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Abstract
The micron track conduit (MTC) and nerve factor provide a physical and biological 
model for simulating peripheral nerve growth and have potential applications for 
nerve injury. However, it has rarely been reported that they synergize on peripheral 
nerves. In this study, we used bioderived chitosan as a substrate to design and 
construct a neural repair conduit with micron track topography using three-
dimensional (3D) printing topography. We loaded the MTC with neurotrophin-3 (NT-3)  
to promote the regeneration of sensory and sympathetic neurons in the peripheral 
nervous system. We found that the MTC@NT3 composite nerve conduit mimicked 
the microenvironment of peripheral nerves and promoted axonal regeneration while 
inducing the targeted growth of Schwann cells, which would promote functional 
recovery in rats with peripheral nerve injury. Artificial nerve implants with functional 
properties can be developed using the strategy presented in this study.

Keywords: 3D printing; Micron track conduit; Peripheral nerve regeneration; 
Neurotrophin-3; Long-distance injury

1. Introduction
The morbidity rate for peripheral nerve injury (PNI) is extremely high[1,2]. Traffic 
accidents, trauma, and iatrogenic causes are the most common causes of PNI[3]. Each year, 
approximately 1.6 billion USD is spent on the medical treatment of patients with PNI in 
the United States[4]. In comparison with the central nervous system (CNS), the peripheral 
nervous system (PNS) is more capable of spontaneous regeneration after injury due to 
the intrinsic growth capacity of neurons and the permissive microenvironment provided 
by Schwann cells (SCs), which are activated during an injury[5]. Regenerating peripheral 
nerves after injury is possible but is complicated and takes a long time. There has been 
considerable progress in the development of artificial nerve implants for the clinical 
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treatment of PNI using natural and synthetic biomaterials. 
Unfortunately, a significant amount of improvement is still 
needed to improve peripheral nerve function after surgical 
repair. The failure of artificial nerve conduits is attributed to 
the slow migration of cells and axons and the disorganized 
growth of new nerve tissue[6].

Treatment of long-distance nerve defects has optimally 
been done with autologous nerve grafting[7], particularly 
when direct end-to-end suturing is not feasible. There are a 
few limitations using autologous nerve grafting. First, there 
are only a limited number of sources of the donor’s nerves, 
and the selection of a donor’s nerve causes the denervation 
in the corresponding area. Second, clinical use of the 
donor’s nerve is limited by its differences in dimensions 
from the injured nerve[8].

For a wide range of nerve regeneration applications, 
nerve conduits have become an alternative to autologous 
nerve grafts due to advancements in biomaterials and 
designs[9,10]. Many studies aim to promote peripheral 
nerve regeneration by increasing the conductivity of 
the conduit[11]. In light of this, more polymer-based 
functional nerve-guided conduits are being developed[12,13]. 
Furthermore, a variety of methods, including physical, 
chemical, and biological modifications, have been used over 
the last decade to modify nerve conduits by manipulating 
the factors that increase Schwann cell migration and 
axonal growth, such as surface charge, functional groups 
(-NH2, -COOH), surface topography, growth factors, and 
proteins[14,15]. Surface topography plays an important role 
in guiding the contact of Schwann cells. Multiple studies 
have demonstrated that ordered tracks regulate Schwann 
cell proliferation, differentiation, and neuronal elongation 
direction[16,17]. They have found that Schwann cells migrate 
along nerve conduits with directional tracks, which 
provide the microenvironment for accurate nerve repair. 
In contrast, lack of an oriented topography may lead to 
random growth of nerve tissue and delay regeneration[9]. 
Electrostatic spinning, three-dimensional (3D) printing, 
and microneedle have been used to fabricate topographies 
such as ridge/groove structures, columnar fibers, or 
spherical structures on neural implants[18–23]. However, 
relatively few studies have shown how uniformly aligned 
micron tracks influence cell growth, differentiation, and 
neural regeneration[24]. According to several studies, 
the regeneration of neurons is affected by topology as a 
physical factor[25]. For example, PC12 cells can adhere and 
orient better to nanogrooved surfaces[26]. Micropatterns on 
polyester films modified with graphene oxide nanosheets 
promoted the migration of SCs in a directional direction[27]. 
In the report, SCs migrate fastest along stripes and have 
the strongest adhesion between cells. According to 
Omidinia-Anarkoli et al., grooved fibers facilitate synapse 

alignment, with neuronal axons extending maximally at 
30–100 μm grooved fibers[28]. Micro-nano topologies have 
been demonstrated to effectively induce SC migration and 
orientation without affecting the original physiological 
functions of SCs by Yang et al.[29] In addition, micron-
topological track structures can regulate genes involved in 
myelin formation[30].

It has been found that physisorption or chemical cross-
linking can immobilize many biomolecules on nerve 
conduits to accelerate nerve regeneration, including nerve 
growth factors, DNA, and peptides. These biomolecules, 
however, promote cell attachment and spreading but do 
not regulate cell migration or growth. Hence, the rapid 
proliferation of Schwann cells and directional axonal 
growth can be achieved by introducing both growth factors 
and micron tracks to make suitable nerve conduits.

In this study, a 3D-printed topology micron track 
conduit (MTC) was used to repair long-distance PNI with 
ridge/groove structures and special functional group (-NH2, 
-OH) cues (Figure 1A). The physicochemical properties 
of the prepared hydrogels were investigated, including 
morphology and stress. Various topological cues and factor 
loading were examined in vitro to determine their synergistic 
effects on Schwann cell growth (Figure  1B). Interestingly, 
the MTC had good hemostatic and antimicrobial effects 
(Figure 1C and D). Additionally, we implanted this conduit 
into a 15-mm sciatic nerve defect in Sprague Dawley 
(SD) rats in order to systematically evaluate its effect on 
nerve regeneration (Figure 1E). To evaluate the effects of 
the treatment, morphological, immunofluorescence, and 
electrophysiological analyses were conducted. Furthermore, 
the CatWalk method was used to analyze muscle function. 
For the repair of long-segment peripheral nerve defects, the 
results of this study will provide an important experimental 
and theoretical basis. Peripheral nerve regeneration can be 
improved with the bionic microenvironmental scaffolds 
currently being developed.

2. Materials and methods
2.1. Materials
Chitosan (deacetylation degree 75–85%, molecular weight =  
100,000), acetic acid, acetone, sodium hydroxide, methanol, 
and acetic anhydride are the products of MACKLIN. 
Phosphate-buffered saline (PBS) and dulbecco’s modified 
eagle medium (DMEM) were purchased from Cytiva/
Hyclone. Fetal bovine serum (FBS) was purchased from 
Serapro.

2.2. Fabrication of the MTC and MTC@NT3
One hundred and forty grams of 4% chitosan was added 
to 3500 ml of 2% acetic acid solution and stirred for 2 h 
until all the chitosan was dissolved and filtered through a 
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20 μm diameter filter. As for the MTC@NT3 group, 10 µl 
of neurotrophin-3 (NT-3) was mixed into this solution 
and stirred. The upper layer solution was collected after 
one day of sonication. The 3SPTM E-Denstone Peach was 
printed by EnvisionTEC Micro Plus HD (Germany) into 
a mold with or without 30 μm ridges on the surface. The 
mold was immersed in chitosan solution, pulled out evenly, 
and immersed in 5% NaOH for 5 min. After soaking in 
deionized water overnight, it was dehydrated with acetone 
for 10 min. The chitosan conduit embedded with the mold 
was then immersed in a solution containing a 1:1 mixture 
of methanol and acetic anhydride for 5 min to fix it, and we 
could observe that the chitosan conduit became transparent. 
They were stored in 75% alcohol in a refrigerator at 4°C.

2.3. Morphological and mechanical evaluation of 
MTC and CC
The geometry, structural morphology, and structure of 
the prepared samples were characterized using a light 

microscope (Leica, Germany), a scanning electron 
microscope (Zeiss), and a surface morphometer (Zygo 
NewView 9000, USA). The dried samples were mounted 
on a measuring platform for optical microscopy 
observation. Three samples were photographed at 
the same angle, and the physical measurements were 
statistically analyzed on the acquired images. For 
observation with scanning electron microscopy (SEM), 
the samples were immersed in a fixative solution, 
followed by gradient dehydration in a series of increasing 
concentrations of alcohol. A layer of conductive 
material was deposited on the samples using a sputter 
coater, and the samples were placed in an SEM chamber 
where the electron beam was scanned over the surface 
of the samples at a magnification of 1000x. Finally, the 
surface and internal structure diagrams of MTC and 
commercial conduit (CC) were obtained. Tensile grips 
in tension mode were used to obtain stress–strain curves 
(MALK-10).

Figure 1. Fabrication and characterization of micron track conduit (MTC). (A) Fabrication of chitosan conduits by 3D printing topography. (B) MTC can 
promote Schwann cell-directed growth. (C) MTC has excellent hemostatic effect. (D) MTC has excellent antibacterial effect. (E) MTC promotes nerve 
regeneration and functional recovery from peripheral nerve injury.
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2.4. Cytocompatibility assay
To assess cytocompatibility, we cultured RSC96 cells 
(ATCC, CRL-2764) in a CO2 incubator and then 
inoculated RSC96 onto sterilized MTC. After 1, 3, and 7 
days of culture, RSC96 were stained using the LIVE/DEAD 
activity/cytotoxicity kit. Then, the viability and growth of 
RSC96 were analyzed by fluorescence images captured by 
inverted fluorescence microscopy (ZEISS), where live and 
dead cells were stained green and red, respectively.

2.5. Schwann cell’s directed migration and 
proliferation
To evaluate the effect of MTC on the proliferation of 
primary Schwann cells (harvested from rat), we inoculated 
the isolated primary cells on sterilized MTC and placed 
them in a complete medium for culture. We stained 
with the Red Cell Chromatin Kit from Bestbio Biologics 
(product number: BB-441256). Nine photographs were 
randomly selected in n > 3 culture dishes to count the 
orientation angle to determine the Schwann cell’s directed 
migration.

2.6. Hemolysis test
To test the hemocompatibility of MTC, 50, 100, and 
200  µg of MTC samples were immersed in 1 ml of PBS, 
and rabbit red blood cells were added and incubated at 
37°C to observe the extent of hemolysis. If the substance 
caused complete hemolysis, the tube would appear clear. If 
it caused partial hemolysis, the tube would appear cloudy.

2.7. Antibacterial experiment
To evaluate the antimicrobial properties of MTC, we 
prepared a bacterial culture. The bacteria were cultured 
on an agar plate until fully grown (Escherichia coli: ATCC 
25922, Staphylococcus aureus, ATCC 6538). The MTC was 
cut into 5-mm diameter discs and placed on the surface 
of the agar plates, ensuring they were in contact with the 
bacterial cultures. The plates were incubated at 37°C for 1 
and 3 days. The diameter of the clear area around the plate 
(i.e., the zone of inhibition) was measured using a ruler or 
caliper. The size of the inhibition zone is proportional to 
the antibacterial activity of the MTC. A larger inhibition 
zone indicates stronger antimicrobial activity, while a 
smaller inhibition zone or no zone of inhibition indicates 
weaker or no antimicrobial activity.

2.8. In vivo experiment
The rat sciatic nerve injury model is commonly used 
for studying nerve regeneration and repair. Rats were 
anesthetized, and a small incision was made in the skin 
of the lateral thigh. The sciatic nerve was then exposed, 
and the nerve was transected to create a 15-mm defect. 
After the injury, the wound was repaired with CC, MTC, 
MTC@NT3, or autologous nerve graft, respectively, 

and the wound was closed, and the rat was allowed to 
recover.

2.9. Immunofluorescence
The stained sections were used to identify and quantify 
the presence and distribution of regenerated axons in the 
peripheral nerve sections. The intensity and distribution 
of the NF200 staining indicated the degree of axonal 
regeneration, and the length and density of the stained 
axons provided information on the extent of nerve repair.

2.10. Toluidine blue stain
To assess the quality and quantity of regenerated myelin, 
we performed toluidine blue staining of tissue sections that 
were fixed and dehydrated. The sections were then stained 
with a toluidine blue solution that binds to the acidic 
components of the tissue, including the myelin sheath. The 
stained sections were then dehydrated and mounted for 
microscopic analysis.

2.11. Neurophysiological test
A neurophysiological test (NT) is a test that measures the 
speed of electrical signals traveling through the nerves. 
Electrodes were placed on the skin over the nerve being 
tested, and a small electric shock was applied. The speed 
and strength of the nerve’s response to the shock were 
measured to determine if there was any nerve damage or 
dysfunction.

2.12. Gastrocnemius characterization
To test the maintenance of the target muscle in each group, 
we used MTC, CC, MTC@NT3, and autologous nerve 
graft (Autologous group) for peripheral nerve repair, 
respectively. After 8 and 12 weeks, the gastrocnemius 
muscle was harvested to measure the mean and cross-
sectional areas, and Masson’s staining was performed to 
obtain and analyze the data.

2.13. Sciatic function index
The Sciatic function index (SFI) is used to assess the degree 
of impairment of the sciatic nerve, the largest nerve in 
the body. The CatWalk instrument was used to test the 
calculated SFI (SFI = 109.5(ETS–NTS)/NTS–38.3(EPL–
NPL)/NPL+13.3(EIT–NIT)/NIT–8.8) (N, normal foot; E, 
injured lateral foot; PL, footprint length; TS, toe width; IT, 
middle toe width).

2.14. Statistical analysis
The images obtained in this experiment were analyzed by 
ImageJ software. All numerical data were analyzed using 
Graph Prism Program, Version 7.0 (GraphPad Software, 
Inc., La Jolla, CA, USA) with mean ± SEM (Standard 
Error of Mean). Differences among multiple groups were 
analyzed by one-way analysis of variance (ANOVA). 
When p > 0.05, Tukey’s post hoc test was applied in the 
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homogeneity of variances. Otherwise, Dunnett’s T3 
post hoc test was performed. In all analyses, p < 0.05 was 
considered statistically significant.

3. Results and discussion
3.1. MTC preparation and characterization
The MTC was fabricated by the 3D printing topography 
method, and the mold was made of 3SPTM E-Denstone 
Peach material (Figure 2A). Since the mold surface is 
hydrophobic, MTC was easily peeled off from its surface 
(Figure S1 in Supplementary File). The acetic acid solution 
of chitosan was first dehydrated with acetone, then fixed 
with a mixture of methanol and acetic anhydride, and 
stored in 75% alcohol (Figure 2B). We used SEM to observe 
the fibrous pore structure of MTC (Figure 2C). Then, we 
measured the stress–strain curves of the CC and the MTC 
(Figure 2D) to obtain the mechanical information of the 
respective materials under load. The results showed that 
the MTC fabricated by 3D printing topography did not 
differ significantly from the CC in mechanical strength and 
was able to meet the basic strength of the peripheral nerve 
repair material.

The morphologies of MTC (Figure 2E) and CC 
(Figure S2 in Supplementary File) were analyzed by SEM 
and surface morphometry, respectively. The results are 
shown in Figure 2F. It is clear that the MTC has 12 ± 3 μm 
ridges and 17 ± 4 μm grooves, showing a distinct orientation 
behavior. In addition, the flexibility and compressibility 
of the conduit proved to be excellent (Figure S3 in 
Supplementary File). Furthermore, we performed a rat 
tail hemostasis experiment to observe the hemostatic 
effect of the MTC material (Figure 2G). Figure 2H shows 
that although cotton provided effective hemostasis, 
MTC had a higher hemostatic effect. In neurosurgery, 
hemostasis is very important because the hemostatic 
balance in the neurovascular unit affects peripheral 
nerve regeneration[31,32]. Especially in the presence of 
coagulopathies, nervous damage is exacerbated. It has 
been shown that the oriented spatial structure contributes 
to hemostasis[33,34]. Micron tracks on the inner surface of 
MTCs increased the contact area with blood clotting cells, 
thus influencing the blood clotting time.

3.2. Biocompatibility of the MTC
We further investigated the biological activity of MTC. 
Inoculating RSC96 cells on MTC and observing the 
staining using Calcein-AM/PI double Dead/Live cell 
staining kit[35,36], we found that RSC96 cells showed 
significant proliferation and no significant increase in dead 
cells after 1, 3, and 7 days (Figure 3A). To further confirm 
the effect of different concentrations of MTC leachate on 
cell growth[37], we found no significant difference from 0 

to 5 mg/ml (Figure 3B). In addition, we performed a cell 
viability assay using RSC96 cells cultured on the materials 
as a model. We found that MTC and MTC@NT3 were 
able to support extremely high cell viability (>80%) over 
a 7-day culture period (Figure 3E), showing their excellent 
cytocompatibility. In comparison, there was no significant 
difference in biocompatibility between MTC and CC. 
MTC has excellent biocompatibility, which is essential for 
the development of implants.

3.3. Schwann cell’s directed migration and 
proliferation
Schwann cells have been shown to play an important role 
in axon regeneration and maturation[38,39]. A higher growth 
density of primary Schwann cells was observed on MTC 
compared to CC[40] (Figure 3C). As shown in Figure 3D, 
the synaptic angle of Schwann cells cultured on MTC was 
mostly in the range of 70–110°, whereas Schwann cells 
on the CC grew irregularly. Thus, MTC helps to promote 
the rapid and directional growth of Schwann cells, 
providing the opportunity for axon growth and functional 
recovery.  This phenomenon is inextricably linked to the 
guidance tracks on the inner surface of MTCs. It has been 
shown that the specific structure of the conduit material 
can influence the directional growth of Schwann cells[41–44].

3.4. Hemolytic and antibacterial properties of the 
materials
To test the effect of MTC on blood cells, we used rabbit 
erythrocytes co-cultured with different concentrations of 
MTC[45]. As shown in Figure 3F, the hemolysis ratio of MTC 
was not statistically different from the PBS group (negative 
control group) and was statistically significantly different 
from the water group (positive control group). In addition, 
as an implantable material, antimicrobial properties are 
critical[46]. By altering the 3D structure, many researchers 
have attempted to improve the antimicrobial properties of 
implants. We tested MTC against Staphylococcus aureus 
and Escherichia coli separately using the antimicrobial ring 
method, and the results showed significant antimicrobial 
effects similar to the CC (Figure 3G and H). This may be 
due to MTC increasing the specific surface area of the 
inner surface of chitosan, resulting in particularly high 
antimicrobial efficacy.

3.5. In vivo histologic evaluation
To evaluate the effect of MTC in promoting peripheral nerve 
regeneration in rats, we harvested the distal regenerated 
sciatic nerve of SD rats 8 weeks after repair surgery. By 
immunofluorescence staining with NF200 (Figure  4A) 
and S100 (Figure S4 in Supplementary File)[47,48],  
we could see obvious neuromas in the CC group, which 
would probably cause a series of symptoms such as 
regenerative neuralgia (Figure 4A). In contrast, the MTC 
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Figure 2. Microstructure and hemostatic effect of chitosan conduits. (A) 3D-printed mold with micron tracks. (B) The appearance of MTC and CC can 
be seen as a difference in the inner surface. (C) Electron microscopic microstructure of MTC. (D) Stress–strain curves of MTC and CC. (E) The topology 
of MTC was observed using scanning electron microscopy. The topology of MTC was observed using scanning electron microscopy and surface profile 
meter. (F) The widths of MTC micropatterns were statistically analyzed based on SEM images, respectively. (G) Rat tail hemostasis experiments of MTC. 
(H) Statistical results of the hemostatic response of MTC (ns = not significant, *P < 0.05, **P < 0.01).
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Figure 3. In vitro compatibility of MTC for orderly growth of Schwann cells and antimicrobial action. (A) Dead/Live of RSC96 cells on MTC using Calcein-
AM/PI staining kit. (B) Effect of different concentrations of MTC leachate on cell growth. (C) Cytoplasmic staining to observe the topographical effect of 
MTC and CC (white arrow, the direction of Schwann cell axons) and on the growth of Schwann cells. (D) Distribution statistics of the synaptic angle of 
Schwann cells. (E) The activity of RSC96 cells on MTC at days 1, 3, and 7 was counted using CCK-8, respectively. (F) Absorbance assay was used to test the 
effect of different concentrations of MTC on the hemolysis of rabbit erythrocytes. (G, H) The antimicrobial effect of MTC against S. aureus and E. coli was 
tested using the inhibition ring method (ns = not significant, *P < 0.05, **P < 0.01).
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group and the MTC@NT3 group had a higher density 
of axons, suggesting that the regenerated nerve had a 
better organization (Figure S4 in Supplementary File). In 
addition, we also counted the visual density of regenerated 
axons in immunofluorescence staining using ImageJ. The 
results show no significant difference between the MTC 

group and the CC group, while the MTC@NT3 group 
was able to promote the regeneration of axons more 
significantly (Figure 4B). In week 12, we saw a similar 
pattern (Figure S6 in Supplementary File). Many studies 
have realized that Schwann cells and axons react as a unit 
and that changes in Schwann cells cause corresponding 

Figure 4. Histological characterization of peripheral nerve regeneration promoted by CC, MTC, MTC@NT3, and Autologous. (A) NF200 
immunofluorescence staining to observe axonal regeneration. (B) The measured optical density of NF200 staining in the respective groups. (C) 
Toluidine blue staining of semithin sections showing nerve regeneration. (D) The counted density of myelinated nerve fibers in the respective groups. (E) 
Electrophysiological tests of regenerated nerves. (F, G) CAMP amplitude and CAMP latency statistics of regenerated nerves. (ns = not significant, *P < 
0.05, **P < 0.01.)
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changes in axons and vice versa[49]. In this work, the rapid 
directional migration of Schwann cells might provide 
scaffolding and protection from the misgrowth of nerve 
axons[50].

To further verify the ability of MTC to promote 
peripheral nerve regeneration, we stained nerve myelin 
with toluidine blue (Figure 4C). Figure 4D shows that 
the density of myelinated nerve fibers in MTC@NT3 was 
statistically higher than both the MTC and the CC groups 
and that the MTC group was statistically higher than the 
CC group, indicating that MTC was able to promote myelin 
regeneration. Since the myelin sheath of myelinated nerve 
fibers is mainly composed of Schwann cells, this result is 
consistent with Figure 3C.

We also evaluated the electrical conductivity of the 
regenerated nerves using neurophysiological instruments 
(Figure 4E). The results show that in terms of CAMP 
amplitude, the MTC@NT3 group was higher than the 
MTC and CC groups and was close to the Autologous 
group level (Figure 4F), and in terms of CAMP latency, 
the MTC group was shorter than the CC group, while the 
MTC@NT3 group was similar to the Autologous group 
(Figure 4G). This may be because NT3 promoted axonal 
regeneration and never had a higher amplitude of nerve 
electrical conduction. Moreover, the presence of micron 
tracks promoted the orderly regeneration of myelin, thus 
reducing the neuroelectric conduction delay. It is well 
known that the conduction velocity of myelinated nerve 
fibers is much higher than that of unmyelinated nerve 
fibers, and the degree of integrity of the myelin sheath 
greatly affects the electrical conduction performance 
of nerves[51,52]. By increasing myelin orientation and 
thickness, nerve conduction is moderately enhanced[53]. 
The difference in electrical conduction in regenerating 
nerves is mainly due to the directional and rapid growth 
of Schwann cells that wrap around nerve axons to form 
myelin sheaths.

3.6. Gastrocnemius maintenance
As shown in Figure S5 (Supplementary File), the complete 
degradation of CC and MTC took more than 36 weeks, 
enough time to support the reinnervation of the regenerated 
nerve to the target muscle. The rat gastrocnemius muscle 
was collected, weighed, and Masson-stained 8 weeks after 
the implantation surgery to verify the maintenance effect 
of different materials on the target organ[54]. As shown in 
Figure 5A, we induced a 15-mm long-distance sciatic nerve 
injury model in SD rats and repaired them with CC, MTC, 
MTC@NT3, and Autologous, respectively, and the MTC 
and MTC@NT3 groups had higher muscle cross-sectional 
area and wet weight than the CC group (Figure 5D). This 
is also consistent with the results in Figure 5B and C. We 

hypothesized that the nerve conduit with tracks could 
promote faster regeneration of the severed sciatic nerve, thus 
achieving reinnervation of the putative muscle earlier and 
further serving to maintain the appearance and morphology 
of the target muscle. In week 12, we can see a similar pattern 
(Figure S6 in Supplementary File). To further demonstrate 
that CC with MTC does not cause excessive inflammation, 
we performed HE staining and TNF-α immunofluorescence 
staining of the surrounding tissue 1 week after subcutaneous 
implantation (Figure  S7 in Supplementary File), which 
showed no significant difference between the CC and 
MTC groups (Figure S8 in Supplementary File). As an 
important target organ of the sciatic nerve, maintaining 
the condition of the gastrocnemius muscle often affects 
functional recovery. Muscle wet weight, cross-sectional area, 
and muscle fiber density are the indicators of muscle status. 
MTC and MTC@NT3 can better maintain target muscle 
size and lay the foundation for functional recovery after 
nerve reinnervation.

3.7. Functional evaluation of regenerative nerves
To further evaluate how well MTC promotes functional 
recovery, we used the CatWalk instrument to analyze 
plantar pressures and footprints in model rats[55]. Although 
the MTC@NT3 and MTC groups had significantly 
improved function compared to the CC group, there 
were still differences compared to the uninjured sham 
group (Figure 5E and F). As shown in Figure 5G, SFI was 
better in the MTC@NT3 group compared with the MTC 
and CC groups, suggesting that MTC@NT3 effectively 
promoted functional recovery in the 15-mm sciatic nerve 
injury model in SD rats. We can conclude that the targeted 
guidance of MTC and the release of NT-3 factor enhance 
the regeneration of the sciatic nerve.

Three-dimensional printing technology has been 
widely used in the field of tissue engineering and 
regenerative medicine to create custom-made scaffolds 
that can support the growth and differentiation of cells. The 
scaffolds are designed to mimic the structure and function 
of natural tissues, providing a framework for new tissue 
growth and regeneration[56–60]. PNI is a common problem 
that can lead to the loss of motor and sensory function. 
Regenerating damaged peripheral nerves is a major 
challenge in the field of regenerative medicine[15,61–63]. One 
promising approach is to use neurotrophic factors, such 
as neurotrophin-3 (NT-3), which promotes nerve growth 
and regeneration[64–68]. Chitosan is a natural polysaccharide 
widely used as a biomaterial in tissue engineering and 
regenerative medicine. It has been shown to have excellent 
biocompatibility and biodegradability, making it an ideal 
material for scaffold fabrication and other biomedical 
applications[69–72]. Recent studies have investigated the 
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Figure 5. Functional effects of CC, MTC, MTC@NT3, and Autologous repair of peripheral nerves. (A) SD rat 15-mm long-distance defect model. 
(B) Observation of gastrocnemius maintenance. (C) Gastrocnemius muscle underwent Masson staining. (D) Gastrocnemius muscle cross-sectional area 
and wet weight in respective groups. (E) Pressure pattern map of the foot after repair of the rat nerve injury model. (F) Footprint map of the rat nerve injury 
model after repair. (G) Statistical map of sciatic nerve function index (ns = not significant, *P < 0.05, **P < 0.01).
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application of chitosan scaffolds to promote peripheral 
nerve regeneration after injury. Researchers found that 
chitosan scaffolds implanted in rats with sciatic nerve 
injury significantly improved nerve regeneration and 
functional recovery[73,74]. Other studies have investigated 
the application of chitosan scaffolds loaded with NT-3 
to promote nerve regeneration after injury. The results 
showed that chitosan scaffolds loaded with NT-3 
significantly improved nerve regeneration and functional 
recovery compared to scaffolds without NT-3[75,76]. These 
studies suggest that by combining the unique properties 
of chitosan with NT-3 with the advantages of 3D printing 
technology, researchers may be able to create customized 
scaffolds that support nerve growth and regeneration in 
a targeted and effective manner[77–79]. The combination 
of 3D printing, PNI, NT-3, and chitosan holds great 
promise for developing effective therapies for nerve injury 
and other tissue regeneration applications. Overall, this 
work combined the potential of these technologies and 
optimized their use in clinical applications (Figure 6).

4. Conclusion
In conclusion, we successfully prepared a bionic 
microenvironmental neuroprosthetic conduit with 10–30 
μm tracks to synergistically promote peripheral nerve 
regeneration using 3D printing topography technology and 
biological drug delivery. The prepared conduit with intact 
and stable micron structure and neural factors not only 
has good potential for peripheral nerve regeneration with 
good properties of inducing directional growth of Schwann 
cells, but also significantly promotes the regeneration 
and functional recovery of axons. The channels on MTC 
serve as a physical guide for the regeneration of axons, 
which are the lengthy extensions of nerve cells responsible 
for transmitting electrical signals. By creating a path for 
axonal growth and aligning them, the MTC can facilitate 
the healing of damaged or severed nerves. Research 

has demonstrated that the MTC can promote nerve 
regeneration in both in vitro and in vivo models. Apart 
from providing a physical template, the MTC also has a 
role in regulating the local microenvironment. The MTC 
can bridge the gap between the two ends of a severed 
nerve and act as a conduit for the delivery of growth 
factors and other biomolecules that further enhance nerve 
regeneration. MTC will provide an important reference for 
the construction of peripheral nerve regeneration conduits 
with both physical effects (3D topography) and chemical 
effects (factors-loading). This study is expected to provide 
an important experimental and theoretical basis for the 
design of functional artificial neural implants.
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