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ABSTRACT
Objective(s): Peripheral nerve injury (PNI) is a critical clinical issue primarily caused by trauma. Tissue 
engineering approaches using nanofiber scaffolds have been extensively explored to improve material quality 
and create an environment resembling the natural extracellular matrix (ECM). 
Materials and Methods: In this study, we employed electrospinning technique to fabricate a composite 
scaffold comprising poly(ɛ-caprolactone) (PCL) and collagen (Col) loaded with all-trans retinoic acid (RA), 
a neural patterning and signaling chemical known to promote nerve regeneration. 
Results: The synthesized nanofiber scaffold exhibited a diameter of 391±79 nm and a tensile strength of 
250±13 MPa, providing sufficient support for native peripheral nerve regeneration. The inclusion of Col 
enhanced the scaffold’s hydrophilic behavior (contact angle: 43±6°), ensuring stability in an aqueous solution. 
Moreover, the results demonstrated the proliferation and adhesion of nerve cells on the scaffold, aligning 
with the directions of the warp and weft of the nanofiber mat. Importantly, the scaffolds demonstrated 
non-toxicity, making them a promising substitute for the native ECM for enhanced cell attachment and 
proliferation. Finally, immune-histochemistry analyses further confirmed that the scaffolds supported the 
release and growth of neurites, promoting cell differentiation toward nerve repair. 
Conclusion: The RA-loaded scaffolds demonstrated the enhanced biocompatibility, supported neurite 
growth, and showed potential as a capable candidate for nerve regeneration.
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INTRODUCTION
Peripheral nerve injury (PNI) is a pressing 

medical and public health concern, often leading 
to significant loss of function and permanent 
disability [1]. Traumatic incidents are the 
primary cause of PNI, but it can also result from 
degenerative syndromes or damage due to 
thermal, chemical, mechanical, or ischemic factors 
[2-4]. The severity of PNI is typically evaluated 
using classifications such as Seddon’s neurapraxia, 

axonotmesis, and neurotmesis, or Sunderland’s 
grading system [5-7]. However, regardless of the 
classification, the breakdown of axons and myelin 
at the injury site triggers Wallerian (anterograde) 
degeneration, disrupting the connection between 
the distal end and the main neural body [9].

Current medical therapies for PNI, such as 
end-to-end repair, are effective for small nerve 
gaps but not practical for significant gaps. In such 
cases, nerve autografts have been considered the 
“gold standard” treatment, but they come with 
donor site morbidity concerns. Consequently, 
researchers have turned to tissue engineering 
approaches to develop artificial nerve guidance 



43Nanomed J. 12(1): 42-50, Winter 2025

M. Aseer et al. / a novel nanofibrous nerve conduit with bioactive agents for nerve regeneration

conduits (NGCs) that can bridge nerve gaps and 
support axonal regrowth [10-12].

Among these approaches, nanofiber-based 
NGCs have shown promise as a potential 
replacement for autografts. They offer the 
advantage of immediate availability when on-the-
spot autografts are not feasible and act as barriers 
to scar tissue formation [13]. Successful nerve 
regeneration through artificial conduits relies 
on factors such as the gap to be bridged and the 
physical and material characteristics of the NGCs. 
Ideal conduits should possess biocompatibility, 
high porosity, neuro-inductivity, suitable 
physio-chemical properties, and an appropriate 
degradation rate [16]. Moreover, parameters 
like the internal diameter of the conduit and 
permeability of the outer wall can also influence 
the outcomes of the NGCs [9, 10].

To enhance the cell adhesion properties of 
NGCs, investigators have designed composite 
conduits using a combination of natural and 
synthetic polymers. Biodegradable synthetic 
polymers have gained traction due to their 
biocompatibility, non-immunological responses, 
mechanical properties, controlled degradation 
rates, and a wide range of material choices [21-
23]. Additionally, the incorporation of bioactive 
molecules in tissue engineering, such as retinoic 
acid (RA), has shown promise in enhancing scaffold 
bioactivity and supporting cellular activities to 
promote tissue regeneration [24-29].

In this study, our focus was on developing a 
novel bioactive nanofibrous scaffold based on 
poly(ɛ-caprolactone) (PCL) and collagen (Col) 
encapsulating RA. RA has demonstrated the 
ability to regulate cellular behavior and enhance 
the differentiation of neural cells, promoting cells 
growth and controlled proliferation. Moreover, RA 
stimulates neuronal expression, supporting neural 
patterning and signaling to promote myelination 
and axonal growth during nerve repair.

Our primary objective was to fabricate an 
RA-loaded nanofibrous scaffold (PCL/Col/RA) 
and evaluate its potential as a bio-construct for 
peripheral nerve regeneration. Specifically, we 
investigated the biocompatibility of nerve cells 
(PC12) with the proposed scaffold and assessed 
its ability to support cell migration, adhesion, 
proliferation, and nerve cell neurite formation and 
extension. By addressing these considerations, 
we aim to contribute to the advancement of 
nanofiber-based nerve conduits, potentially 

providing a promising alternative to autografts 
for promoting nerve regeneration and functional 
recovery in patients with PNI.

MATERIALS AND METHODS
Extraction of collagen

Collagen type-I (Col) was extracted from 
the rat tails. The Tehran University of Medical 
Sciences Animal Center’s Pharmacy Department 
supplied the rats’ tails. All these rate tails were 
kept at -20 °C prior to being used to extract 
collagen. After removing the rat tails from the 
-20 °C extraction, they were put in a 1000 mL 
beaker under the biosafety hood after spraying 
them with 70% alcohol. After ten minutes, the 
rat tails were cut into small pieces. Collagen 
extract needs to be gathered in a different beaker 
containing distilled water. Eight to ten rat tails and 
800-1000 mL of distilled water were added to a 
beaker containing isolated collagen. Following the 
extraction process, the collagen was rinsed two 
or three times with distilled water. Next, 0.01% of 
acetic acid was added to the 1000 mL of collagen 
solution, followed by mixing and keeping at 4 °C 
for 24 hr. The following day, the collagen solution 
was centrifuged for 40 minutes at 8000–1000 
rpm. After that, the pure collagen solution was 
poured into 50 mL flasks and was frozen at -75°C. 
To obtain the final collagen product, the collagen 
solution was dried, frozen, and then, stored at 20 
°C for the intended uses.

Nanofiber fabrication 
Type-I Col was extracted from rat tails, and all-

trans-RA, PCL (Mn: 70,000), absolute acetic acid, 
and methanol were procured from Sigma Aldrich 
(USA). For the fabrication of PCL/Col nanofiber 
scaffolds, separate solutions (11% w/w, 50:50) for 
PCL and collagen were prepared. PCL was dissolved 
in absolute acetic acid, while Col was dissolved in 
acetic acid 90% aqueous solution; both subjected 
to stirring for 2 hr at room temperature. To obtain 
the final PCL/Col blend, the two solutions were 
mixed and stirred for an additional 30-45 min at 
room temperature. Subsequently, the PCL/Col 
blend was loaded into a syringe for electrospinning. 
The electrospinning process was carried out under 
optimized parameters, including 16-18 kV voltage, 
a 10 cm distance between the syringe tip and the 
collector, and a syringe pump flow rate of 1 mL/h.

For the preparation of PCL/Col/RA blend, a 
previously reported 11% w/w (50:50) PCL solution 
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was utilized. A stock solution of RA (3 mg/mL in 
MeOH) was prepared, and a 0.3% formulation of 
RA from this stock was added to the PCL solution 
at room temperature. The mixture was stirred for 
24 hr. Additionally, a separate 11% w/w solution 
of Col was dissolved in acetic acid 90% aqueous 
solution and stirred for 2 hr. The PCL/Col/RA blend 
was obtained by mixing both solutions and stirring 
for 30-45 minutes at room temperature. The blend 
was electrospun using the same parameters as 
the PCL/Col nanofiber scaffolds. Each nanofiber 
scaffold was designed with 5-6 mL of solution, and 
both PCL/Col and PCL/Col/RA nanofiber scaffolds 
were dried for further characterization [30-36].

Cross-linking of scaffolds
To stabilize the nanofibers on the scaffolds, 

cross-linking was performed. The nanofiber 
scaffolds were exposed to 25% glutaraldehyde 
(GA) vapor in a desiccator at room temperature 
for 3 hr [37, 38].

Characterization of nanofiber scaffolds
2.4.1 Morphology Analysis

Scanning electron microscopy (SEM, XL 30; 
Philips, Amsterdam, Netherlands) was employed 
for morphological investigations of the nanofiber 
scaffolds after sputter coating with gold at 25 kV. 
The size (diameter) and porosity of the nanofibers 
were measured using ImageJ software (Image J; US 
NIH, Bethesda, MD, USA) by randomly selecting 25 
points in each sample [38, 39].

Measurement of contact angle
The wettability of the nanofiber scaffolds was 

assessed using an optical water contact angle 
measurement device (OCA-15-plus, Data Physics). 
A 2 × 3 cm2 sample was placed on the measuring 
instrument’s surface. A deionized water drop (6-
10 μL) was placed on the sample using a pipette 
tip, and the contact angle was analyzed using 
a high-resolution camera. Average values were 
obtained from at least three measurements for 
each scaffold [40].

Mechanical analysis
The mechanical properties of the nanofiber 

scaffolds were determined using a mechanical 
testing device at room temperature. The samples 
were placed between two mechanical clamp 
units, and tensile analyses were performed at an 
extension rate of 5 mm/min. The ultimate tensile 

strength, elongation at break, and modulus of 
elasticity were calculated from stress-strain curves 
for each sample (n=3) [38, 41].

Chemical characteristics
The presence of specific chemical functional 

groups in the nanofiber composites was 
determined using Fourier-transform infrared (FT-
IR) spectroscopy. FT-IR spectra were obtained for 
pure PCL/Col nanofibers and RA-loaded PCL/Col 
nanofibers in the range of 4000-600 cm-1 [38, 42-
44].

Evaluation of scaffold biodegradability
To assess changes in nanofiber content in an 

aqueous solution, samples with an initial weight 
(W0) were stirred and incubated in phosphate-
buffered saline (PBS) at pH 7.4 and 37 °C, with 
agitation at 100 rpm for 4 weeks. Throughout the 
experiment, the PBS solution was not renewed, 
but samples were aspirated at specific time points, 
cleaned with distilled water, dried, and weighed to 
obtain the final weight (Wt). The remaining mass 
percentage for each sample was calculated using 
the following equation [39, 40].

Remaining mass % = (Wt / W0) × 100 

In-vitro cell study
Nanofiber scaffolds were initially made 

according to the dimensions of a 48-well plate 
before beginning the cell culture. Subsequently, 
the samples were washed with 70% alcohol and 
exposed to UV light for half an hour on each 
scaffold side. Samples were UV sterilized, and 
then, cleaned three times using sterile PBS and 
finally used for cell culture procedures. PC12 
cells were cultured in RPMI supplemented with 
10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin at 37 °C, 95% humidity, and 5% CO2 
in a 25 cm2 flask. After reaching a density of 4×105 
cells/well, the cells were seeded in complete 
medium in 48-well plates for analysis. The 
biocompatibility of cells with fiber scaffolds was 
assessed using the Alamar Blue® assay at days 1, 
3, 5, and 7. Absorbance at 570 nm was measured 
in triplicate (n=3) for each sample and time point, 
and the results were standardized for PC12 cell 
growth on scaffolds [43].

Cell adhesion study
SEM measurements were performed to assess 



45Nanomed J. 12(1): 42-50, Winter 2025

M. Aseer et al. / a novel nanofibrous nerve conduit with bioactive agents for nerve regeneration

the morphological changes of PC12 cells on the 
scaffolds at 1 and 7 days of treatment. The cell-
seeded scaffolds were rinsed with PBS, fixed 
with 4% paraformaldehyde for 30-45 minutes, 
and then, dehydrated with increasing ethanol 
concentrations (50%-100%) for 15 minutes. The 
scaffolds containing cells were air-dried for 24 hr at 
room temperature, gold-sputtered, and examined 
with a scanning electron microscope (Philips XL-
30, Netherlands) at 25 kV [45].

Immunostaining
PC12 cells were fixed with 4% paraformaldehyde 

for 10 minutes, rinsed with PBS, and stained 
with anti-beta-tubulin monoclonal antibodies 
(1:100) and secondary antibodies conjugated to 
fluorescein isothiocyanate (FITC) at 2-80 °C for 1 
hr. After washing, the cells were treated with a 
diluted goat serum secondary antibody (1:150) 
and incubated for 90 minutes at 37 °C. Following 
additional washings and DAPI staining, the samples 
were examined under fluorescence microscopy. 
The number of differentiated cells was determined 
by counting cells with at least one neurite longer 
than the cell body diameter, and the number of 
elongated neurites per cell was calculated [46].
Statistical analysis

GraphPad Prism9 software was used for 
statistical analysis using one-way analysis of 
variance (ANOVA). Data were presented as mean 
± standard deviation (n=3). Statistical significance 
was set at p < 0.05 for all analyses.

RESULTS 
Morphology Study of Nanofibers

The electrospinning technique was employed to 

fabricate PCL/Col and PCL/Col/RA scaffolds composed 
of nanofibers with size distribution in the nanometer 
range. SEM images of PCL/Col nanofibrous scaffolds 
(Fig. 1A, B) and PCL/Col/RA nanofiber scaffolds (Fig. 
1C, D) collected on a high-speed rotating cylindrical 
mandrel demonstrated the average diameter of 
nanofibers to be 367±45 nm and 391±79 nm for PCL/
Col and PCL/Col/RA, respectively.

Moreover, the porosity of PCL/Col (51.85±4%) 
and PCL/Col/RA (58.45±3%) nanofiber scaffolds 
was measured, indicating their potential to mimic 
the natural ECM for cellular interactions.

Contact angle measurement
Contact angle measurements were obtained 

for PCL/Col and PCL/Col/RA nanofiber scaffolds to 
assess their hydrophilicity. The observed contact 
angles were 37±9° and 43±6° for PCL/Col and PCL/
Col/RA, respectively, confirming the hydrophilic 
behavior of the materials.

Tensile testing
Mechanical resistance is a crucial parameter in 

the construction and design of nanofiber scaffolds. 
Young’s modulus, ultimate tensile strength (UTS), 
and strain at break were evaluated to assess the 
mechanical properties of the nanofiber scaffolds 
(Table 1). The mechanical characteristics of the 
PCL/Col and PCL/Col/RA groups have different 
results but still they did not significantly differ 
from one another. According to the observed data, 
Young’s modulus of PCL/Col scaffold (9.03±0.22 
MPa) was comparable to PCL/Col/RA (8.69±0.18 
MPa). In addition, the UTS of Electrospun PCL/Col 
(4.6±0.63 MPa) was also comparable to that of 

Fig. 1. (A, B). SEM images of aligned PCL/Collagen nanofibers, scale bar = 10μm & 5 μm, (C, D). SEM images of aligned PCL/Collagen/
RA nanofibers, scale bar = 10μm & 5 μm
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PCL/Col/RA (3.3±0.71 MPa).

FT-IR analysis
The comparison of FT-IR spectra between 

pure PCL/Col and PCL/Col/RA nanofibers provided 
valuable insights into potential modifications 
resulting from the encapsulation of drugs within 
PCL/Col nanofiber carriers. The FT-IR spectrum 
of the PCL/Col blend (Fig. 3a) showed the 
characteristic bands, such as N-H stretching at 
3302 cm-1 for amide A, C-H stretching at 3068 cm-1 
for amide B, C=O stretching at 1600–1700 cm-1 
for amide I, N-H deformation at 1500–1550 cm-1 

for amide II, and N-H deformation at 1200–1300 
cm-1 for amide III. The presence of additional 
distinctive peaks of collagen at 1538 cm-1 for 
amide II (N-H deformation), 3068 cm-1 for amide 
B (C-H stretching), and 3302 cm-1 for amide A 
(N-H stretching) confirmed the composition of 
the polymeric blend made of PCL and collagen 
[47-50]. In the PCL/Col/RA blend (Fig. 3b), no new 
peak was observed, indicating that the amount of 
RA in the blend did not significantly alter the PCL/
Col functional groups [47].

Degradation analysis
Fig. 4 presents the results of scaffold 

degradation. Degradation commenced from the 
first week of treatment for both scaffolds, with 
faster degradation observed during the initial 
week. Notably, PCL/Col/RA showed a higher 
degradation rate than the PCL/Col scaffold, 
possibly due to RA fibers being more susceptible 
to hydrolytic breakdown than PCL/Col fibers.

In-vitro cytotoxicity test
Fig. 5 depicts the biocompatibility and 

cytotoxicity of PCL/Col and PCL/Col/RA scaffolds 
at 1, 3, 5, and 7 days using Alamar Blue® assay. 
PC12 cells cultivated on the nanofiber scaffolds 
demonstrated the cell proliferation and viability 

Fig. 2. Contact Angle Measurements of PCL/Coll & PCL/Coll/RA 
scaffolds

 

Sample Young’s Modulus (MPa) Ultimate Tensile Strength  
(MPa) 

Strain at Break 
 (%) 

PCL/Col 9.03±0.22 4.6±0.63 300±16.2 
PCL/Col/RA 8.69± 0. 18 3.3±0.71 250±13.4 

Table 1. Tensile properties of PCL/Col, and PCL/Col/RA nanofibrous scaffolds

Fig. 3. FTIR spectra of (A) PCL/Col and (B) PCL/Col/RA nanofibers
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similar to the control group with no significant 
changes. Both the RA-loaded and PCL/Col scaffolds 
were non-toxic to nerve cells.

Cell adhesion study
Cell adhesion to the scaffold is crucial for nerve 

regeneration. SEM analyses of cell adherence to 
PCL/Col and PCL/Col/RA scaffolds on day 1 and day 
7 are shown in Fig. 6 (A, B) and (A, D), respectively.

Immunochemistry analysis
Immunofluorescence staining of α-Tubulin was 

used to evaluate its impact on cell differentiation. 
Cells grown on multiple scaffolds expressed the 
α-Tubulin protein, with PCL/Col/RA scaffolds 
promoting more neurite outgrowth compared to 
PCL/Col scaffolds (Fig. 7).

DISCUSSION
In regeneration applications, the use of 

nanofiber scaffolds as nerve conduits is becoming 

more and more important. Because they offer a 
favorable microenvironment for the regeneration 
of nerves. The results of this study indicate 
that the likelihood of successfully fabricating 
nanofibrous biomaterial scaffolds from synthetic 
and biopolymers may be increased by using an 

Fig. 4. Degradation analysis of PCL/Col & PCL/Col/RA scaffolds Fig. 5. Alamar Blue assay of PC12 cells on PCL/Col & PCL/Col/
RA scaffolds

Fig. 6.  SEM images of cell adhesion (A) PCL/Col in days 1, (B) PCL/
Col/RA in days 1, (C) PCL/Col in days 7, (D) PCL/Col/RA in days 7 

Fig. 7. (A, B): Immunochemistry of PC12 on PCL/Col and PCL/Col/RA scaffolds with anti-tubulin peptide antibodies to evaluate 
α-tubulin protein expression
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electrospinning technique. The diameter, size 
distribution, and orientation are determined 
by the polymer concentration and the speed at 
which the electrospinning collector rotates [51]. 
For instance, it is possible to create more uniform 
fibers by raising the spinning speed. The optimal 
rotation speed for the 11% (50:50) (w/w), PCL/
Col and PCL/Col/RA solutions was 2500 rpm. 
The previous research has shown that nerve cell 
attachment and neurite extension along nanofiber 
alignment are important factors in nerve cell 
neurite growth [52].

Nanofiber morphology, size, alignment, and 
porosity play an important role in cell adhesion, 
migration, and proliferation. SEM images showed 
that PCL/Col and PCL/Col/RA solutions with 11% 
(50:50) (w/w) might produce nanofibers with 
exceptional morphology. Additionally, while 
creating a tissue-engineered scaffold, porosity is an 
important consideration. In addition to facilitating 
enough gas and nutrition exchange for wound 
healing, porous design is critical for encouraging 
cell infiltration and proliferation. Between 50 and 
90 percent porosity is the ideal range for scaffolds 
used in cellular penetration [53]. The results 
revealed the nanofibers with an excellent porosity 
and alignment that provides enough neurites for 
axonal regeneration. 

As mentioned before, surface chemistry, 
shape, and material composition of the scaffold all 
affect hydrophilicity. Although PCL is hydrophobic 
by nature, it becomes hydrophilic when mixed 
with collagen, as shown in Fig. 2. Our results 
demonstrates that in PCL/Col/RA scaffolds 
containing all-trans-retinoic acid, the water 
contact angle increases in comparison to PCL/
Col alone. The results show that both scaffolds 
are hydrophilic in the presence of Col and RA. 
Mechanical study found that both groups could 
withstand tensile stress. In actuality, the tests 
showed that the elongation at break of the PCL/
Col/RA polymer matrix was comparable to that 
of PCL/Col. According to this, PCL/Col based 
composite nanofibers are more resilient to force 
stretching and more appropriate for use as nerve 
conduits in-vivo [53].

As the frequency of vibration of the groups 
involved in hydrogen bond production lowers, FT-
IR’s sensitivity to hydrogen bonds causes a redshift 
in the functional group. The research has shown 
that drug solubility in the polymer matrix may be 
enhanced by hydrogen bonding between the drug 

and the polymer matrix [53] and prohibits drug re-
crystallization in nanofibers [53]. The presence of 
infrared absorption of PCL groups in the spectra 
of PCL/Col/RA (containing the drug) suggests 
that the structural molecules in the fibers were 
conserved during the electrospinning process, as 
did the absence of a new band for the drug RA, 
important for producing the current polymeric 
drug delivery systems.  

Degradation studies indicate that PCL/Col/RA 
is a better option than PCL/Col for regeneration 
applications. This is because RA degrades more 
slowly in an aqueous solution and has a higher 
stability [54]. Stated differently, compared 
to PCL/Col nanofibers, the RA-based PCL/Col 
construct exhibits greater stability and persistent 
degradability [3]. Furthermore, there was reduced 
edema in the RA-based combo, which could speed 
up the regeneration process.

In-vitro data reveal that planted cells 
disseminate effectively and adhere well to PCL/
Col and PCL/Col/RA scaffolds. Fig. 6 shows 
the adherence and spreading of cells along 
the alignment of PCL/Col/RA nanofibers.The 
findings support prior research suggesting that 
incorporating RA into nanofibrous scaffolds could 
promote cell growth [55]. Hence, cell study results 
confirmed the biocomatibity of the fabricated 
construct towards neural regneration. After 
confirming the cellular viability on  the scaffolds, 
neurite outgrowth was studied to determine how 
varied surface chemistries and fiber orientations 
influence neurite cellular elongation and 
orientation, as well as extension ratio [43-46].The 
immunochemistry study revealed that neurites 
released from PCL/Col/RA scaffolds and neurite 
development was sufficient and active enough to 
promote cell differentiation for peripheral nerve 
damage. Furthermore, it has been demonatrated 
that the number of neurites growing in PCL/Col/
RA is twice that of neurites growing in PCL/Col 
scaffolds, as shown in Fig. 7.

CONCLUSION 
Materials with nanofibrous scaffolds show 

promise for effective axonal development and 
nerve healing. For nerve cell formation and axonal 
regeneration, the electrospinning of RA-loaded 
PCL/Col offered a high surface area, sufficient 
mechanical strength, hydrophilic behavior, and 
a tailored degradation rate. A biomimetic milieu 
was also produced by loading RA as an efficient 
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therapeutic drug for nerve cell adhesion and 
proliferation on scaffolds. By allowing for enough 
neurite extension for axonal growth, this design 
may prevent the production of ingrowth fibrous 
scar tissue. According to the initial findings, PCL/
Col/RA-based nanofibrous conduits may offer 
feasible biological cues and topography for tissue 
engineering and peripheral nerve regeneration.

Indisputably, new therapeutic approaches that 
promote nerve regeneration will contribute to the 
development of artificial implants that act as nerve 
guides for peripheral nerve repair. To advance this 
research, however, more investigation into related 
techniques may be necessary that underpin the 
creation of a bioimplant. These techniques include 
the design and construction of scaffolds that mimic 
in-vivo and ex-vivo nerve tissue, as well as the 
induction of tissue-engineered scaffolds through 
the implantation of 3D-cultured nerve cells.
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