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A B S T R A C T

This research aimed to fabricate and evaluate Poly(lactic acid)/poly(ε-caprolactone)/graphene (PLA/PCL/G)
nanocomposite scaffolds for peripheral nerve tissue engineering. To achieve this goal, scaffolds were fabricated
using the fused deposition modeling (FDM) 3D printing method with the following compositions: 50 wt% PLA-
50 wt% PCL (PLA-PCL), 98.5 wt% PLA-1.5 wt% G (PLA-G), 98.5 wt% PCL-1.5 wt% G (PCL-G), and 50 wt% PLA-
48.5 wt% PCL-1.5 wt% G (PLA-PCL-G). The microstructure and chemical composition of the scaffolds were
characterized using SEM, XRD, and FTIR. SEM images revealed that the PLA-PCL-G scaffold exhibited a more
regular and uniform morphology compared to the others, with the PLA-PCL scaffold displaying the least regu-
larity. The porosity percentage and pore size of the scaffolds ranged from 50 % to 86 % and 300 to 500 µm,
respectively. Mechanical properties were assessed via compression testing, indicating that the elastic modulus of
the PLA-PCL-G scaffold was approximately 22.36 MPa, suitable for peripheral nerve tissue applications. Elec-
trical conductivity testing showed that PLA-PCL-G had a conductivity of about 8.2E-5 S/cm, similar to PLA-G.
Biodegradability was evaluated by immersing samples in phosphate-buffered saline (PBS), revealing that PLA-
PCL-G exhibited a weight loss of approximately 1.3 % and a degradation rate of 0.14 mm/day over four
weeks, closely matching peripheral nerve tissue regeneration rates. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay results confirmed that PLA-PCL-G scaffolds were non-cytotoxic to PC12
cells. Overall, these findings suggest that the 50 wt% PLA-48.5 wt% PCL-1.5 wt% G scaffold holds promise for
peripheral nerve tissue engineering applications.

1. Introduction

Statistics studies have shown that approximately 13 to 23 out of
every hundred thousand people worldwide suffer from nerve injuries
(Pedrosa et al., 2017). Furthermore, there are one million new cases of
nerve injuries reported annually worldwide. Peripheral nerve injuries
(PNIs) account for about 2 % of traumatic injuries, affecting motor
function and sometimes resulting in partial or complete nerve rupture,
paralysis, neuropathic pain, and sensory system damage (Wilcox et al.,
2020; Yan et al., 2020; Seddighi et al., 2016; Magaz et al., 2018).
Therefore, nerve injuries represent a significant human health issue, and
treating these injuries is crucial. Treating nerve damage is challenging
due to the complexity of tissue and its destruction mechanisms. Pe-
ripheral nervous system rehabilitation is generally more challenging
than central nervous system rehabilitation due to its location in different
environmental settings (Zhang et al., 2019; Lopes et al., 2022). Methods

for repairing nerve tissue are categorized into three types based on the
severity of the injury: neurapraxia, axonotmesis, and neurotmesis
(Bhandari, 2019). Neuropraxia is the mildest form of nerve damage,
involving temporary nerve conduction blocks without disruption of
axon connections or surrounding tissue, allowing for self-repair. Axo-
notmesis involves damage to the axon but preserves the surrounding
tissue, leading to nerve stress and typically treated with medications.
Neurotmesis is the most severe type, involving complete nerve rupture
necessitating surgical intervention (Bhandari, 2019; Kamble et al., 2019;
Costa et al., 2020). Surgical methods such as end-to-end direct suturing
are straightforward but may cause tension on the nerve, potentially
leading to dysfunction. Procedures using allografts and autografts have
limitations; allografts face challenges such as graft rejection, while au-
tografts may cause donor site tissue damage, neuroma formation, and
compromised nerve endings and scarring (Pedrosa et al., 2017; For-
nasari et al., 2020; Vijayavenkataraman et al., 2019; Howarth et al.,
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2019). Tissue engineering combines principles from cell biology, ma-
terials science, and engineering to create tissues structurally and phys-
iologically similar to native tissues, restoring damaged tissue function
(Lee et al., 2018; Iranmanesh et al., 2022; Foroutan et al., 2021; Karimi
et al., 2021). Material selection is critical; materials used in tissue en-
gineering scaffolds must be FDA-approved and possess properties such
as biodegradability and suitable elastic modulus. FDA approval limits
the choice of polymers. Poly(lactic acid) (PLA), for instance, supports
Schwann cells, promotes axon growth, enhances vascularization, and
offers good biocompatibility, although it has drawbacks such as slow
degradation rate, low impact resistance, and hydrophobicity (Lee et al.,
2018; Tian et al., 2022; Vaid et al., 2021; Kasmi et al., 2021). Poly
(ε-caprolactone) (PCL) can enhance mechanical properties of bio-
materials like PLA, with higher tensile strength and elastic modulus than
PLA but lower toughness and flexibility; blending PCL with PLA opti-
mizes these properties for nerve tissue applications. Despite PCL’s poor
cell adhesion, combining it with PLA resolves this issue (Lee et al., 2018;
Yen et al., 2019). Graphene (G) offers high flexibility, adhesion, me-
chanical strength compared to traditional materials, and exceptional
electrical conductivity due to its unique structure, making it suitable for
nerve tissue scaffolds (Novoselov et al., 2012; Fu et al., 2021; Geetha Bai
et al., 2019; Zhang et al., 2020; Bei et al., 2019). Combining PLA, PCL,
and graphene thus seems reasonable for fabricating nerve tissue scaf-
folds. Various fabrication methods exist; 3D printing addresses chal-
lenges in pore size control and scaffold network organization (An et al.,
2015). Fusion Deposition Modeling (FDM), a 3D printing method uti-
lizing extrusion and phase changes at high temperatures, offers advan-
tages such as simplicity, cost-effectiveness, material versatility, solvent-
free operation, and the ability to predict mechanical responses during
cell differentiation, distinguishing it from other methods (Ceretti et al.,
2017; Masood, 2014; Naghieh et al., 2016).

In this study, nanocomposite scaffolds were fabricated using FDM.
Their chemical, mechanical, and biological properties were evaluated
and compared, leading to the selection of the optimal composition for
nerve tissue engineering scaffolds.

2. Materials and methods

2.1. Materials

Poly(lactic acid) (PLA, ‾Mw = 60000 g/mol), poly(ε-caprolactone)
(PCL, ‾Mw = 80000 g/mol), MTT (3-(4, 5-di-methylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide), and Trypsin-EDTA (ethylene diamine
tetra-acetic acid) were supplied by Sigma-Aldrich (Germany). Graphene
powder (with 95 % purity and nano-plates with a thickness of 4–20 nm)
was purchased from Neutrino (Iran). Finally, PBS (Phosphate Buffer
Solution), FBS (Fetal Bovine Serum), and DMEM (Dulbecco’s Modified
Eagle Medium) were supplied by Bioidea (Iran). All of these materials
were used as received.

2.2. 3D printed scaffolds

For the 3D printing of scaffolds, four chemical formulations were
considered: 50 wt% PLA-50 wt% PCL (PLA-PCL), 98.5 wt% PLA-1.5 wt%
G (PLA-G), 98.5 wt% PCL-1.5 wt% G (PCL-G), and 50 wt% PLA-48.5 wt
% PCL-1.5 wt% G (PLA-PCL-G). Initially, PLA, PCL, and G were weighed
according to each scaffold’s chemical formula. PLA and PCL were then
dissolved in chloroform (12.50 w/v%) using a magnetic stirrer, while
graphene was dispersed in chloroform in another beaker using an ul-
trasonic homogenizer (Ultrasonic Homogenizer, Scientz Co., China, 25
KHz, 1200W). Ultrasonication was conducted at room temperature until
a homogeneous suspension was achieved (homogenization lasted for 10
min). Subsequently, the graphene-containing suspension was gradually
added to the PLA-PCL solution. The mixture was then sonicated (Par-
sonic 2600, Iran) for 20 min to ensure uniform dispersion of graphene
nanoparticles within the PLA-PCL matrix. The resulting suspension was

poured into a flat container and left at room temperature to allow for
chloroform evaporation. The composite sheets obtained were crushed
and loaded into the cartridge of a 3D bioprinter (Chakad CSS1, Iran) for
3D printing, following the specifications outlined in Table 1. Similarly,
PLA-PCL scaffolds (without graphene) were fabricated using a compa-
rable process. The dimensions of the printed samples for the study were
approximately 10 mm × 10 mm × 10 mm (Length × Width × Height).

2.3. Characterization of the scaffolds

Fourier transform infrared (FT-IR) spectra of the nanocomposite
scaffolds were recorded using an FT/IR-6300 spectrometer (JASCO,
Japan) in the range of 400–4000 cm− 1, equipped with an attenuated
total reflectance (ATR) accessory. X-ray diffraction (XRD) patterns of the
scaffolds were obtained using a Cu Kα lamp with a wavelength of 1.54
angstroms, in the range of 10◦ < 2θ < 50◦, on an ADVANCE D8 X-ray
diffractometer (Bruker, Germany). The morphology, 3D-printed strand
diameters, porosity size, and porosity percentage of the prepared scaf-
folds were investigated using scanning electron microscopy (SEM)
(XL30, Philips, Netherlands) at an acceleration voltage of 16 kV. The
surfaces of the composites were sputter-coated with gold to eliminate
surface charging effects. Additionally, the surfaces of samples used for
cell culture on days 3 and 7 were observed and evaluated by SEM.
Mechanical properties were evaluated according to ASTM-D3410 stan-
dards. Samples were tested in an electromechanical universal testing
machine (Walter + bai, Switzerland) with a loading rate of 1 mm/min
(n = 3). Load-deformation curves were recorded, and stress–strain
curves were plotted based on the obtained data. Electrical conductivity
of the films was measured using a standard four-probe method with a
KETHLY instrument (USA). For degradation tests, each sample was
initially weighed in a dry state and then immersed in PBS solution.
Samples were incubated in a digital incubator (Behdad, Iran). Weight
and pH measurements were taken on days 0, 7, 14, 21, and 28. After
eachmeasurement, samples were removed from the solution, and the pH
of the solution was measured using a Cyberscan pH 5500 pH meter
(Eutech Instruments, USA). Removed samples were dried in the incu-
bator and reweighed to calculate the percentage of weight loss using
Equation (1) (Kumar et al., 2017):

Weight loss (%) =

(
wi − wf

wi

)

× 100 (1)

where Wi is the initial weight of the sample and Wf is the dry sample
weight after degradation.

The degradation rate (DR) (or corrosion rate) of the composite
scaffolds, from the weight loss, was calculated using equation (2)
(Zakaria, 2014):

DR =
K.W
A.D.T

(2)

where DR is the degradation rate (mm/year), K is a constant (8.76 ×

104), T is the time of exposure (h), A is the area (cm2), W is the weight
loss (g) and D is the density of the non-porous material (g/cm3).

Due to the porous nature of the scaffolds, the density of the scaffold
(DS) was calculated using Equation (3) (Ebrahimian-Hosseinabadi et al.,
2011):

Table 1
3D printing parameters and values.

Parameter Value

Nozzle diameter 400 μm
Layer thickness 300 μm
Right angle 90◦

Nozzle temperature 120 ◦C
Print speed 5 mm/s

R. Soltani Gerdefaramarzi et al.
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P = 1 −
Ds

D
(3)

where P is the porosity of the scaffold, and D is the density of the non-
porous material.

In Equation (2), DS was replaced with D, and the degradation rate
(DR) was calculated in mm/day. The densities of PLA, PCL, and G were
considered to be 1.250 g/cm3, 1.145 g/cm3, and 2.267 g/cm3,
respectively.

2.4. Cell culture study

The toxicity of the samples was assessed according to the ISO 10993-
5 standard. The proliferation rate and cell adhesion of PC12 cells on the
scaffolds were studied and compared with control samples using the
MTT assay. PC12 cells were cultured in DMEM supplemented with 10 %
FBS and 1 % antibiotic–antimycotic solution (Penicillin, Streptomycin,
Amphotericin, and Gentamycin) under standard cell culture conditions
(37 ◦C, 5 % CO2, and 95 % humidity). After reaching 80–90 % con-
fluency, the cells were detached using a 0.25 % trypsin-EDTA solution,
and viable cells were counted using the trypan blue assay. Before cell
seeding, the scaffolds were sterilized in 70 % ethanol for 30 min under
ultraviolet light, washed twice with PBS, and incubated with DMEM for
12 h at 95 % humidity. The samples were then placed in a 24-well
polystyrene culture plate (serving as a negative control). PC12 cells
(Pasteur Institute of Iran, NCBI code: C153) were seeded onto the
samples at a density of 10,000 cells per well and cultured in the medium
at 37 ◦C, 5 % CO2, and 95 % humidity. The cell culture control sample
was maintained in a normal environment without any scaffold samples.
The medium was replaced every other day. The proliferation rate was
investigated on days 1, 3, and 7 after cell seeding in the 24-well plate.
PC12 cells were washed with PBS to remove nonviable cells and exposed
to a fresh medium containing 10 %MTT dye solution (5 mg/mL) to form
formazan. After 4 h of incubation at 37 ◦C in 5 % CO2, the scaffolds were
removed from the MTT solution, and the formazan was dissolved in a
sterile DMSO solution. The absorbance of each well was measured at
490 nm using an ELISA reader (Bio-Rad, USA). Each group was
measured in triplicate. Cell viability was calculated using Equation (4)
(Kamiloğlu Beştepe et al., 2020):

Relative cell viability (%) = (
Asample − Ab

Ac − Ab
) × 100 (4)

where Asample is the absorption of the desired sample, Ac is the absorption
of the control sample, and Ab is the blank absorption.

In addition, cell attachment was investigated using PC12 cells. SEM
images were taken to evaluate the morphologies of the cells and the

surface of the scaffolds on day 3. Before imaging, the cells were fixed to
the surface using a glutaraldehyde solution.

2.5. Statistical and image analysis

All experimental data were expressed as mean ± standard deviation
(SD). Statistical analysis was carried out using single-factor analysis of
variance (ANOVA). A value of P<0.05 was considered statistically sig-
nificant. Porosity percentage was measured using MATLAB version 8
(2013), and strand diameters were measured using ImageJ version 44.1
software.

3. Results and discussion

XRD patterns (Fig. 1) of the PCL-PLA-G, PLA-G, PCL-G, and PCL-PLA
scaffolds characterized three types of peaks corresponding to PLA, PCL,
and graphene in the desired range. By comparing the XRD patterns of
PLA-G, PCL-G, and PCL-PLA-G, a common peak in the 2θ range between
25 and 30 degrees can be identified, which is related to the presence of
graphene. The intensity of this peak is lower than the others, indicating a
low amount of graphene (1.5 %). Additionally, there are two peaks in
the 2θ intervals between 20 and 25 degrees in the PCL-PLA, PCL-G, and
PCL-PLA-G spectra, indicating the presence of PCL in the final samples.
Another two peaks in the 2θ range between 15 and 20 degrees in the
PCL-PLA, PLA-G, and PCL-PLA-G samples indicate the presence of PLA
in these compounds.

The FTIR patterns (Fig. 2) of the PLA-PCL-G, PLA-G, PCL-G, and PLA-
PCL scaffolds revealed that all functional groups related to PLA, PCL,
and nano-graphene are present. Specifically, the intense bands at 2995
and 2944 cm− 1 in PLA, and 2946 and 2867 cm− 1 in PCL are related to
C–H bonds. Additionally, the intense bands at 1755 cm− 1 in PLA and
1727 cm− 1 in PCL, which are related to C=O bonds, were observed in
the samples. The intense band at 1729 cm− 1, which is due to the
stretching of the carbonyl group and is related to the C=O functional
group, intensifies with the increasing percentage of PCL. Therefore, it is
absent in the PLA-G sample and has the highest intensity in the PCL-G
sample. The intense band at 1190 cm− 1, which is due to C-O-C bonds,
and the intense band at 1241 cm− 1, due to C-O and C–C bonds, indicate
the presence of PCL in the PCL-G, PLA-PCL-G, and PLA-PCL samples.

The SEM images (Fig. 3a to 3d) confirmed that the structure and
arrangement of samples containing graphene nanoparticles (Fig. 3a to
3c) are more regular compared to the PLA-PCL sample (Fig. 3d). Upon
comparing Fig. 3a, Fig. 3b, and Fig. 3c, it appears that the interaction of
PCL and PLA with graphene resulted in a more regular structure. The
pore size of the PCL-PLA-G scaffolds was approximately 500 µm
(Table 2). Additionally, the results indicated a significant reduction in

Fig. 1. XRD patterns of the PLA-PCL-G, PLA-G, PCL-G, and PLA-PCL scaffolds.
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Fig. 2. FTIR spectra of the PLA-PCL-G, PLA-G, PCL-G, and PLA-PCL scaffolds.

Fig. 3. SEM images of the scaffolds. PLA-PCL-G, b) PLA-G, c) PCL-G, and d) PLA-PCL.

R. Soltani Gerdefaramarzi et al.
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strand diameter with the addition of graphene to PLA-PCL; the diameter
of PLA-PCL-G strands is approximately 250 µm. The presence of gra-
phene decreased strand diameter, which can be attributed to challenges
in achieving uniform dispersion of graphene and affecting material flow
during FDM printing. Graphene’s hydrophobic nature and poor inter-
layer adhesion can lead to insufficient bonding between layers, poten-
tially causing delamination and thinner strands (Wu et al., 2023;
Firoozabadi et al., 2022). Furthermore, the addition of graphene to PLA,
PCL, and PLA-PCL composites can alter the thermal conductivity of the
material, affecting extrusion behavior even at consistent printing tem-
peratures across all samples. Increased thermal conductivity due to
graphene can accelerate cooling at the nozzle, potentially influencing
the consistency of strand width during extrusion (Wang et al., 2019; Lei
et al., 2022). In contrast, Fig. 3d suggests that the absence of graphene
results in more irregularities (pore sizes of approximately 300 µm and a
porosity level of about 50 %) and thicker strands (around 600 µm). This
scaffold may affect cell behavior unfavorably compared to other scaf-
folds (Khajehmohammadi et al., 2023; Zhang et al., 2022).

Fig. 4 shows the weight loss of the samples over 28 days. All samples
exhibited an upward degradation trend; the PCL-PLA-G sample showed
the highest degradation with a weight loss of approximately 1.3 %,
while the PCL-G sample had the lowest degradation at about 0.2 %. The
primary cause of degradation for PLA and PCL polymers is the hydrolysis
of ester groups, influenced by laboratory conditions such as temperature
(Seyedsalehi et al., 2020; Wu et al., 1998; Shamsah et al., 2020).
Moreover, the molecular weight of polymers affects this phenomenon;
the lower molecular weight of PLA compared to PCL used in this study
resulted in higher degradation of PLA than PCL. While molecular weight
can influence degradation rates to some extent, other factors such as
chemical structure, environmental conditions (e.g., temperature, hu-
midity), and the presence of additives or reinforcements (like graphene)
play crucial roles (Sazali et al., 2020; Kim et al., 2019). Fillers such as
graphene can alter polymer degradation kinetics by affecting surface

interactions and water absorption characteristics. Additionally, the
presence of graphene reduced the thickness of the strands, thereby
increasing the surface area available for degradation per unit volume.
This can also lead to increased release of graphene particles into the
medium during degradation.

When investigating the degradation behavior of scaffolds for neu-
rons, it should be considered that the scaffold degradation rate corre-
sponds to the rate of neuronal regeneration (Papageorgiou et al., 2017;
Sensharma et al., 2017). Researchers (Sulaiman and Gordon, 2013;
JAWEED, M., 1994) have reported that the regeneration rate of pe-
ripheral nerve tissue is approximately 0.2–1 mm/day. According to
Table 3, the degradation rate of PLA-PCL-G is significantly higher
compared to the others, with a value of 0.144 mm/day, which closely
matches the regeneration rate of peripheral nerve tissue. Therefore, the
degradation behavior of PCL-PLA-G appears to be favorable for pe-
ripheral nerve tissue engineering.

According to Fig. 5, all samples exhibited an alkaline pH during the
first week of degradation, attributed to the breakdown of L-glutamine
and accumulation of ammonia in the degradation medium (Chiesa et al.,
2020). By the second week, pH levels became slightly more acidic
compared to the first week, likely influenced by the higher degradation
rates of polymers. In the third week, except for the PLA-G sample, pH
levels increased again, and by the fourth week, pH values remained
higher than in the previous week but lower than initial values. It appears
that alkaline pH values in the solutions correlate indirectly with the rate
of polymeric degradation. The alkaline environment during degradation
provides favorable biological conditions for growth and cell prolifera-
tion, suggesting these compositions do not exhibit cytotoxic effects.

As evident in Fig. 6, among the four scaffolds with PLA-PCL, PCL-G,
PLA-G, and PLA-PCL-G compositions, the elastic modulus of PLA-G and
PLA-PCL scaffolds has significantly the highest and lowest values,
respectively. It is clear that graphene has increased the modulus of

Table 2
The average porosity size, porosity percentage, and strand diameters of the
composite scaffolds.

Scaffold porosity size (μm) Porosity (%) strand diameters (μm)

PLA-PCL-G 500 ± 13.11 86.02 ± 2.31 251 ± 17
PLA-G 407 ± 25.24 72.86 ± 5.33 435 ± 119
PCL-G 376 ± 25.51 77.52 ± 7.29 416 ± 180
PLA-PCL 300 ± 33.51 50.04 ± 8.84 601 ± 35

Fig. 4. The weight loss during the 28-day degradation period.

Table 3
The degradation rate (DR) of composite scaffolds was calculated using equations
(2) and (3).

Scaffold D (g/cm3) DS (g/cm3) DR (mm/day)

PLA-PCL-G 1.205 0.168 0.144
PLA-G 1.258 0.342 0.019
PCL-G 1.154 0.259 0.021
PLA-PCL 1.195 0.597 0.035

R. Soltani Gerdefaramarzi et al.
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elasticity overall. Comparing the two samples, PCL-G and PLA-G, it is
concluded that PLA significantly enhances mechanical properties
compared to PCL, as evidenced by PLA’s higher modulus (approximately
1133 MPa as a bulk material) compared to PCL (approximately 430 MPa
as a bulk material) (Chiesa et al., 2020; Bayer, 2017). This value is
approximately three times higher for PLA compared to PCL. On the other
hand, comparing PCL-PLA and PCL-G, these two samples do not show
significant differences from each other. Therefore, it seems that adding
50 % PLA to PCL is nearly equivalent to adding 1.5 % graphene. This
evidence suggests that the effect of graphene onmechanical properties is
greater than that of PLA (Bayer, 2017; Eshraghi and Das, 2010;
Hasheminejad and Montazeri, 2020; Ramazani and Karimi, 2016).
Finally, since the modulus of elasticity of peripheral nerves is very low
(0.5–13 MPa), all samples except the PLA-G sample appear more suit-
able for the intended application (Mankavi et al., 2023). Closer me-
chanical properties of scaffolds to tissue facilitate the cell growth and
proliferation process.

Electric conductivity is crucial in peripheral nerve tissue engineering
for various reasons. Firstly, it facilitates communication within the body
by transmitting electrical impulses essential for movement and bodily

functions. Engineered tissues mimicking nerve conductivity integrate
better with the nervous system, aiding communication with surrounding
nerves. Secondly, it enhances regeneration; electrical stimulation pro-
motes nerve cell growth, crucial for restoring function after injury.
Electrically conductive tissues provide an optimal environment for
regeneration. Moreover, they improve functionality by enabling signal
transmission across injury sites, enhancing motor control and sensory
perception. Lastly, bioelectronic interfaces benefit from nerve tissue
conductivity, enabling communication with external devices like pros-
thetics or sensors (Park et al., 2020; Sun et al., 2023; Masarra et al.,
2022). Fig. 7 illustrates that samples containing graphene particles have
significantly higher conductivity compared to samples without gra-
phene. Graphene particles are conductive, and this property increases
the electrical conductivity of the scaffolds containing graphene. There-
fore, PLA-PCL showed the minimum electrical conductivity. There are
no significant differences among the three samples containing graphene
particles (PLA-PCL-G, PLA-G, and PCL-G). However, the PLA-PCL-G and
PLA-G samples showed higher values, which can be attributed to better
dispersion and interaction of graphene particles within the PLA matrix
or the PLA-PCL blend, leading to more efficient conductive pathways.

Fig. 5. The pH of simulated body fluid (SBF) during the 28-day degradation period.

Fig. 6. Elastic modulus of the scaffolds with various compositions (* P>0.05).
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The specific characteristics of PLA, such as its ability to interact with
graphene and form continuous networks, play a significant role in
enhancing the overall conductivity of the composite materials
(Stankovich et al., 2006; Kim et al., 2010; Lee et al., 2022; Moosa and
Abed, 2021). If electrical conductivity is of interest, PLA-PCL-G and PLA-
G samples can be suitable for this application.

The cytotoxicity of the scaffolds was evaluated at 1, 3, and 7 days
(Fig. 8). On the first day, samples b1 and c1 showed significant cell
survival and were non-toxic, whereas samples d1 and e1 exhibited poor
cell survival, potentially due to their chemical composition. By the third
day, none of the samples showed significant toxicity, with b3 and c3
samples demonstrating notable cell growth. However, by the seventh
day, sample C7 displayed considerable fluctuation in cell viability and
did not differ significantly from the other samples. Therefore, it cannot
be considered an appropriate choice. Based on the cell viability data,
PCL-PLA-G (b) appears to be a promising candidate for nerve tissue
engineering.

SEM images in Fig. 9 depict PLA-PCL-G, PLA-G, PCL-G, and PCL-PLA
samples after 3 days of cell culture. On the third day, all samples showed
cell growth, but notably, the PLA-PCL-G sample (Fig. 9a) exhibited more
pronounced cell growth. The scaffold was fully covered by a layer of
cells, whereas the other samples did not exhibit complete cell coverage.
The effective formulation and synergistic effect of PCL, PLA, and gra-
phene are likely reasons for this cell layer formation, confirming the
non-toxic nature of the scaffold. Based on the cytotoxicity and cell
attachment results, the PLA-PCL-G scaffold is considered a suitable
candidate for nerve tissue engineering.

4. Conclusion

In this study, Poly(lactic acid)/poly(ε-caprolactone)/graphene (PLA/
PCL/G) nanocomposite scaffolds were successfully fabricated using the
fused deposition modeling (FDM) 3D printing method, aimed at pe-
ripheral nerve tissue engineering. The PLA-PCL-G scaffold, composed of

Fig. 7. The electrical conductivity of the scaffolds. a) PLA-PCL-G, b) PLA-G, c) PCL-G, and d) PLA-PCL scaffolds (* P<0.05).

Fig. 8. MTT assay results of negative control, PLA-PCL-G, PLA-G, PCL-G, and PLA-PCL scaffolds.
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50 wt% PLA, 48.5 wt% PCL, and 1.5 wt% graphene, exhibited superior
characteristics in terms of structural regularity, mechanical properties,
electrical conductivity, and biocompatibility compared to other com-
positions tested. An elastic modulus of approximately 22.36 MPa and an
electrical conductivity of 8.2E-5 S/cm were demonstrated by the scaf-
fold, making it suitable for nerve tissue applications. The biodegrad-
ability study indicated a weight loss of 1.3 % and a degradation rate of
0.14 mm/day over four weeks, aligning well with peripheral nerve tis-
sue regeneration rates. Additionally, the non-cytotoxic nature of the
PLA-PCL-G scaffold to PC12 cells was confirmed by the MTT assay,
underscoring its potential as a promising material for peripheral nerve
tissue engineering.
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