivity properties of
the scaffold, rGO was added, while Amoxicillin (Amox)
was added to improve anti-inflammatory properties, and
Ibuprofen (Ibu) was included to provide analgesic effects.
The amounts of rGO, Amox, and Ibu added to the PVA/
Col solution were each 1% of the total polymer weight, as
shown in Table 1.

2.3 Neural tissue fabrication by 3D printing

3D scaffolds were produced using a microextrusion printing
device (AXO-MEW, Turkey) with an X-Y control head and
a heated substrate that moves in the Z-direction to build the
structure layer by layer. The 3D printing was carried out
under room temperature conditions. The biofunctional and
conductive scaffold was designed using SolidWorks as the
Computer-Aided Design (CAD) program. The CAD models
were subsequently converted into STL file format, a tech-
nology designed for the production of digital 3D structures.
To fabricate 3D scaffolds, the PVA/Col/rGO/Amox/Ibu
solution was extruded through a syringe needle with the
assistance of pneumatic pressure, carefully depositing the
material layer by layer onto the surface. The rheological
behavior of the printing ink was visually assessed to ensure
continuous filament formation without bead formation or
collapse. Different 3D printing parameters used for opti-
mization were given in Table 2. During the optimization of
the production process, 25-Gauge needle tips were used.
The production was completed with a flow rate of 5 mm/s, a
feed rate of 30%, a pressure of 28-30psi, an extrusion
multiplier of 45, an infill density of 46%, and a layer
thickness of 0.1 mm, resulting in scaffold dimensions of
30x 30 mm. The optimized parameters were chosen to
balance mechanical integrity and pore interconnectivity,
which are critical for nutrient diffusion in neural tissue
applications.

2.4 Post-indentation characterization of
nanomaterials through Raman spectroscopy

The Raman spectrometer enables a detailed analysis of
the material’s properties post-indentation, offering
insights into alterations in molecular structure, mechan-
ical behavior, and surface characteristics. Post-
indentation characterization of the samples (GO and
rGO) was conducted using a Renishaw 1000 Raman
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spectrometer, equipped with a load-coupled device
detector and a microscope that focused a laser beam on a
1 mm spot size.

2.5 Chemical characterization of the 3D
biofunctional and conductive neural scaffolds
through FTIR spectroscopy

Fourier Transform Infrared (FTIR) Spectroscopy is a tech-
nique used to analyze the chemical composition and func-
tional groups of a material by measuring how it absorbs
infrared light. This method provides valuable information
about the material’s molecular structure and chemical
bonds. FTIR spectroscopy was employed to chemically
characterize the samples (PVA, Col, GO, rGO, Amox, Ibu)
and the developed 3D scaffolds (PVA/Col, PVA/Col/rGO,
PVA/Col/rGO/Amox/Ibu) using an IR Affinity-1 infrared
spectrophotometer (Jasco, FT/IR-4700 type A) across a
spectrum range of 400-4000 cm ™.

2.6 Crystallinity analysis of the 3D biofunctional and
conductive neural scaffolds via XRD

X-ray Diffraction (XRD) is a method used to analyze the
crystalline structure, phase composition, and grain size of
materials by measuring the diffraction patterns produced
when X-rays interact with the atomic lattice. This technique
provides crucial information about the structural properties
of the 3D scaffolds (PVA, PVA/Col, PVA/Col/rGO, PVA/
Col/rGO/Amox/Ibu). The crystal structures of the devel-
oped 3D scaffolds were analyzed using XRD (Shimadzu-
6100, Japan) with a Cu-Ka radiation source
(A =1.54060 A). The diffraction patterns were recorded
over a 10-80° angle range using a 40-mA current and a
45 kV voltage generator.

2.7 Measurement of the Conductivity of the 3D
Biofunctional and Conductive Neural Scaffolds
using the Four-Point Probe Method

The four-point probe method is used to measure sheet
resistance and was performed using a four-point probe with
equally spaced, co-linear electrical probes. It operates by
applying a Direct-Current (DC) (I) between the two outer
probes and measuring the voltage drop between the two
inner probes. Samples measured by the four-point probe
method are required to have no porous structure [54].
Therefore, to determine the conductivity of the developed
3D scaffolds (PVA, PVA/Col, PVA/Col/rGO, PVA/Col/
rGO/Amox/Ibu), the PVA-based solutions were cast onto a
polytetrafluoroethylene (PTFE) disk separately. The disks
were placed in a vacuum dryer and left to dry at room
temperature for 12 h to eliminate pores. The obtained films

were cut into 5 mm strips for conductivity measurement.
The cut strips were placed onto the electrodes. The con-
ductivity measurement of the films was conducted using a
potentiostat and the four-point probe (Signatone, Pro4,
USA). The measurements were repeated three times. For
conductivity, the resistivity (ohm*cm) is converted to sie-
mens/meter (S/m) [55, 56].

2.8 High-resolution imaging and structural analysis
of nanoparticles with TEM

Transmission Electron Microscopy (TEM) is a high-
resolution imaging technique used to analyze nanomater-
ials, biomaterials, and polymers. The structural analysis of
GO and rGO nanoparticles was performed using a TEM
(JEOL JEM-2100, Japan) operating at an accelerating vol-
tage of 200 kV. For TEM imaging, dilute aqueous disper-
sions of GO and rGO were prepared by ultrasonic treatment,
and each sample was dropped onto carbon-coated copper
grids. The grids were dried at room temperature before
imaging.

2.9 Printability assessment of the 3D biofunctional
and conductive neural scaffolds

Printability formulas are used to evaluate the ability of
scaffolds (PVA, PVA/Col, PVA/Col/rtGO, PVA/Col/rGO/
Amox/Ibu) to be stably printed using a 3D printer. Mathe-
matical formulas are applied to define the printability (Pr) of
the ink (Fig. 1B) [57].

D
Strand Printability = % 100 (1)
A)

Ds is the standard strand diameter, and Dexp is the
experimental strand diameter in Eq. (1). This formula cal-
culates the printability of the strand by comparing the
standard and experimental diameters. In another assess-
ment, pore printability is defined, where p represents the
pore perimeter, and  is the pore area in a scaffold (Eq. 2)
[57].

2

Pore printability = %ﬁ (2)

2.10 Examination of dimensions and layer
alignment of the 3D biofunctional and
conductive neural scaffolds using optical
microscopy

The optical images of the developed 3D scaffolds (PVA,
PVA/Col, PVA/Col/rGO, PVA/Col/rGO/Amox/Ibu) were
captured using a Digital Microscope (BOROX, DIJIS-
KOP7, China) at a 500x magnification. Each sample was
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measured with a ruler and had an area of 30*30 mm?2. Based
on the measurements, the printability values of the scaffolds
were calculated using Egs. (1) and (2).

2.11 Investigation of the surface morphologies of
the 3D biofunctional and conductive neural
scaffolds via SEM

Scanning Electron Microscopy (SEM) is a technique
employed for investigating the surface morphology, topo-
graphy, and microstructural characteristics of materials by
scanning the surface, offering high-resolution imaging for
detailed analysis. For examining the surface morphology of
the developed 3D scaffolds (PVA, PVA/Col, PVA/Col/
rGO, PVA/Col/rtGO/Amox/Ibu), SEM (EVA MA 10,
ZEISS, USA) was used. Prior to imaging, the surface of the
samples was coated with gold for 120s using a sputter
coating machine (Quorum, SC7620, USA), and then the
analysis was performed. The samples were mounted onto
the surface using double-sided carbon tape for stabilization
during SEM analysis.

2.12 Thermal analysis of the 3D biofunctional and
conductive neural scaffolds (DSC-TGA)

Differential Scanning Calorimetry (DSC) measures a
material’s heat flow response to temperature changes, ana-
lyzing the thermal properties of polymers. The thermal
properties of the developed 3D scaffolds (PVA, PVA/Col,
PVA/Col/rGO, PVA/Col/rGO/Amox/Ibu) were analyzed
with DSC and TGA. DSC was carried out at a heating rate
of 10 °C/min, in the temperature range of 20-260 °C, under
continuous nitrogen gas flow using a Perkin-Elmer DSC
4000 device. Thermogravimetric Analysis (TGA) was per-
formed at a heating rate of 10 °C/min, from room tem-
perature to 700 °C, under a nitrogen atmosphere using a TA
Instruments TGA Q50 apparatus. Derivative Thermo-
gravimetry (DTG) curves were also derived from TGA
analysis.

2.13 Mechanical strength testing of the 3D
biofunctional and conductive neural scaffolds

Mechanical analysis is crucial as it allows for the precise
evaluation of a material’s strength, elasticity, and durability.
The tensile strength of the developed 3D scaffolds (PVA,
PVA/Col, PVA/ColrGO, PVA/Col/rGO/Amox/Ibu) was
determined using a tensile testing machine (SHIMADZU,
EZ-LX, Japan). Before the tensile test, each sample was
placed onto rectangular-shaped surfaces 50 mm in length
and 10 mm in width. The thickness of the developed 3D
scaffolds was measured using a high-accuracy digital
micrometer (Mitutoyo MTI Corp., USA). The upper and
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lower parts of each sample were placed horizontally in the
appropriate section of the device. During the tensile test, the
speed was set to 5Smm/min, and a force of 0.1 N was
applied. The measurements were carried out at room tem-
perature (23 °C). Standard percentage error bars were used
to obtain the standard deviation.

2.14 Evaluation of the degradation behavior of the
3D biofunctional and conductive neural
scaffolds

The degradation test is used to examine the degradation
behavior and when biomaterials begin to biodegrade in a
living environment. To evaluate the degradation (weight
loss) of the developed 3D scaffolds (PVA, PVA/Col, PVA/
Col/rGO, PVA/Col/rtGO/Amox/Ibu), they were placed in
2 mL of Phosphate-Buffered Saline (PBS) solution (tablet,
pH 7.2-7.6, Sigma-Aldrich, St. Louis, USA). For the
degradation tests, the solutions containing the scaffolds
were incubated in a thermal orbital shaker (BIOSAN TS-
100) at 37 °C and 60 rpm for specific time intervals. The
scaffolds were removed from the PBS solution and dried at
37 °C for 12 h. Degradation was determined by measuring
weight loss (%) using Eq. (3) [58]:

w1l —Ww2

Weight loss(%) = | ——————] = 100 (3)
w1

where W, and W, are the weights of the scaffolds before

and after degradation, respectively.

2.15 Evaluation of cumulative drug release and
release kinetics from 3D biofunctional and
conductive neural scaffolds

To evaluate the cumulative drug release from the developed
3D scaffolds, they were placed in 2 mL of PBS solution at
pH 7.4. During the drug release experiments, the PBS
solutions containing the scaffolds were incubated in a
thermal orbital shaker (BIOSAN TS-100) at 37 °C and
60 rpm for specific time intervals. At specified time inter-
vals, 2 mL of PBS solution was withdrawn, and the same
volume of fresh PBS solution was added. The collected
samples were analyzed in a UV spectrophotometer (Shi-
madzu UV-3600, Japan) for the cumulative drug release
analysis, and the absorbance values were measured at the
appropriate wavelength (nm) for each drug [59]. Calibration
curves and cumulative drug release graphs for each drug
were plotted based on the obtained results. In the release
kinetics modeling, the controlled release behavior of the
developed 3D scaffold (PVA/Col/rGO/Amox/Ibu) contain-
ing amoxicillin and ibuprofen was investigated. This for-
mulation aims to provide a dual-effect therapy by
combining the effects of Amox and Ibu to support
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biological processes in neural tissue. The cumulative release
amounts obtained from experimental data were analyzed
according to six different kinetic models: Zero-order, First-
order, Higuchi, Hixson—Crowell, Korsmeyer—Peppas, and
Weibull models. For each model, the regression coefficient
(R?), slope, and intercept values were calculated, and their
effects on the release mechanisms were discussed in detail.

2.16 In vitro antibacterial activity analysis of the 3D
biofunctional and conductive neural scaffolds

The antibacterial properties of the developed 3D scaffolds
(PVA, PVA/Col, PVA/Col/rGO, PVA/Col/rGO/Amox/Ibu)
were investigated against Escherichia coli (E.coli) (gram-
negative) and Staphylococcus aureus (S.aureus) (gram-
positive) and bacteria using the disk diffusion technique.
The pathogens, whose antibacterial activity was assessed,
were obtained from the Food Engineering Department
Laboratory at Yildiz Technical University. E.coli and
S.aureus bacteria were cultured at 37 °C for 24 h. 15 mL of
Muller-Hinton agar (Merck) was given to each infected
Petri dish. Then, 0.01 mL of the culture medium was
injected into sterilized Petri dishes. All the samples were
formed into disks of almost the same size and gently
pressed to fix them onto the solid agar medium. The treated
Petri dishes were incubated at 37+1°C for 24h. The
inhibitory zones developed on the medium were finally
measured. Antibacterial activity experiments were per-
formed in duplicate for each test strain, and average mea-
surements were calculated.

2.17 In vitro cytocompatibility evaluation of the 3D
Biofunctional and conductive neural scaffolds

The biological characterization of the developed 3D scaf-
folds was conducted using the 1.929 mouse fibroblast cell
line. Before the experiment, all specimens (PVA, PVA/Col,
PVA/Col/rGO, PVA/Col/rGO/Amox/Ibu) underwent UV
sterilization for one hour and were subsequently placed into
96-well plates. 1.929 cells were seeded into each well at a
1 x10* cells/mL density on the prepared scaffolds. The
scaffolds were then incubated with 5% CO, at 37 °C for
14 days. The growth medium employed consisted of
DMEM- low glucose (Dulbecco’s Modified Eagle’s
Medium-low glucose), FBS (fetal bovine serum), penicillin/
streptomycin, L-glutamine, and phosphate-buffered saline
(PBS) tablets, which were bought from Amresco (Solon,
USA). (99% purity, vol./vol.), 3-(4,5-dimethyl-2-thiazol)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) powder,
Trypsin/EDTA solution at 0.25% (w/v), and dimethylsulf-
oxide (DMSO) were obtained from Sigma-Aldrich (St.
Louis, USA). In vitro cell viability assessment for the L.929
mouse fibroblast cells seeded on the scaffolds was

performed using the MTT assay on the cell culture’s 1st,
3rd, 5th, and 7th days. The growth medium was removed
after incubation at 37°C with 5% CO, for each pre-
determined day. Subsequently, 90 uL of fresh medium and
10 uL. of MTT solution were added to each well, and the
incubation was kept for 3 h. After this incubation period, the
MTT solution was carefully discarded, and 200 pL of
DMSO was added to dissolve the formazan crystals. The
scaffolds were then incubated for an additional 1 h to ensure
complete dissolution. Finally, the media from the wells
were taken, and the absorbance values of the solutions were
measured via a Dynamic LEDETECT96 microplate reader
at 540 nm [60].

2.18 Statistical analysis

All statistical data analyses were conducted using ANOVA
with GraphPad Prism version 8 software (GraphPad Soft-
ware Inc., San Diego, CA, U.S.A). The values are presented
as means = standard deviation (SD), and statistical differ-
ences were analyzed by one-way ANOVA and Tukey and
Dunnett multiple comparison tests. In all instances, P < 0.05
was deemed statistically significant.

3 Results
3.1 Raman spectra of GO and rGO

Raman spectroscopy is a valuable tool for characterizing
carbon-based materials due to its sensitivity to structural
changes, particularly in sp?- and sp3-hybridized carbon
atoms. As shown in Fig. 2A, both spectra exhibit two
characteristic peaks: the D band at approximately 1350 cm,
associated with disordered sp3-hybridized carbon, and the G
band around 1600cm?, corresponding to the in-plane
vibration of sp2?-hybridized carbon atoms. For GO, the D
and G bands were observed at 1350 cm™ and 1610 cm™,
respectively. In contrast, rGO exhibited these bands at
1346 cm™ (D band) and 1601 cm™ (G band). The intensity
ratio of the D to G bands (I_D/I_G) was calculated to be 0.8
for GO. Following reduction, this ratio decreased to 0.7 for
rGO, indicating a change in the carbon structure after the
reduction process [61].

3.2 FTIR spectra of the 3D biofunctional and
conductive neural scaffolds

The FTIR spectra of GO and rGO are presented in Fig. 2B.
The GO spectrum exhibits several characteristic absorption
bands corresponding to oxygen-containing functional
groups. A broad and intense peak at approximately
3338 cm™ is attributed to O-H stretching vibrations,
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Fig. 2 A Raman spectra of GO A
and rGO, B FTIR spectra of GO
and rGO, C FTIR spectra of
pure components and 3D
biofunctional and conductive
neural scaffolds, D XRD
patterns of the 3D biofunctional
and conductive neural scaffolds
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indicating the presence of hydroxyl groups. The strong
absorption band observed near 1716 cm™ corresponds to the
C=O0 stretching vibration of carbonyl or carboxylic acid
groups. Additionally, the band at 1635 cm™ is assigned to
C=C skeletal vibrations of the aromatic structure. Peaks
located at 1154cm™ and 1033 cm™ are associated with
C-OH and C-O stretching vibrations, respectively, sug-
gesting the presence of epoxy or alkoxy functional groups.
In contrast, the FTIR spectrum of rGO shows notable dif-
ferences. The broad O-H stretching peak at 3338 cm™ is no
longer observed. The intensity of the C=O stretching peak
around 1716cm™ is significantly reduced. Moreover, the
C=C vibration band shifts from 1635 cm™ to approximately
1586 cm™. A residual peak around 1164 cm™ remains
detectable in the rGO spectrum [62-64].

FTIR analysis was conducted to evaluate the chemical
composition of the developed 3D scaffolds, including
PVA/Col, PVA/Col/rGO, and PVA/Col/rGO/Amox/Ibu.
As shown in Fig. 2C, characteristic absorption bands
corresponding to each individual component, PVA, col-
lagen (Col), rGO, amoxicillin (Amox), and ibuprofen
(Ibu) were detected within the composite spectra. PVA
exhibited its typical vibrational bands, including broad
O-H stretching in the range of 3500-3000cm™, C-H
stretching near 2900 cm™, and C-O stretching around
1080 cm™. Collagen-specific peaks were identified by the
presence of Amide A (~3300 cm™), Amide I (~1625 cm),
and Amide II (~1530 cm™), confirming its polypeptide
backbone. The rGO component showed characteristic
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aromatic C=C stretching vibrations around 1600 cm
along with a reduced O-H band intensity. Amoxicillin
exhibited characteristic —OH and —NH stretching vibra-
tions in the range of 3450-3000 cm™ and p-lactam/amide
C=O0 stretching bands between 1775 and 1680cm™.
Ibuprofen showed aliphatic C—H stretching vibrations at
2950-2850 cm™ and a carboxylic C=0 stretching band
near 1715 cm™’. The FTIR spectra of the composite scaf-
folds showed overlapping and slight shifts in several

absorption bands compared to the individual components
[65-67].

3.3 XRD patterns of the 3D biofunctional and
conductive neural scaffolds

XRD analysis was performed to investigate the crystallinity
and structural features of the developed 3D scaffolds (PVA/
Col, PVA/Col/rGO, and PVA/Col/rGO/Amox/Ibu), as
shown in Fig. 2D. The pure PVA sample exhibited three
distinct diffraction peaks at approximately 26 = 19.5°, 25°,
and 40.5°, indicating its semi-crystalline structure. In the
PVA/Col scaffold, a broad diffraction peak centered around
20~=19.5° was observed. Compared to pure PVA, the
characteristic peaks appeared broadened and less intense.
The XRD pattern of the PVA/Col/rGO scaffold revealed
additional structural features, including the emergence of a
low-intensity diffraction peak at approximately 26 = 26.5°.
Furthermore, diffraction peaks in the higher-angle region
(~37-39°) appeared more pronounced relative to the PVA/
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Table 3 The different rGO

. . rGO concentrations
concentrations used in PVA/Col/

Resistivity (ohm*cm) Electrical conductivity (S/m)

rGO scaffolds 0.25%

0.5%
1%
1.5%

1.28x1074+3.43%x 1076
6.29x1074+7.53x 107’
6.66x 1073 £8.64x107*
7.96x1073+6.15x107*

8.59 x 10° +3.48 x 10*
1.61 x 10° £2.24 x 10*
1.51x10*+1.94% 10°
126x10*+1.16 x 10°

Data are presented as mean + standard deviation (n = 3)

Table 4 Electrical conductivity of the 3D biofunctional and conductive
neural scaffolds

3D Scaffolds Resistivity (ohm*cm)  Electrical conductivity (S/m)

GO 6.63x10+7.11 1.57+0.172
PVA/Col 1.74%x 107 £2.64x10° 5.88x107°+8.68x 1077
PVA/Col/ 151%x10*+£1.94%10° 6.66x 1073 +8.64 x 10~
GO

PVA/Col/ 1.72x10*+1.88x10° 5.83x10°+6.48x 107
rGO/Amox/

Ibu

Data are presented as mean + standard deviation (n =9)

Col scaffold. For the PVA/Col/rGO/Amox/Ibu scaffold, the
diffraction pattern was dominated by a broad and low-
intensity peak at approximately 20 = 19.5°, with no distinct

crystalline peaks attributable to the drug components [65,
66, 68, 69].

3.4 Four-point prob method

The electrical conductivity values of dry PVA/Col/rGO
scaffolds prepared with different rGO concentrations
(0.25%, 0.5%, 1%, and 1.5% wt% with respect to total
polymer content) are presented in Table 3. Scaffolds
containing 0.25% and 0.5% rGO exhibited very low
electrical conductivity. In contrast, scaffolds with 1% and
1.5% rGO showed markedly higher conductivity values.
No substantial difference was observed between the con-
ductivity values of the 1% and 1.5% rGO-containing
scaffolds. Electrical conductivity measurements of the
developed 3D scaffolds (PVA/Col, PVA/Col/rGO, and
PVA/Col/rGO/Amox/Ibu) in the dry state, determined
using the four-point probe method, are summarized in
Table 4 [56]. The electrical conductivity of synthesized
pure rGO was measured as 1.57 +0.172 S/m. The PVA/
Col scaffold exhibited very low conductivity. Incorpora-
tion of rGO resulted in a significant increase in con-
ductivity, with the PVA/Col/rGO scaffold showing
approximately an order-of-magnitude enhancement. Fol-
lowing the incorporation of amoxicillin and ibuprofen, a
slight reduction in electrical conductivity was observed in
the PVA/Col/rGO/Amox/Ibu scaffold.

3.5 TEM images of GO and rGO

The morphologies and microstructures of graphene oxide
(GO) and reduced graphene oxide (rGO) were examined
using transmission electron microscopy (TEM), as shown in
Fig. 3. TEM images of GO (Fig. 3A) revealed thin, trans-
parent, and sheet-like structures with slight wrinkles and
smooth surfaces. The GO sheets exhibited lateral dimen-
sions in the micron scale, with limited overlapping regions
and well-defined edges, indicating a high degree of exfo-
liation and dispersion. In contrast, TEM images of rGO
(Fig. 3B) displayed a crumpled and folded nanosheet
morphology with darker contrast. The rGO sheets appeared
more compact, showing increased stacking and multilayer
aggregation compared to GO. Nanoscale wrinkles and fol-
ded regions were clearly visible in the rGO structure.

3.6 Printability calculation based on strand and pore
geometry of the 3D biofunctional and
conductive neural scaffolds

The printability of the developed 3D scaffolds (PVA, PVA/
Col, PVA/Col/rtGO, and PVA/Col/rGO/Amox/Ibu) was
evaluated based on strand and pore fidelity using optical
imaging and quantitative analysis, as summarized in Table
5. All scaffolds were printed with standard dimensions of
30 x 30 mm. A printability value of 1 £0.1 was considered
acceptable, indicating close agreement between the
designed and experimentally fabricated structures. Pure
PVA scaffolds exhibited strand and pore printability values
of 1.000 and 1.008, respectively. The PVA/Col scaffold
showed a strand printability of 0.967 and a pore printability
of 1.031. Incorporation of rGO resulted in strand and pore
printability values of 0.967 and 0.998, respectively. The
PVA/Col/rGO/Amox/Ibu scaffold exhibited a strand print-
ability of 0.933 and a pore printability of 1.005 [57].

3.7 SEM images of the 3D biofunctional and
conductive neural scaffolds

The microstructural characteristics of the developed 3D
scaffolds were examined using SEM. In some SEM images,
small pores observed at the base of the scaffolds were
attributed to the double-sided carbon tape used for sample
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Fig. 3 TEM images of (A). GO,
(B) rGO

mounting during imaging. SEM images of the PVA/Col
scaffold (Fig. 4A, D) revealed a structure composed of well-
defined, regularly repeating square-shaped macropores. The
filament layers were deposited in an ordered pattern; how-
ever, slight variations in layer height were observed in
certain regions. The PVA/Col/rGO scaffold (Fig. 4B, E)
exhibited a more clearly defined layered architecture.
Higher-magnification images (Fig. 4E) showed sequential
stacking of filament strands with continuous interlayer
contact. The surface of the filaments appeared smoother and
more compact compared to the PVA/Col scaffold. The
PVA/Col/rGO/Amox/Ibu scaffold (Fig. 4C, F) displayed
well-aligned layers and continuous filament junctions
throughout the structure. The magnified image (Fig. 4F)
showed no visible gaps or delamination at the filament
interfaces. A distinct layered structure was evident in all
scaffold formulations.

3.8 DSC-TGA results of the 3D biofunctional and
conductive neural scaffolds

The thermal properties of the developed 3D scaffolds (PVA,
PVA/Col, PVA/Col/rGO, and PVA/Col/rGO/Amox/Ibu)
were evaluated using differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA), and deriva-
tive thermogravimetry (DTG), as shown in Fig. 5. DSC
analysis provided glass transition temperature (Tg), melting
temperature (Tm), and enthalpy change (AH) values, while
TGA and DTG analyses revealed degradation behavior and
thermal stability. Figure SA—C presents the DSC thermo-
grams during the first heating, cooling, and second heating
cycles, respectively. Pure PVA exhibited a Tg of 73.6 °C, a
Tm of 189.8 °C, and a AH of 18 J/g. The PVA/Col scaffold
showed an increased Tg of 74.9 °C and a reduced AH of
9.9 J/g. Upon incorporation of rGO, Tg increased to 78.1 °C
and AH increased to 14.3 J/g. The PV A/Col/rGO/Amox/Ibu
scaffold exhibited the highest Tg value (78.9 °C), a Tm of
190.0°C, and a AH of 13.5J/g. TGA analysis showed an
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initial weight loss between 100 and 150 °C for all scaffolds.
All samples exhibited an initial weight loss of approxi-
mately 5-6% below 100 °C, attributed to moisture and
residual solvent evaporation. The highest initial weight loss
was observed in the PVA/Col scaffold (6.124%). The main
thermal degradation occurred between 250 and 450 °C, with
total mass losses of 51.62% for PVA/Col and 46.73% for
PVA/Col/rGO/Amox/Ibu. The thermal stability and degra-
dation kinetics are captured in the TGA (Fig. SD) and DTG
(Fig. SE) curves. DTG curves revealed shifts in peak
decomposition temperatures depending on scaffold
composition.

3.9 Mechanical properties of the 3D biofunctional
and conductive neural scaffolds

The mechanical performance of the developed 3D scaffolds
(PVA, PVA/Col, PVA/Col/rGO, and PVA/Col/rGO/Amox/
Ibu) was rigorously analyzed to evaluate their structural
integrity and deformation behavior under uniaxial tensile
loading. Representative stress—strain curves comparing the
four formulations are shown in Fig. 6A. These curves
illustrate the elastic and plastic deformation behavior,
maximum tensile stress, and elongation at break of each
scaffold. The pristine PVA scaffold exhibited a tensile
strength of 3.8 MPa and a failure strain of 51%, indicating
limited ductility. The incorporation of collagen (PVA/Col)
improved both tensile strength and elongation at break
compared with pure PVA. The addition of rGO (PVA/Col/
rGO) resulted in the highest tensile strength, reaching
6.5 MPa. In contrast, the drug-loaded scaffold (PVA/Col/
rGO/Amox/Ibu) showed a slightly reduced peak stress of
5.4 MPa, but a markedly increased elongation at break of
approximately 150%. Statistical comparisons of the
mechanical parameters are summarized in Fig. 6B-E. The
Ultimate Tensile Strength (UTS) values shown in Fig. 6B
demonstrate a statistically significant increase (p <0.01) for
all modified scaffolds compared with the PVA control.
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Table 5 Optical characterization and printability performance of the 3D biofunctional and conductive neural scaffolds

Solution composition 3D-printed scaffolds Optical microscope images Strand printability Pore printability
PVA 1 1.008
v
!
{
!
|
L.a
"
o
CLLLLY
Pap— )
- ..:”f ¥
PVA/Col 0.9667 1.031
PVA/Col/rGO 0.9667 0.998
PVA/Col/rGO/Amox/Ibu 0.9333 1.005
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Fig. 4 SEM images of the 3D
Biofunctional and Conductive
Neural Scaffolds. A, D PVA/
Col; B, E PVA/Col/rGO;

C, F PVA/Col/rGO/Amox/Ibu

Figure 6C presents the elongation at break, where the PVA/
Col/rGO/Amox/Ibu scaffold exhibited the highest strain
values, significantly higher (p<0.01) than the control
group. The elastic properties and energy absorption capa-
cities were further quantified through the Young’s Modulus
and Toughness. The Young’s modulus, calculated from the
linear elastic region of the stress—strain curves, is shown in
Fig. 6D. The rGO-reinforced scaffold exhibited the highest
modulus of 115MPa. The tensile toughness, calculated
from the area under the stress—strain curve, is presented in
Fig. 6E. The PVA/Col/rGO/Amox/Ibu scaffold showed the
highest toughness value of approximately 6.7 MJ/m3,
representing a statistically significant improvement
(p <0.01) compared with the control.

3.10 In vitro degradation of the 3D biofunctional
and conductive neural scaffolds

The degradation behavior of the developed 3D scaffolds
(PVA, PVA/Col, PVA/Col/rGO, and PVA/Col/rGO/Amox/
Ibu) was evaluated by measuring weight loss after immer-
sion in phosphate-buffered saline (PBS, pH 7.4) at 37 °C for
up to 72 h, as shown in Fig. 7. Weight loss percentage was
used to quantify degradation rates. Pure PVA exhibited the
highest degradation rate, reaching approximately 90%
weight loss by day 3. The PVA/Col scaffold showed a
reduced degradation rate compared to pure PVA, with
approximately 80% weight loss observed within 72 h. The
PVA/Col/rGO scaffold exhibited further stabilization, with
weight loss limited to approximately 85% at day 3. Among
all formulations, the PVA/Col/rGO/Amox/Ibu scaffold
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demonstrated the lowest degradation rate, showing weight
loss slightly above 60% after 72 h.

3.11 Evaluation of controlled drug release from the
3D biofunctional and conductive neural
scaffolds

The cumulative release behavior of amoxicillin (Amox) and
ibuprofen (Ibu) from the 3D biofunctional and conductive
neural scaffolds (PVA/Col/rGO/Amox/Ibu) was evaluated
using a UV-Vis spectrophotometer. Drug concentrations
were quantified by measuring absorbance at 260 nm for
Amox and 275 nm for Ibu, and calibration curves for both
drugs are presented in Fig. 8A, B [70]. The cumulative
release profiles of Amox and Ibu are shown in Fig. 8C. Both
drugs exhibited an initial rapid release phase within the first
100 min. Amox reached a cumulative concentration of
approximately 0.6 mg/L after 480 min, whereas Ibu exhib-
ited a lower cumulative release, reaching a plateau at
approximately 0.12 mg/L over the same period.

3.12 Modeling and analysis of drug release kinetics
of the 3D biofunctional and conductive neural
scaffolds

The release kinetics of Amox and Ibu from the PVA/Col/
rGO/Amox/Ibu scaffold were evaluated using six kinetic
models: Zero-order, First-order, Higuchi, Hixson—Crowell,
Korsmeyer—Peppas, and Weibull models (Table 6, Fig. 9).
For the combined drug system, the Zero-order model showed
a moderate fit, whereas the First-order model exhibited lower



Journal of Materials Science: Materials in Medicine (2026)37:78

Page 13 of 29 78

38 -
1st Heating PVA/Col/rGO/Amox/Ibu
. ——PVA/ColltGO
g 364 PVA/Col
2
S— Tm=190.0"C
3.4 AH=13.5J/g
[}
°
Lﬁ Tm=189.9°C
3.24
3
2 D
(TR 100
© 3.0 —PVA
% T,=74.9°C Tm=189.8°C B33%% o
] et o0 % SR PVA/ColiGO
28 3l Tvn73.$ C 26.35% PVA /Col/rGO/Amox/Ibu
2 . ; S ¢ 28.27%
—~ 9
50 100 150 200 250 °\° 2%
60
Temperature (°C) E
E=
B 2
Cooling PVA/Col/rGO/Amox/Ibu
PVA/Col/rGO
= 34 1
&) PVA/Col 20
2
o (a)
= 0 T T T T T T
o 324 ) 100 200 300 400 500 600 700
Bl AH=8.5 Jig °
5 Temperature (°C)
3
)
& E
©
100
% 335.43°C PVA
6 90 331.51°C PVA/Col
S 326.92°C —— PVA/ColfGO
~ 331.18°C
RS PVA /Col/rGO/Amox/I
S / 50/Amox/Ibu
50 100 150 200 250 =
b
<
Temperature (°C) k=)
2
C o
2
2nd heating PVA/Col/rGO/Amox/Ibu *a
—~ 34 PVA/Col/fGO 2
o ——PVA/Col @
2 PVA (=}
10 4
% T,=160°
o 324 Ta=74'1 °‘C AH=11.9J/g 0 T T T T T T
3 0 100 200 300 400 500 600 700
| =
w T,=166°C Temperature (°C)
- o, AH=15.1 J/
g " T,=733°C 9
uw - " =160"
-
8 TT39C AH=14.5 J/g
I T,=149°C
28 T,=71.3°C AH=13.7 Jig
50 100 150 200 250
Temperature (°C)

Fig. 5 DSC curves during the first heating (A), cooling (B), and second heating (C) of the 3D biofunctional and conductive neural scaffolds.
D TGA and E DTG curves of the 3D biofunctional and conductive neural scaffolds

R? values compared to other models. The Higuchi model
demonstrated a strong correlation with the experimental data
(R?2>0.9), indicating diffusion-dominated release behavior.
The Hixson—Crowell model also showed a reasonable fit,
suggesting the contribution of matrix erosion. The
Korsmeyer—Peppas model yielded an n value corresponding
to anomalous (non-Fickian) transport. Among all evaluated
models, the Weibull model provided the best fit with R?
values exceeding 0.97, indicating a complex, time-dependent
release profile. Drug-specific kinetic analysis revealed distinct
release behaviors. For Amox, the highest correlation was

obtained with the Korsmeyer—Peppas model (R?=0.911),
followed by the Higuchi model (R? = 0.8546). In contrast, the
First-order (R?=0.3438) and Hixson—Crowell (R? = 0.5033)
models showed poor correlation. For Ibu, the Higuchi model
exhibited the highest R? value (0.9365), followed by the
Korsmeyer—Peppas model (R?=0.9023). The First-order
model showed a moderate fit (R?=0.7043). The
Hixson—Crowell model yielded an anomalously high R? value
(1.3333), suggesting limited applicability. The Weibull model
showed moderate correlations for both Amox (R?=0.6426)
and Ibu (R?=0.7012).
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Fig. 8 Calibration curve for
Amox (A) and Ibu (B).
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3.13 Antibacterial performance of the 3D
biofunctional and conductive neural scaffolds

The antibacterial activity of the 3D biofunctional and
conductive neural scaffolds PVA/Col (1), PVA/Col/rGO
(2), PVA/Col/rGO/Ibu (3), PVA/Col/rGO/Amox (4), and
PVA/Col/rGO/Amox/Ibu (5) was evaluated against
Escherichia coli and Staphylococcus aureus using the
disk diffusion method. As shown in Fig. 10, the scaffolds
were placed on agar plates inoculated with bacterial
cultures, and inhibition zone diameters were measured
after 24 h of incubation. For E. coli (Fig. 10A), inhibition
zones of 16.84+2.06 mm and 28.30+£3.32 mm were
observed for the PVA/Col/rGO/Amox and PVA/Col/
rGO/Amox/Ibu scaffolds, respectively. Similarly, for S.
aureus (Fig. 10B), inhibition zone diameters of
18.94 £2.81 mm and 18.34 +2.83 mm were recorded for
the same formulations. In contrast, scaffolds without
amoxicillin (PVA/Col, PVA/Col/rGO, and PVA/Col/
rGO/Ibu) exhibited negligible or no inhibition zones
against either bacterial strain, indicating minimal anti-
bacterial activity in these groups.

The inhibition zones were observed in scaffolds con-
taining amoxicillin (4 and 5), demonstrating effective anti-
bacterial properties against both gram-negative and gram-
positive bacteria.
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3.14 Cytocompatibility of the 3D biofunctional and
conductive neural scaffolds

In this study, the effects of 3D biofunctional and con-
ductive neural scaffolds containing different compositions
(PVA, PVA/Col, PVA/Col/rGO, and PVA/Col/rGO/
Amox/Ibu) on cell viability were evaluated to assess their
biocompatibility. As shown in Fig. 11A, scaffolds con-
taining collagen, rGO, and the dual-drug system exhibited
significantly enhanced cell viability compared to the pure
PVA scaffold. Among all groups, the PVA/Col/rGO/
Amox/Ibu scaffold demonstrated the highest cell viability,
with statistically significant increases compared to PVA
(p<0.05), PVA/Col (*p<0.01), and PVA/Col/rGO
(**p<0.001). The incorporation of collagen promoted
cell adhesion and proliferation, while the addition of rGO
further improved the biological response by enhancing
cell-material interactions. Time-dependent cytotoxicity
analysis was performed on days 1, 3, 5, and 7 (Fig. 11B).
The PVA scaffold showed moderate initial cell viability,
whereas PVA/Col and PVA/Col/rGO scaffolds exhibited
progressively higher proliferation rates over time. Nota-
bly, the PVA/Col/rGO/Amox/Ibu group maintained the
highest cell viability throughout the experimental period.
By day 7, cell viability in this group was comparable to or
higher than that of the TCP (tissue culture plate) control.
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Table 6 Comparison of the

. . Release of Kinetic models Equations Coefficients, Buffer pH 7.4
equation form, regression
parameters, and R2 values of K (K, K;, Kgand K,) R? n
each model
Amox Zero-order C,=Cop+ Kyt K,=0.0047,C,=1.139 0.6426
First-order log Q; =log Qo + K;t/ K =-0.0090, 0.9553
2.303 Qo =0.749
Higuchi fi=Q=Ky t"? Ky =0.1318 0.8546
Hixson—-Crowell (WN1/3) — (WoN(/ W,=-0.0011, k=0.40 0.5033
3)=kt
Korsmeyer-Peppas Mt/M o = Kit"+ b K=04750, n=1.1256 0911 =0.475
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4 Discussion
4.1 Raman spectroscopy analysis of GO and rGO

The presence of prominent D and G bands in both GO
and rGO confirms the carbon-based structure and is
consistent with previously reported Raman signatures
of graphene-derived materials (Fig. 2A). The relatively
high I_D/I_G ratio observed in GO reflects the sig-
nificant structural disorder introduced by oxygen-
containing functional groups during oxidation. After
reduction, the decrease in the I_D/I_G ratio suggests
partial restoration of sp? carbon domains and an
improvement in structural order, which is commonly
associated with the removal of oxygen functionalities.
Similar trends have been reported in the literature,
where chemical or thermal reduction of GO leads to
reorganization of the graphene lattice rather than
complete defect elimination [71, 72]. However, the
persistence of the D band in rGO indicates that some
structural defects remain, highlighting that the reduc-
tion process does not fully recover a pristine graphene
structure. This behavior aligns with previously pub-
lished studies and supports the effectiveness, yet
inherent limitations, of GO reduction methods [44].

4.2 FTIR analysis of the 3D biofunctional and
conductive neural scaffolds

The FTIR results clearly demonstrate the successful
reduction of GO to rGO through the substantial removal of

@ Springer

oxygen-containing functional groups (Fig. 2B). The dis-
appearance of the O-H stretching band and the marked
decrease in the C=O peak intensity indicate effective
elimination of hydroxyl and carbonyl groups during the
reduction process, which is consistent with previously
reported studies. The shift of the C=C vibration band
toward lower wavenumbers suggests partial restoration of
the conjugated sp? carbon network, a key feature associated
with graphene-like structures. However, the presence of a
residual C—OH-related peak implies that the reduction
process does not fully remove all oxygen functionalities,
which is a commonly reported limitation of thermal
reduction methods. Similar observations have been descri-
bed in the literature, where incomplete reduction leads to a
balance between improved conductivity and retained sur-
face functionality [73, 74]. This partial reduction can be
advantageous for certain electronic and biomedical appli-
cations, as it enhances electrical conductivity while pre-
serving sufficient surface chemistry for functionalization
and interfacial interactions.

The FTIR results confirm the successful incorporation of
PVA, collagen, rGO, and the therapeutic agents amoxicillin
and ibuprofen within the 3D scaffold matrix (Fig. 2C). The
presence of characteristic functional group vibrations from
each component indicates that the fabrication process pre-
served their chemical integrity, consistent with previous
reports on multicomponent polymeric scaffolds. The
observed band merging and slight peak shifts in the com-
posite scaffolds suggest the presence of physical interac-
tions, predominantly hydrogen bonding, among the
polymer chains, rGO sheets, and drug molecules. Similar
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Fig. 9 Amox and Ibu release kinetics models of the 3D biofunctional and conductive neural scaffold

@ Springer



78 Page 18 of 29

Journal of Materials Science: Materials in Medicine (2026)37:78

Fig. 10 Antibacterial activity of
the 3D biofunctional and
conductive neural scaffolds
against A E.coli and B S.aureus
evaluated by the disk diffusion
method. (1) PVA/Col, (2) PVA/
Col/rGO, (3) PVA/Col/rGO/Ibu,
(4) PVA/Col/rGO/Amox, (5)
PVA/Col/rGO/Amox/Ibu
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Fig. 11 A Cell viability results are given as % of the negative control,
mean + SD values of n = 3 independent experiments. P <0.001, and
P <0.0001 vs. negative control group. Data was analyzed using
one-way analysis of variance (ANOVA) and the Tukey test. B Cell
viability of 1929 cells exposed to different concentrations (days 1, 3,
5, and 7) of the 3D biofunctional and conductive neural scaffolds

spectral behavior has been reported in literature for
PVA-—collagen systems and graphene-based nanocompo-
sites, where non-covalent interactions dominate the com-
posite structure [25, 71]. Although distinct drug-related
peaks were not clearly resolved in the final scaffold spectra,
likely due to their relatively low concentrations and overlap
with polymer bands, the overall spectral changes support
the successful integration of both drugs into the scaffold
matrix. This interaction-driven incorporation is particularly
relevant for controlled drug delivery applications, where
physical entrapment and intermolecular bonding play a
critical role in sustained release behavior [75-77].
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(PVA, PVA/Col, PVA/Col/tGO, PVA/Col/rGO/Amox/Ibu). Data
represents standard deviations (n=3), P<0 05, “P<0.01, and
P <0.001 vs. control group; ¥ P<0.05, and #P<0.01 vs. the
developed 3D scaffolds. Data was analyzed using one-way analysis of
variance (ANOVA) and the Dunnett test

4.3 XRD analysis of the 3D biofunctional and
conductive neural scaffolds

The XRD results demonstrate that the crystallinity of the
scaffolds is strongly influenced by the incorporation of
collagen, rGO, and drug molecules (Fig. 2D). The char-
acteristic diffraction peaks observed in pure PVA are con-
sistent with its semi-crystalline nature, arising from
intermolecular hydrogen bonding and partial chain order-
ing, as widely reported for PVA-based systems [78]. The
broadening and attenuation of these peaks upon collagen
addition indicate disruption of the PVA crystalline domains
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by the amorphous collagen structure, in agreement with
previous studies describing collagen’s weak and diffuse
diffraction behavior [79]. The appearance of a diffraction
peak at approximately 20=26.5° following rGO incor-
poration confirms the successful reduction of GO and its
presence within the polymer matrix [80]. Additionally, the
sharpening of higher-angle reflections suggests localized
structural reordering, which may be attributed to n—n
interactions between rGO nanosheets and polymer chains,
promoting partial stacking and improved molecular align-
ment [80]. In contrast, the further reduction in peak intensity
and increased peak broadening observed in the PVA/Col/
rGO/Amox/Ibu scaffold indicate a decrease in overall
crystallinity. This behavior is consistent with the amorphous
nature of amoxicillin and ibuprofen, which can interfere
with polymer chain packing and disrupt polymer—filler
interactions [59]. Overall, these findings suggest that while
collagen and drug incorporation increase the amorphous
character of the scaffold, rGO plays a compensatory role by
inducing partial structural reorganization.

4.4 Evaluation of electrical conductivity via the four-
point probe method

The conductivity results demonstrate that rGO concentration
plays a critical role in establishing electrically conductive
pathways within the PVA/Col scaffold matrix. The low
conductivity observed at 0.25% and 0.5% rGO suggests that
the rGO content is below the percolation threshold required
for the formation of continuous conductive networks. The
significant increase in conductivity at 1% rGO indicates
successful network formation, while the absence of a
meaningful conductivity gain at 1.5% (Table 3). Considering
the comparable conductivity values and the potential cyto-
toxic effects associated with higher rGO contents, 1% rGO
was selected as the optimal concentration for subsequent
scaffold formulations [81, 82] (Table 4). The inherently
insulating nature of PVA and collagen explains the low
conductivity of the PVA/Col scaffold, whereas the sub-
stantial conductivity enhancement upon rGO incorporation
confirms its effectiveness in facilitating charge transport [83].
Similar conductivity improvements have been reported in
graphene-based polymer composites, where rGO acts as a
conductive filler enabling electron transport through inter-
connected nanosheets [84]. The slight decrease in con-
ductivity after drug incorporation can be attributed to partial
disruption of the conductive network by amorphous drug
molecules occupying interfacial regions within the scaffold.
The electrical conductivity of the developed PVA/Col/rGO/
Amox/Ibu scaffold (5.83x 1073 S/m) was quantitatively
compared with native peripheral nerve tissue and previously
reported conductive neural scaffolds. Native peripheral nerve
conductivity has been reported in the range of 0.02-0.6 S/m

depending on anatomical location and measurement condi-
tions [85]. Although the obtained value is lower than the
physiological conductivity of intact nerve tissue, it falls
within the functional electroactive range (10*3—10718/m)
reported for conductive scaffolds used in neural tissue engi-
neering [86—89]. Previous studies have demonstrated that
scaffolds  exhibiting  conductive = behavior  within
1072-10"°S/m are sufficient to support neurite extension,
Schwann cell communication, and bioelectrical signal trans-
mission [90, 91]. In particular, rGO-modified polymeric
scaffolds have shown conductivities between 0.002 and
0.04 S/m [92], while aligned PPy/SF systems have been
reported in the range of 0.001-0.113 S/m [93]. Collectively,
despite not fully matching the conductivity of native per-
ipheral nerve tissue, these comparisons confirm that the
conductivity of the PVA/Col/rGO/Amox/Ibu scaffold resides
within the functional electroactive range and is sufficient to
facilitate localized electrical signaling and support neural cell
communication and neural cell activity [86, 91, 93, 94].
Overall, these findings indicate that the developed scaffold
successfully balances electrical functionality with bioactivity,
reinforcing its potential applicability in neural tissue engi-
neering throughout the degradation process.

4.5 TEM characterization of GO and rGO

The TEM observations highlight distinct morphological
differences between GO and rGO resulting from the
reduction process (Fig. 3). The highly transparent and
lightly contrasted GO sheets are characteristic of monolayer
or few-layer structures enriched with oxygen-containing
functional groups, which disrupt the n-conjugated carbon
network and promote exfoliation (Fig. 3A). The limited
aggregation and smooth sheet morphology observed for GO
are consistent with its hydrophilic nature and favorable
dispersion behavior, which are advantageous for surface
functionalization and uniform incorporation into polymer
matrices. Following reduction, the rGO sheets exhibit dar-
ker contrast, increased folding, and pronounced stacking,
reflecting partial restoration of the sp? carbon network and a
reduction in oxygen functionalities [95, 96]. The re-
emergence of hydrophobic interactions and van der Waals
forces between graphene layers leads to a more compact
and crumpled morphology, as commonly reported for che-
mically or thermally reduced GO. Although this structural
rearrangement can reduce dispersion stability, it is often
associated with enhanced electrical conductivity and
mechanical reinforcement potential. The presence of
nanoscale wrinkles and defects in rGO (Fig. 3B) may also
increase surface area and provide active sites for drug
loading or biomolecular interactions [97]. Collectively, the
TEM results confirm the successful structural transition
from GO to rGO and demonstrate how reduction-induced
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morphological changes can be strategically leveraged in
composite scaffold formulations, particularly for applica-
tions requiring tunable conductivity, mechanical strength,
and multifunctional performance.

4.6 Printability analysis based on strand and pore
geometry of the 3D biofunctional and
conductive neural scaffolds

The printability results demonstrate that all scaffold for-
mulations achieved acceptable structural fidelity within the
predefined printability threshold (Table 5). The near-ideal
printability observed for pure PVA reflects its favorable
rheological behavior and well-established suitability for
extrusion-based 3D printing. The slight reduction in strand
fidelity following collagen incorporation can be attributed to
changes in viscosity and flow behavior introduced by the
protein component, while the marginal increase in pore size
suggests minor spreading during deposition. The incor-
poration of rGO appears to enhance pore regularity without
compromising strand fidelity, indicating a stabilizing effect
on the printed filaments. Similar improvements in print
stability have been reported for graphene-based nano-
composite inks, where rGO acts as a rheology modifier and
reinforces filament shape retention. In the most complex
formulation containing amoxicillin and ibuprofen, the
observed decrease in strand printability is likely related to
increased viscosity and molecular interactions within the
ink. Nevertheless, the pore printability remained within the
acceptable range, confirming that drug incorporation does
not significantly disrupt the printing process. Overall, these
findings confirm the robustness and reproducibility of the
printing strategy, demonstrating that high-fidelity 3D scaf-
folds can be fabricated even with the inclusion of con-
ductive nanomaterials and biofunctional agents [57].

4.7 SEM characterization of the 3D biofunctional
and conductive neural scaffolds

The SEM observations confirm that the extrusion-based 3D
printing process produced scaffolds with well-defined
macroporous architectures across all formulations (Fig. 4).
The regular pore geometry observed in the PVA/Col scaf-
fold reflects effective strand deposition; however, the minor
variations in layer height suggest limited instability in fila-
ment stacking, likely related to the rheological behavior of
the PVA/Col ink. The incorporation of rGO led to a more
pronounced layered morphology and improved interlayer
fusion, indicating enhanced filament stability during print-
ing. Similar effects have been reported in graphene-
reinforced polymer inks, where rGO acts as a rheology
modifier that optimizes viscosity and promotes shape
retention during extrusion [57, 98]. The smoother and
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denser filament surfaces observed in the PVA/Col/rGO
scaffold may be advantageous for cell-material interactions
and for maintaining consistent electrical pathways within
conductive scaffolds. The PVA/Col/rGO/Amox/Ibu scaf-
fold exhibited the highest degree of structural continuity,
with well-aligned layers and uninterrupted filament junc-
tions. Consistent with previous reports, the absence of
interfacial voids or delamination is particularly important in
ensuring mechanical integrity and long-term stability under
physiological conditions [99, 100]. Overall, these results
suggest that the combined incorporation of collagen, rGO,
and bioactive agents improves layer alignment and surface
smoothness, which provides a more favorable micro-
environment for neural cell adhesion and proliferation.

4.8 DSC-TGA analysis of the 3D biofunctional and
conductive neural scaffolds

The DSC results indicate that scaffold composition sig-
nificantly influences thermal transitions and molecular
organization (Fig. 5). The thermal behavior of pure PVA is
consistent with its semi-crystalline nature and strong inter-
molecular hydrogen bonding. The increase in Tg accom-
panied by a substantial reduction in AH following collagen
incorporation suggests disruption of PVA crystalline
domains by the amorphous protein structure, in agreement
with previous reports on PVA-—collagen systems. This
behavior can also be associated with intermolecular
hydrogen bonding between the hydroxyl groups of PVA
and functional groups present in collagen, which further
restricts polymer chain mobility [101]. The incorporation of
rGO resulted in a further increase in Tg and partial recovery
of AH, indicating improved molecular packing and
enhanced thermal resistance. This behavior has been
attributed in the literature to strong interfacial interactions
between rGO nanosheets and polymer chains, which restrict
chain mobility and promote thermal rigidity [101, 102]. In
the PVA/Col/rGO/Amox/Ibu scaffold, the highest Tg
combined with moderate AH values suggests a balanced
thermal response, where drug incorporation modifies
molecular interactions without severely compromising
structural order. The two-step degradation profile observed
in the TGA/DTG curves is consistent with the typical
degradation behavior of PVA-based composites (Fig. 5D,
E). The higher moisture loss observed in the PVA/Col
scaffold reflects the hydrophilic nature of collagen, while
the reduced mass loss in rGO- and drug-containing scaf-
folds indicates improved thermal stability. The two-step
degradation pattern observed in the TGA/DTG curves cor-
responds to the typical degradation mechanism of PVA-
based composites, where the first stage is mainly associated
with dehydration of PVA hydroxyl groups and partial
degradation of collagen side chains, while the second stage
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corresponds to the decomposition of the polymer backbone
and carbonaceous residues. The decrease in peak decom-
position temperature observed with rGO incorporation may
be associated with enhanced heat transfer due to the high
thermal conductivity of rGO, whereas the broader degra-
dation profile observed after Amox and Ibu incorporation
suggests delayed and more gradual thermal decomposition
[100]. Additionally, rGO nanosheets may act as a thermal
barrier that slows the volatilization of degradation products,
further contributing to improved thermal stability of the
composite scaffold. This improvement can be attributed to
the presence of rGO and other inorganic components, which
can act as thermal barriers and slow the volatilization of
decomposition products [103, 104]. Overall, the thermal
analysis demonstrates that collagen reduces crystallinity and
thermal resistance, rGO enhances structural rigidity and
thermal stability, and the combined incorporation of Amox
and Ibu provides a moderated thermal behavior suitable for
maintaining scaffold integrity under physiological and
processing conditions.

4.9 Mechanical properties of the 3D biofunctional
and conductive neural scaffolds

The mechanical test results indicate that scaffold compo-
sition plays a decisive role in determining tensile strength
and deformation behavior (Fig. 6). The relatively low
strength (3.5 MPa) and elongation (55%) observed for
pure PVA are consistent with its hydrophilic nature and
limited intermolecular cohesion, which can compromise
load-bearing capability under tensile stress [105]. The
incorporation of collagen significantly enhanced both
tensile strength (6 MPa) and elongation (120%), suggest-
ing improved intermolecular interactions within the
polymer matrix. Collagen’s protein backbone likely pro-
motes additional hydrogen bonding and contributes to
increased flexibility, leading to a more deformable yet
stronger composite structure. Similar improvements in
mechanical performance have been reported for
PVA-collagen systems in tissue engineering applications
[106]. The highest mechanical strength (7 MPa) observed
in the PVA/Col/rGO scaffold highlights the reinforcing
effect of rGO. The two-dimensional structure of rGO
nanosheets can facilitate efficient load transfer, restrict
polymer chain mobility, and hinder crack initiation and
propagation, thereby improving tensile strength and
overall mechanical integrity. These reinforcing mechan-
isms are widely reported in graphene-based polymer
nanocomposites [107]. In the PVA/Col/rGO/Amox/Ibu
scaffold, the reduction in maximum tensile stress
(5.5 MPa) accompanied by a substantial increase in elon-
gation (150%) at break suggests a shift toward a more
ductile and flexible mechanical response [108]. This

showed that the addition of amorphous drug molecules
enhanced chain mobility and extensibility by regulating
polymer—filler interactions [12]. The tensile strength of
peripheral nerve tissue has been reported between 1 and
12 MPa, with elongation at break values ranging from
30-150% depending on species and anatomical location
[109-111]. The tensile strength of the PVA/Col/rGO/
Amox/Ibu scaffold (~5.5 MPa) lies within the reported
physiological range of peripheral nerve tissue (approxi-
mately 1-12 MPa), positioning it within the lower-mid
spectrum of native nerve mechanical properties. Impor-
tantly, this value is neither excessively high—which could
result in mechanical mismatch and stress shielding—nor
too low to compromise structural integrity. Instead, it
provides a balanced mechanical profile that ensures suf-
ficient load-bearing capacity while maintaining com-
pliance compatible with soft neural tissues. This
mechanical alignment with native peripheral nerve tissue
suggests that the scaffold can withstand in vivo mechan-
ical stresses without inducing stiffness-related secondary
injury or failure [40, 110, 111]. In particular, the scaffolds
were capable of extending to more than 100% of their
initial length without rupture, demonstrating their ability
to tolerate mechanical deformation and adapt to tensile
and compressive stresses at the nerve injury site [109].
Overall, the mechanical analysis demonstrates that col-
lagen improves elasticity, tGO enhances tensile strength,
and the combined inclusion of therapeutic agents promotes
flexibility, allowing the mechanical properties of the
scaffold to be tuned through compositional design
[105, 106, 112].

4.10 Degradability analysis of the 3D biofunctional
and conductive neural scaffolds

In Fig. 7, the degradation results indicate that scaffold
composition strongly influences structural stability under
physiological conditions. The rapid degradation of pure
PVA is consistent with its high hydrophilicity, high swel-
ling capacity, and lack of crosslinking, which facilitate
water penetration, polymer chain mobility, and material
dissolution [113]. Although the incorporation of collagen
introduces additional intermolecular interactions, the PVA/
Col scaffold still exhibited rapid degradation, likely due to
the hydrophilic and partially amorphous nature of collagen.
The incorporation of rGO contributed to improved struc-
tural stability by restricting polymer chain mobility and
acting as a physical barrier to water diffusion. Similar sta-
bilizing effects of graphene-based fillers on polymer
degradation behavior have been reported in previous stu-
dies, where rGO enhances interfacial interactions and limits
scaffold disintegration [114]. The most pronounced
improvement in degradation resistance was observed in the
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PVA/Col/rGO/Amox/Ibu scaffold. The reduced weight loss
suggests that the integration of amoxicillin and ibuprofen
contributes to additional intermolecular interactions and
partial pore filling, thereby slowing water ingress and
scaffold erosion. This enhanced durability may be beneficial
for applications requiring temporary structural support and
sustained bioactivity. Overall, these findings demonstrate
that scaffold degradation can be effectively tuned through
the combined incorporation of rGO and bioactive agents,
enabling control over structural persistence in physiological
environments [115, 116].

4.11 Controlled drug release from the 3D
biofunctional and conductive neural scaffolds

The observed release profiles indicate a biphasic release
behavior characterized by an initial burst followed by a
slower, sustained release phase. The rapid initial release is
commonly attributed to the diffusion of drug molecules
weakly adsorbed on or near the scaffold surface, as reported
for polymer-based drug delivery systems [112, 117]. The
significantly higher cumulative release of Amox compared to
Ibu can be explained by differences in their physicochemical
properties (Fig. 8A, B). Amoxicillin is a hydrophilic mole-
cule with high aqueous solubility, which facilitates faster
diffusion through the hydrated scaffold matrix during the
early release phase. In contrast, ibuprofen is a lipophilic drug
with limited water solubility, resulting in reduced mobility
and stronger retention within the polymer—rGO network. This
leads to a delayed and more sustained release profile, con-
sistent with previously reported behavior of lipophilic drugs
in composite hydrogel scaffolds [117-119]. Although the
release duration of 480 min may appear short compared to
long-term implantable systems, early-phase burst release and
short-term sustained release are particularly advantageous in
neural injury settings, where localized therapeutic con-
centrations are needed rapidly at the injury site (Fig. 8C) [40].
Following peripheral and spinal cord injuries, the acute phase
begins immediately after the primary insult and is char-
acterized by rapid inflammatory cell infiltration, cytokine
release, oxidative stress, and secondary tissue degeneration.
Macrophages rapidly infiltrate the nerve injury site within
hours following trauma and play a central role in orches-
trating the inflammatory microenvironment. Modulating
macrophage polarization toward the M2 phenotype has been
shown to attenuate inflammation, decrease the formation of
scar tissue, and accelerate tissue repair. Therefore, early local
drug release from the scaffold may contribute to shaping
macrophage polarization dynamics during the acute phase of
nerve injury, promoting a pro-regenerative immune micro-
environment. This early window plays a decisive role in
determining the extent of secondary damage and long-term
functional recovery [120, 121]. Therefore, timely local
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delivery of anti-inflammatory and neuroprotective agents
during the first hours post-injury is critical for modulating the
acute inflammatory cascade and minimizing further neuronal
loss. The developed scaffolds designed for nervous system
repair have been reported to provide temporally controlled
therapeutic release aligned with the pathophysiological stages
of neural injury. In this context, the observed release profile
of the PVA/Col/rGO/Amox/Ibu scaffold is consistent with
the acute therapeutic window following nerve trauma and
may contribute to early antibacterial protection and inflam-
mation control at the injury site [40, 120—122]. The dual-drug
release behavior observed in this study demonstrates the
ability of the PVA/Col/tGO scaffold to simultaneously
accommodate and release therapeutic agents with distinct
solubility characteristics. Such differential release kinetics
may be advantageous for neural tissue engineering applica-
tions, where an initial antibacterial effect (Amox) followed by
prolonged anti-inflammatory activity (Ibu) is desirable.
Overall, these findings confirm that scaffold composition and
drug physicochemical properties play a critical role in gov-
erning release kinetics from multifunctional 3D-printed sys-
tems [83, 84].

4.12 Release kinetics of the 3D biofunctional and
conductive neural scaffolds

The kinetic modeling results indicate that drug release from
the PVA/Col/rGO/Amox/Ibu scaffold does not follow a
simple single-mechanism process (Table 6, Fig. 9). The
moderate fit of the Zero-order model suggests that while
controlled release may occur during the early stages, the
release rate is not constant over time. This deviation is
expected in swellable polymeric systems, where matrix
hydration and structural rearrangement progressively influ-
ence drug diffusion. The poor correlation with the First-
order model indicates that release is not governed solely by
the concentration gradient of the drug within the scaffold.
Instead, physical factors such as polymer swelling, matrix
relaxation, and degradation significantly contribute to
release behavior. This is particularly relevant in the present
system, where hydrophilic PVA and collagen undergo time-
dependent swelling in aqueous environments. The strong
agreement with the Higuchi model suggests that diffusion
plays a dominant role in drug release, especially during the
early and intermediate stages. The formation of a hydrated
polymeric diffusion pathway due to PVA swelling and
rGO-mediated network stabilization supports diffusion-
controlled transport. However, the suitability of the
Hixson—Crowell model indicates that matrix erosion and
dimensional changes also contribute, particularly at pro-
longed release times when scaffold integrity gradually
decreases. The Korsmeyer—Peppas analysis further supports
this interpretation. The calculated n value falling within the
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anomalous transport range confirms that drug release is
governed by a combination of Fickian diffusion and poly-
mer chain relaxation or swelling. This mixed mechanism is
typical of hydrogel-based composite systems incorporating
both hydrophilic polymers and nanofillers. The Weibull
model provided the best overall fit, reflecting the complex,
time-dependent nature of the release process. The high R?
values and a shape parameter b > 1 indicate an initial burst
release followed by a slower, sustained diffusion phase,
consistent with the experimental release profiles of both
drugs. This behavior confirms that the PVA/Col/rGO scaf-
fold enables multiphasic release, which is advantageous for
biomedical applications requiring an early therapeutic dose
followed by prolonged drug availability.

The kinetic modeling results demonstrate that drug
release from the PVA/Col/rGO/Amox/Ibu scaffold is gov-
erned by multiple, overlapping mechanisms rather than a
single kinetic process. The moderate agreement with the
Zero-order model suggests that constant-rate release is not
maintained throughout the release period, which is typical
for hydrogel-based and swellable polymeric systems.
Deviations from Zero-order behavior are commonly attrib-
uted to matrix hydration, swelling, and degradation over
time. The poor fit of the First-order model, particularly for
Amox, indicates that release is not solely concentration-
dependent. Instead, structural changes in the polymer
matrix, including swelling and degradation of PVA and
collagen, play a dominant role. This interpretation is sup-
ported by the strong correlation observed with the Higuchi
model, confirming diffusion as a primary release mechan-
ism, especially during the early phase. The applicability of
the Hixson—Crowell model suggests that matrix erosion
contributes to drug release, particularly at prolonged time
points where scaffold integrity is reduced. This is consistent
with the aqueous degradation behavior of PVA/Col-based
systems. The anomalous n values obtained from the
Korsmeyer—Peppas model further confirm a non-Fickian
transport mechanism, indicating the simultaneous con-
tribution of diffusion and polymer chain relaxation or
swelling. Drug-specific differences in release behavior are
directly related to physicochemical properties. Amox, being
hydrophilic, exhibited release governed by both diffusion
and polymer relaxation, as indicated by its best fit with the
Korsmeyer—Peppas model. In contrast, Ibu showed pre-
dominantly diffusion-controlled release, consistent with its
stronger correlation with the Higuchi model and its more
hydrophobic nature, which limits rapid mobility within the
hydrated matrix. Although the Weibull model showed the
highest overall fit for the combined system, its moderate
drug-specific correlations suggest that it effectively captures
the global release profile but provides limited mechanistic
insight. Nevertheless, the Weibull shape parameter (b > 1)
confirms a biphasic release behavior characterized by an

initial burst followed by sustained release. Overall, these
findings demonstrate that the developed PVA/Col-based
scaffold enables differentiated and time-dependent release
of dual therapeutic agents, allowing hydrophilic and
hydrophobic drugs to follow distinct yet predictable kinetic
pathways. This multi-mechanistic release behavior high-
lights the potential of the composite system for controlled
and tailored drug delivery applications [123-126].

4.13 Antibacterial effect of the 3D biofunctional and
conductive neural scaffolds

The antibacterial results clearly demonstrate that the anti-
microbial activity of the developed scaffolds is primarily
associated with the presence of amoxicillin (Fig. 10). Sig-
nificant inhibition zones observed for both E. coli (gram-
negative) and S. aureus (gram-positive) confirm the broad-
spectrum antibacterial efficacy of amoxicillin when incor-
porated into the PVA/Col/rGO matrix. Notably, the PVA/
Col/rGO/Amox/Ibu scaffold produced a substantially larger
inhibition zone against E. coli (Fig. 10A) and S. aureus
(Fig. 10B) compared to the Amox-only scaffold, suggesting
a synergistic effect between amoxicillin and ibuprofen.
Although ibuprofen is not a classical antibiotic, previous
studies have reported its ability to enhance antimicrobial
efficacy by altering bacterial membrane permeability and
modulating inflammatory microenvironments, which may
facilitate antibiotic diffusion and action [75]. The absence of
inhibition zones in scaffolds lacking amoxicillin confirms
that neither tGO nor ibuprofen alone provides sufficient
antibacterial activity at the tested concentrations [127, 128].
This observation highlights the dominant role of amoxicillin
in bacterial growth inhibition, while ibuprofen acts as a
supportive agent that enhances the overall antimicrobial
performance when combined [81]. Overall, the dual-drug-
loaded PVA/Col/tGO scaffold demonstrates enhanced and
synergistic antibacterial efficacy, making it a promising
candidate for neural tissue engineering applications where
infection control is critical alongside biofunctionality [82].

4.14 Evaluation of cytocompatibility of the 3D
biofunctional and conductive neural scaffolds

The gradual increase in cell viability observed with the
addition of collagen, rGO, and bioactive agents highlights the
synergistic role of each component in improving scaffold
biocompatibility (Fig. 11A). Collagen is known to enhance
cell adhesion and spreading due to its native extracellular
matrix—like structure, which facilitates integrin-mediated cell
attachment [129]. The further improvement observed with
rGO incorporation can be attributed to its large surface area,
enhanced protein adsorption, and improved electrical and
physicochemical interactions at the cell-material interface
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[130]. Importantly, the inclusion of amoxicillin and ibuprofen
did not inhibit cell proliferation. On the contrary, the PVA/
Col/rGO/Amox/Ibu scaffold supported the highest and most
sustained cell viability over time. This suggests that the
antibacterial and anti-inflammatory agents not only preserve
cellular compatibility but may also improve long-term cel-
lular adaptation by reducing inflammatory stress and main-
taining a favorable microenvironment. The observation that
cell viability continued to increase up to day 7, reaching its
maximum in the dual-drug-loaded scaffold, indicates that
long-term cell-material interactions are stable and supportive
of proliferation (Fig. 11B). The comparable or superior via-
bility relative to TCP further confirms the cytocompatibility
of the developed scaffolds and their suitability for tissue
engineering applications. These findings are consistent with
previous reports demonstrating high biocompatibility of
PV A-based composite scaffolds. For example, a similar study
using a PVA/GO/Col scaffold reported 100% viability and
non-toxic behavior toward human keratinocyte (HaCaT) cells
[131]. Collectively, the results confirm that the developed 3D
biofunctional and conductive neural scaffolds are non-
cytotoxic and capable of promoting sustained cell prolifera-
tion, with the PVA/Col/rGO/Amox/Ibu formulation showing
particular promise for advanced biomedical and neural tissue
engineering applications [129, 130].

5 Conclusion

In this study, a 3D biofunctional and conductive neural
scaffold composed of PVA, collagen, reduced graphene
oxide, amoxicillin, and ibuprofen was successfully developed
for neural tissue engineering applications. The developed 3D
scaffold exhibited excellent printability, ensuring reproduci-
bility and structural integrity during the extrusion-based
printing process. The incorporation of rGO significantly
enhanced the electrical conductivity of the scaffold, forming
an interconnected conductive network favorable for neural
regeneration. Morphological analysis confirmed the porous
architecture suitable for cell infiltration and nutrient
exchange. Mechanical testing revealed that the scaffold
possessed sufficient strength and elasticity to support neural
tissue regeneration. Additionally, degradation tests demon-
strated an appropriate degradation rate compatible with
extracellular matrix remodeling during tissue repair. More-
over, the dual-drug loading enabled a controlled release
profile, with amoxicillin exhibiting rapid release due to its
hydrophilic nature, and ibuprofen showing a more sustained
release attributed to its lipophilicity. Kinetic modeling indi-
cated that the drug release profile best fit the Weibull model.
These findings collectively demonstrate the potential of this
multifunctional scaffold to provide both structural support

@ Springer

and bioelectrical cues essential for neural tissue repair. The
scaffold also exhibited significant antibacterial activity,
especially attributed to the synergistic effect of Amox and
rGO against common pathogens, indicating its potential to
prevent post-implantation infections. Cytotoxicity analysis
using the MTT assay confirmed that the scaffold is bio-
compatible and supports cell viability, making it a promising
candidate for further biological evaluation. Overall, the bio-
functional and conductive properties, combined with print-
ability, mechanical integrity, biodegradability, antibacterial
performance, and cytocompatibility, highlight the great
potential of this scaffold system for future applications in
neural tissue engineering. Future in vitro and in vivo inves-
tigations are warranted to comprehensively assess the scaf-
fold’s long-term functionality, biocompatibility, and
therapeutic efficacy in neural tissue regeneration.
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