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Abstract 
Spinal cord injury (SCI) causes severe neural tissue damage and motor/sensory 
dysfunction. Since the injured spinal cord tissue has limited self-regeneration ability, 
several strategies, including cell therapy, drug delivery, and tissue engineering scaffold 
implantation, have been employed to treat SCI. However, each of these strategies fails to 
obtain desirable outcomes due to their respective limitations. In comparison, advanced 
tissue engineering scaffolds with appropriate topographical features, favorable 
composition, and sustained drug delivery capability can be employed to recruit 
endogenous neural stem cells (NSCs), induce neuronal differentiation, and facilitate 
neuron maturation. This can lead to the regeneration of injured spinal cord tissue and the 
recovery of motor function. In this study, fiber bundle-reinforced spinal cord extracellular 
matrix hydrogel scaffolds loaded with oxymatrine (OMT) were produced through near-
field direct write electrospinning. The spinal cord extracellular matrix-based hydrogel 
was then coated with OMT. The physical/chemical properties and in vitro degradation 
behavior of the composite scaffolds were investigated. The in vitro cell culture results 
showed that composite scaffolds loaded with OMT promoted the differentiation of NSCs 
into neurons and inhibited differentiation into astrocytes. The in vivo results showed 
that the composite scaffolds loaded with OMT recruited NSCs from the host tissue, 
promoted neuronal differentiation and axon extension at the lesion site, inhibited glial 
scar formation at/around the lesion site, and improved the recovery of motor function in 
rats with SCI. To sum up, 3D-printed microfiber-reinforced spinal cord extracellular matrix 
hydrogel scaffolds loaded with OMT are promising biomaterials for the treatment of SCI.
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1. Introduction
Spinal cord injury (SCI) can result in serious damage to the 
central nervous system. It is caused mainly by trauma and 
has an annual global incidence of about 10.4–83 cases per 
million[1,2]. SCI can cause motor, sensory, and autonomic 
dysfunction below the level of the injury[3,4]. The pathological 
process of SCI is complex but can be divided into two 
stages: a primary injury that leads to neuronal and axonal 
rupture, necrosis, and demyelination; a secondary injury 
that consists of various pathophysiological mechanisms, 
including local hemorrhage, ischemia, edema, ion 
imbalance, free radical stress, and inflammatory responses. 
Ultimately, local inhibitory protein expression increases 
local scarring and cystic cavity formation, and this local 
inhibitory microenvironment is detrimental to neural 
tissue regeneration[5-9]. Although partial recovery can be 
achieved in patients with SCI, their recovery and quality 
of life would still be undesirable due to the high incidence 
of complications, such as urinary tract infections and 
pressure ulcers[10,11]. Current strategies to treat SCI include 
traditional drug therapy, cell therapy, gene therapy, and 
tissue engineering scaffold implantation. These strategies 
cannot fully repair SCI, but are only able to alleviate 
symptoms and reduce complications[12]. Therefore, it is 
imperative to explore effective therapeutic strategies.

Three-dimensional (3D) printing for making 
advanced tissue engineering scaffolds is an emerging 
technology. Its advantage is that it endows scaffolds with 
a customized shape, biomimetic structure, and tailored 
porosity. Through this technology, many tissues and 
organs have been made[13,14]. Meanwhile, biomolecules and 
even living cells can be encapsulated within 3D-printed 
scaffolds to obtain enhanced functionality. The selection 
of biomaterials is crucial for the therapeutic effect, and 
a desirable bioscaffold should be based on excellent 
biocompatibility, mechanical strength, biodegradability, 
and bioactivity. Polycaprolactone (PCL) is a biodegradable 
polymer with good mechanical properties that can provide 
physical support for spinal cord regeneration. However, the 
biological activity of PCL is relatively poor. The hydrogel 
has good biological activity but poor mechanical strength, 
so the combination of the two can satisfy the requirements 
of the scaffold in mechanical strength and biological 
activity.

In recent years, decellularized extracellular matrix 
(ECM) has been widely used as the material matrix or 
additive to fabricate tissue engineering scaffolds with 
improved composition and similarity. They have been used 
to repair/regenerate bone[15,16], cartilage[17,18], muscle[19], 
skin[20], heart[21-23], blood vessels[24], bladder[25], kidney[26], 
vocal cords[27], nerves[28], uterus[29], and esophagus[30,31]. 

The ECM of the central nervous system constitutes a 
complex 3D network that participates in the regulation 
of cellular functions in the central nervous system and 
promotes axonal regeneration after injury[32]. In our 
previous study, decellularized spinal cord scaffolds were 
implanted in rats with a spinal cord hemisection with the 
goal of promoting axon regeneration and motor function 
recovery[33]. Considering that the spinal cord ECM 
hydrogel retains the original extracellular components, 
it can act as a desirable microenvironment to induce 
favorable cellular responses. 

Oxymatrine (OMT) is a quinazoline alkaloid isolated 
from the root of Sophora flavescens. It has anti-inflammatory, 
anti-fibrotic, and anti-tumor activities. It is used to treat 
viral hepatitis, cancer, viral myocarditis, gastrointestinal 
bleeding, and skin diseases[34,35]. Researchers have 
confirmed that OMT plays an important role in the 
protection and repair of spinal cord injury because it can 
greatly restore motor function by reducing oxidative stress, 
inflammatory responses, and apoptosis[36,37]. In addition, 
the anti-fibrotic effects of OMT suggest that it has the 
potential to prevent local scar formation after SCI.

In this study, we fabricated microfiber-reinforced 
spinal cord ECM hydrogel-based scaffolds loaded with 
OMT by 3D printing technology. The biocompatibility, 
degradability, cumulative release of OMT, and mechanical 
property of the composite scaffolds were verified in vitro.

 The composite scaffolds were implanted into a semi-
transected part of the spinal cord in rats to study its repair 
effects on SCI and to find a new method for treating SCI. 
Our study found that the composite scaffold could guide 
the directional growth of axons, reduce scarring, and 
promote the recovery of motor function in rats.

2. Materials and methods 
2.1. Fabrication of the bracket
2.1.1. Spinal cord decellularized scaffold
Healthy adult Sprague-Dawley (SD) rats (purchased 
from Changsha Tianqin Biotechnology Co., Ltd.) 
were anesthetized with 3% sodium pentobarbital by 
intraperitoneal injection. Each rat was fixed on the 
operating table in the prone position, and about 3 cm of 
the thoracic spinal cord was removed for future use. The 
spinal cord tissues were frozen at −80°C for 1 h and then 
thawed at room temperature. They were soaked in double-
distilled water for 6 h, with water changes every hour. The 
spinal cord tissues were then placed in 1% TritonX-100 
phosphate buffer and shaken at room temperature for 3 h 
(25°C, 100 rpm). They were then further shaken and rinsed 
with double-distilled water for 3 h with water changes every 
hour. They were placed in 1% sodium deoxycholate buffer 
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and shaken continuously for 3 h at room temperature. 
They were shaken and rinsed with double-distilled water 
for 3 h with water changes every hour. The above steps 
were repeated once. The extracted spinal cord was placed 
in sterile phosphate buffer saline (PBS, 0.01 mol/L, pH 7.2) 
and stored in a refrigerator at 4°C for later use. After setting 
the freeze-dryer program, the spinal cord decellularized 
scaffold was freeze-dried for 24 h, after which it was stored 
for later use.

2.1.2. Spinal cord ECM hydrogel
The rat acellular spinal cord (ASC) scaffold was ground 
and digested into a matrix solution using liquid nitrogen 
and then mixed with polymer materials, such as water, 
gelatin, β-cyclodextrin, polyethylene glycol diacrylate, and 
a photoinitiator. The mixed material was divided into two 
parts. One part was kept as the original polymer solution, 
and the other was loaded with OMT to prepare a spinal 
cord ECM drug-loaded hybrid polymer solution. The 
spinal cord ECM hydrogel was then irradiated with 300–
410 nm ultraviolet light for 5–15 min.

2.1.3. Polycaprolactone microfiber
The organic polymer PCL was dissolved in the organic 
solvent trifluoroethanol to form a polymer solution. The 
polymer solution was transferred to an electrospinning 
machine to prepare PCL microfibers with the same 
orientation.

The abovementioned spinal cord ECM hydrogels and 
OMT-loaded supramolecular hydrogels were uniformly 
coated on PCL microfibers, which were then slowly curled 
lengthwise into a cylindrical-like structure (similar to the 
spinal cord morphology), about half the diameter of the 
adult rat spinal cord and subjected to UV light irradiation. 
The 3D-printed spinal cord ECM hydrogel microfiber 
scaffolds loaded with OMT were obtained by crosslinking. 
The prepared composite scaffolds were packaged, sterilized 
with cobalt-60 gamma rays (3K GY), and stored at a low 
temperature for future use (Figure 1).

2.2. Scanning electron microscopy 
A scanning electron microscope (SEM) (Zeiss, Germany) 
was used to observe the scaffold surface and cross-sectional 
morphology. The prestored composite scaffold was taken 
out, and its surface was sprayed with gold, observed, and 
photographed with a SEM at a voltage of 3 kV.

2.3. Scaffold degradation test
The degradation rate of the scaffolds was tested by weighing 
them under dry conditions (Wo) and placing them in a 
PBS solution at room temperature. The PBS solution was 
replaced every 3 days. The scaffolds were removed at 2, 
4, 6, and 8 weeks, frozen, and then freeze-dried. Their 

weight  (Wt), degradation rate, and ratio to the original 
weight were determined. 

Degradation rate = (Wt − Wo)/Wo × 100%

2.4. Cumulative release of OMT
The in vitro sustained release behavior of OMT was 
determined by dialysis. The samples were placed in a 
dialysis bag (MWCO: 1000), then 50 mL PBS (pH 7.4) 
solution was added and oscillated on a shaker set at 75 r/min  
and a constant temperature of 37°C. At the set time node, 
2 mL of the released solution was removed and the same 
volume of fresh PBS was added. The concentration of OMT 
in the medium was determined by high-performance 
liquid chromatography (HPLC). 

2.5. Testing the mechanical properties of the 
scaffold
Tensile and compression tests were carried out on each 
group of scaffold samples at 37°C, and the strain rate 
was set at 2 mm/min. The same test was repeated three 
times.

2.6. In vitro co-culture
2.6.1. Seeding of neural stem cells 
The scaffolds were placed in 96-well plates, and the second-
generation neural stem cells (NSCs) were seeded with a 
pipette on the sterile scaffolds at a density of 1 × 106 cells/mL.  
A control group was set.

2.6.2. In vitro viability assay of NSCs
Cell viability was assessed using a calcein-AM/propidium 
iodide (PI) cell double-staining kit. NSCs (1 × 105 NSCs) 
were resuspended in centrifuge tubes and seeded in 
96-well plates. After 12 h, the medium was changed to 
a proliferation medium. NSCs were seeded in 96-well 
plates loaded with scaffold (control group) and scaffold 
+ OMT (treated group). They were then double-stained 
with calcein-AM and PI at 37°C for 15 min. Observation 
and photography were carried out with a laser confocal 
microscope.

2.6.3. Immunofluorescence staining
Cells were fixed with 4% paraformaldehyde fixative, rinsed 
three times with PBS at room temperature, and blocked with 
10% goat serum blocking solution at room temperature for 
1 h. Cells were incubated with primary antibodies (TUJ1, 
MAP2, GFAP, dilution ratio: 1:200) overnight at 4°C 
and then with the corresponding fluorescent secondary 
antibodies (dilution ratio: 1:800) at room temperature for 
1 h. The whole process was done in a dark room and away 
from light. An appropriate amount of 4’,6-diamidino-2-
phenylindole (DAPI) dye solution was added for 30 min. 
The cells were then observed and photographed under a 
confocal microscope.
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2.7. Establishment of a rat spinal cord 
hemitransection injury model and implantation of 
scaffolds
The rats were randomly divided into four groups: (i) sham 
group (only laminectomy without spinal cord injury,  
n = 10), (ii) SCI group (simple injury group without stent 
transplantation, n = 10), (iii) scaffold group (implantation 
of a scaffold after spinal cord injury, n = 10), and (iv) 
scaffold + OMT group (scaffold + OMT implanted after 
spinal cord injury, n = 10).

 Under sterile conditions, the composite scaffold was 
pruned into cylindrical segments with a length of 2 mm 
for in vivo implantation. The specific surgical steps were 
as follows (as shown in Figure 2): 40 female SD rats were 
fed adaptively for 1 week. The night before the surgery, 
the rats were fasted but had access to water. All rats were 
anesthetized by 3% sodium pentobarbital (1 mL/kg) via 
intraperitoneal injection. The fur on the back was cleaned 
with 75% medical alcohol. The back of the rats was then 
shaved to expose their skin. The rats were placed in a prone 

Figure 1. Fabrication by 3D bioprinting and implantation of spinal cord extracellular matrix (ECM) hydrogel microfiber scaffolds equipped with 
oxymatrine (OMT).

Figure 2. Characterization of scaffolds. (A) Normal spinal cord tissue. (B) Spinal cord decellularized scaffold. (C) PCL microfiber structure. (D) General 
morphology of the 3D-bioprinted composite scaffold. (E–H) Microstructure of scaffolds scanned by SEM. The images of scaffold and scaffold + OMT show 
parallel microfibers of the same thickness and hydrogels attached to the fibers. The inside of the scaffold showed uniform and dense pores, which could 
facilitate the growth of NSCs and the exchange of nutrients. Scale: 100 μm. 
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position on the animal operating table, and the limbs and 
heads were fixed. A towel with routine disinfection (iodine) 
was spread over the surgical site at the T10 level. The skin 
along the posterior midline was cut, and the musculature 
and soft tissues were bluntly dissected layer by layer to 
expose the vertebral body. A laminectomy was performed 
at T8–T12 using a rongeur (corneoscleral forceps). This 
was done under a microscope and under sterile conditions. 
A cut was made 2 mm left of the spinal cord segment at the 
level of T10 to form a 2.0-mm gap on the T10 spinal cord. 
A small suction device was used to aspirate the transected 
spinal cord tissue. The rat’s left hind limb twitched, the left 
foot was dorsiflexed, and the muscles were relaxed and 
weak, indicating that the modeling was successful. The 
surgical port was flushed with 0.9% physiological sodium 
chloride. Following sufficient hemostasis after spinal cord 
injury, the corresponding scaffolds of each group were 
immediately transplanted to the defect site. The wound was 
sutured layer by layer and sterilized again with iodophor. 
Rats were resuscitated on an electric blanket and given a 
dose of penicillin to prevent infection.

2.8. Postoperative care and infection prevention
After the surgery, the rats were marked and kept in separate 
cages according to their group. Attention was given to the 
general condition and activities of the rats after the surgery. 
The rats were manually assisted daily with passive activities of 
both lower limbs. This was to avoid joint stiffness and muscle 
atrophy of the lower limbs so as not to affect the assessment 
of motor function. The rats’ bladders were manually 
massaged daily for 2 weeks to assist in urination and reduce 
complications, such as urinary tract infection. Intramuscular 
injection of penicillin was given once a day for 1 week after 
surgery. Then, antibiotics or physiological sodium chloride 
solution were appropriately injected according to the rats’ 
urine color, health status, and mental state. The litter was 
cleaned up frequently to keep the cage dry.

2.9. Assessment of motor function
Basso–Beattie–Bresnahan’s (BBB) score was used to 
evaluate the recovery of hind limb motor function in rats 
after SCI. Scores were performed weekly for 1–8 weeks 
after surgery. A score of 0 means complete loss of motor 
function of the hind limbs, and a score of 21 means that 
the motor function of the hind limbs was normal. The 
behavioral assessment was independently completed by 
two experimenters who did not know the grouping. To 
avoid the impact of bladder filling on exercise, the rats 
were massaged for urination before the measurement.

2.10. Heart perfusion, sampling, and sectioning
Eight weeks after the surgery, the experimental rats were 
anesthetized by 3% sodium pentobarbital (1 mL/kg) via 
intraperitoneal injection and fixed in the supine position 

on the animal operating table. Routine disinfection and 
draping of towels were performed. After the onset of 
anesthesia, the skin of the rat chest was incised with a 
scalpel, and the subcutaneous tissue was bluntly stripped 
to expose the sternum and left rib. The pericardium was 
opened. An indwelling needle with suitable size was used 
to pierce the left ventricle at the apex of the heart, and 
the assistant helped to fix the needle to prevent it from 
withdrawing. An incision of about 5 mm was made in the 
right atrial appendage with ophthalmic scissors. First, a 
250-mL syringe was used to extract physiological sodium 
chloride through the left ventricle. Perfusion was continued 
until the fluid flowing from the right atrial appendage 
became clear and transparent. At the same time, the rat’s 
lung tissue and liver became pale and highly swollen. At 
this time, a 4% paraformaldehyde solution was used for 
continuous perfusion (whole-body muscle tremors were 
seen during the process, indicating the perfusion effect was 
good). After the perfusion was complete, the spinal cord 
tissue was removed and placed in a 4% paraformaldehyde 
solution. It was soaked in the test tube overnight. The next 
day, it was removed for gradient dehydration treatment 
with 15% and 30% sucrose solution or stored in a −80°C 
freezer. Finally, the embedded tissue blocks were placed in 
a cryostat for sectioning. The thickness of the slices was 
6–15 μm. The sections could be directly stained or stored 
in a −80°C freezer.

2.11. Hematoxylin–eosin (H&E) staining
Selected sections were rinsed three times with PBS for 
5 min each, hematoxylin staining solution for 5 min, tap 
water for 2 min, hydrochloric acid alcohol differentiation 
solution for 3 s, tap water for 2 min, and ammonia water 
for 3 s to blue. Sections were stained with eosin staining 
solution for 2 min and rinsed with tap water for 2 min. 
The sections were sequentially placed in 80% ethanol, 90% 
ethanol, and 100% ethanol twice for 1 min each time and 
put in xylene two times for 5 min each time. The sections 
were then placed in a fume hood to dry. After sealing with 
neutral gum, they were observed under a microscope.

2.12. Nissl staining
The washed sections were immersed in Nissl staining 
solution in a staining box, which was placed in a 37°C 
incubator, for 7 min. The sections were rinsed two times 
with PBS for 30 s each time, and placed in 95% ethanol 
for 30 s and in xylene solution two times for 5 min each 
time. Then, the sections were placed in a fume hood to dry. 
After sealing with neutral gum, the sections were observed 
under a microscope.

2.13. Immunofluorescence staining
The sections were selected and rinsed three times with PBS 
for 5 min each time. The washed sections were placed in 
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TE9.0 antigen retrieval solution in a 60°C water bath for 4 h. 
The sections were taken out, cooled at room temperature 
for 15–30 min, and rinsed three times with PBS for 5 min 
each time. The sections were placed in a humidor, and 
10% goat serum was added dropwise for blocking at room 
temperature for 1 h. Primary antibodies (nestin, TUJ1, 
MAP2, GFAP) were added and incubated with the sections 
in a humidor at 4°C overnight. The sections were rinsed 
three times with PBS for 5 min. A fluorescent secondary 
antibody (operated in a dark room) was added, and the 
sections were incubated at room temperature for 1 h in the 
dark. The sections were rinsed three times with PBS for 
5 min (operating in a dark room). After the sections had 
dried, DAPI mounting medium was added dropwise. A 
coverglass was placed, and then the upper and lower ends 
of the coverglass were fixed with colorless nail polish. The 
sections were observed and photographed using a laser 
confocal microscope.

2.14. Statistical analysis
All experimental data were processed and plotted using 
GraphPad Prism 8.0. The data are expressed as the mean ± 
standard deviation (SD). ANOVA was used to test whether 
the obtained data had a statistical difference, and p < 0.05 
indicated a statistical difference between the data.

3. Results
3.1. Characterization of scaffolds
Microfiber bundle-reinforced spinal cord ECM hydrogel 
scaffolds loaded with OMT were fabricated by near-field 
direct write electrospinning of aligned PCL microfiber 

bundles, coating of the spinal cord ECM hydrogel 
precursor on the PCL microfiber bundles, wrapping of the 
microfiber bundles/hydrogel layer into a cylindrical shape, 
and crosslinking with UV (Figure 2). Figure 2C shows 
the fibrous PCL bundles printed by near-field direct write 
electrospinning. It can be seen that the PCL microfibers were 
arranged in a linear and parallel manner. Figure 3D shows 
the macroscopic morphology of the composite hydrogel 
scaffold, which had a cylindrical shape. The microstructure 
of the scaffold was observed by SEM (Figure 2E–H). The 
composite scaffold had a biphasic structure in which a 
cylindrical spinal cord ECM hydrogel was penetrated 
longitudinally by the aligned microfiber bundle (Figure 2G). 
The freeze-dried spinal cord ECM hydrogel of the composite 
scaffold exhibited a porous honeycomb-like structure in 
which numerous internal pores were evenly distributed.

The in vitro degradation of the composite scaffolds was 
investigated (Figure 3A). The weight loss of the composite 
scaffolds gradually increased with increasing incubation 
time. No obvious degradation was observed in the initial 
2  weeks. The degradation rate increased slowly in weeks 
2–4, while the degradation rate increased rapidly in weeks 
4–8. This demonstrated an accelerated scaffold degradation 
behavior. It is worth noting that the scaffold was not 
completely degraded at 8 weeks; the remaining weight was 
about 50%. This indicated that the scaffold’s stability was 
sufficient to provide support for long-term nerve tissue 
regeneration.

Figure 3B shows the cumulative release curve of OMT. 
OMT can be released continuously from the scaffold, with 

Figure 3. Characterization of scaffolds. (A) In vitro scaffold degradation curve. (B) Cumulative release curve of OMT in vitro. (C) The tensile strength and 
elastic modulus of the scaffold. (D) The compressive strength and elastic modulus of the scaffold.
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rapid release in the first 2 weeks and slow release after 
2  weeks. The cumulative release of OMT at 30 days was 
80.32 ± 7.1%, indicating that OMT can achieve sustained 
release in vitro.

Figure 3C and D show the PCL scaffold, PCL/hydrogel 
scaffold, and PCL/hydrogel/OMT scaffold with similar 
tensile strengths (4.29 ± 0.98, 4.59 ± 0.60 mm, 5.00 ± 
1.19 MPa) and elastic moduli (16.92 ± 1.27, 18.43 ± 3.09, 
18.91 ± 2.90 MPa) (p > 0.05), compressive strengths (0.53 ±  
0.15, 0.55 ± 0.14, 0.57 ± 0.13 MPa), and elastic moduli 
(1.67 ± 0.21, 1.66 ± 0.16, 1.69 ± 0.17 MPa) (p > 0.05), 
indicating that the composite scaffold had superior tension 
and compressive capacity, and could provide favorable 
living conditions for nerve regeneration.

3.2. In vitro biological performance of the composite 
scaffolds 
The NSCs were co-cultured with the scaffolds, and the 
effect of the scaffolds on the viability and growth state 
of the NSCs was determined by the live and dead assay. 
Compared to the control group, the survival rates of 
NSCs in the scaffold group (83.96 ± 3.99%) and the 
scaffold + OMT group (93.71 ± 1.04%) were significantly 
higher (Figure 4C and F), suggesting that the composite 

scaffold and drug-loaded composite scaffold had sufficient 
biocompatibility for NSC growth.

NSCs co-cultured with scaffolds were subjected to 
immunofluorescence staining for TUJ1, MAP2, and GFAP 
to study the effect of drug-loaded scaffolds on in vitro 
NSC differentiation (Figure 4D and Figure S1). The results 
showed that both a drug-free scaffold and OMT-loaded 
scaffold could promote the differentiation of NSCs into 
neurons, as indicated by more TUJ1+ and MAP2+ cells. The 
effect on the neuronal differentiation of NSCs was more 
evident in the scaffold + OMT group than in the scaffold 
group (p < 0.05). On the contrary, differentiation of NSCs 
into astrocytes was significantly reduced in the scaffold + 
OMT group (p < 0.05).

3.3. Composite scaffolds loaded with OMT promoted 
motor function recovery
Eight weeks after surgery, cardiac perfusion samples were 
obtained. The gross observation showed that the texture 
of the lesion region filled either with the scaffold alone or 
OMT-loaded scaffold was similar to that of the uninjured 
spinal cord tissue. The scaffolds with or without OMT 
were well fused with the host spinal cord tissue. In 
the SCI group, defects/cavities could still be found 

Figure 4. Biocompatibility of composite scaffolds. (A) Representative image of NSC morphology under a light microscope. (B) Nestin and SOX2 
immunofluorescence-labeled NSCs. (C) Dead and alive assay of co-cultured NSCs with scaffolds; green represents live cells, and red represents dead cells. 
(D) Representative images of immunofluorescence staining of TUJ1, MAP2, and GFAP after NSCs were co-cultured with scaffolds for 7 days. (E) Quantitative 
analysis of nestin and SOX2 immunofluorescence staining. (F) Survival analysis of NSCs. (G) Semi-quantitative analysis of TUJ1 immunofluorescence 
staining. (H) Semi-quantitative analysis of MAP2 immunofluorescence staining. (I) Semi-quantitative analysis of GFAP immunofluorescence staining. All 
data are presented as the mean ± SD; n = 3 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the control group. ##p < 0.01 vs. the scaffold group. 
Scale bars = 50 μm (B–D).
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in the lesions, and severe scarring was also observed 
(Figure 5A). After SCI, the rats lost motor function in the 
left hind limb. Rats were assessed weekly after surgery for 
8 weeks through BBB scores (Figure 5D). One to 2 weeks 
following surgery, the motor function in the hind limbs 
of rats in each group had not recovered significantly, and 
there was no significant difference in BBB scores among 
the different groups. However, at 3–8 weeks after the 
surgery, the scaffold-implanted rats showed sustained 
motor function recovery.

Longitudinal slices of the injured spinal cord were 
sectioned for H&E staining analysis (Figure 5B). Compared 
with the sham group, the SCI group exhibited a large 
number of visible voids with varied sizes and structures. 
In the scaffold group and scaffold + OMT group, the lesion 
site was compact and dense, and cells that had migrated 
from the host tissue could be observed. The Nissl staining 
results showed that there were no new neurons or Nissl 
corpuscles but many large cavities in the lesions in the 
SCI group. New neurons and Nissl bodies (in blue-purple 
color) were observed in the two groups with scaffolds 

with/without OMT. The scaffold + OMT group induced a 
significantly higher density of Nissl bodies than the other 
two groups (Figure 5E and F).

3.4. Composite scaffolds loaded with OMT promoted 
spinal cord tissue regeneration
Nestin, TUJ1, and MAP2 immunofluorescence staining 
was conducted to detect the regeneration of new neurons 
at the lesion site (Figure 6). The results showed that in the 
scaffold group and scaffold + OMT group, a small amount 
of nestin+ cells and TUJ1+ nerve tissue was found in the 
lesion site. However, no apparent newly regenerated nerve 
tissue was found in the lesions in the SCI group, suggesting 
that without the guidance of biological scaffolds after SCI, 
it was difficult for NSCs to migrate into the lesion site and 
establish new nerve conduction. We also found that TUJ1+ 
neural tissue at the lesion site was longitudinally aligned 
in both groups with implanted composite scaffolds. 
This indicated that the parallel-arranged microfiber 
structures of the microfiber-reinforced spinal cord ECM 
hydrogel scaffolds could provide topographical guidance 
for neurite outgrowth to achieve more efficient nerve 

Figure 5. Assessment of histology and motor function. (A) Rat spinal cord tissue was obtained 8 weeks after the surgery, and the red box is the lesion site. 
(B) H&E-stained image of spinal cord longitudinal section. (C) Representative images of hind limb motor function recovery of rats in each group after 
the surgery. (D) Results of the BBB score of rats in each group from 1 to 8 weeks after surgery. (E) Representative images of Nissl staining results in each 
group 8 weeks after surgery. (F) Quantitative analysis of Nissl staining. n = 3, **p < 0.01 vs. the control group. ##p < 0.01 vs. the scaffold group. Scale bar = 
1 mm (B) and 50 μm (B, E).
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regeneration. In addition, although TUJ1+ neurons were 
detected in the spinal cord lesions of the scaffold groups 
with/without OMT, the number of TUJ1+ neurons in the 
scaffold + OMT group was significantly higher than in 
the scaffold group (p < 0.05). Furthermore, the number of 
TUJ1+ neurons in the scaffold and scaffold + OMT groups 
were considerably higher than in the SCI group (p < 0.01). 
However, there was no statistical significance in nestin+ 
cells between the two groups. The above results suggested 
that implanting composite scaffolds with aligned features 
after SCI could promote the generation of new neurons 
in the injury site. The sustained release of OMT from 
drug-loaded composite scaffolds could further enhance 
neuron regeneration. This might be attributed to the fact 
that OMT could drive more endogenous NSCs to migrate 
to the center of the lesion along the PCL microfiber track 
and differentiate into neurons.

3.5. Composite scaffolds loaded with OMT alleviated 
glial scarring
Immunofluorescence staining for GFAP and MAP2 in the 
lesion areas showed that the composite scaffold had an 
inhibitory effect on GFAP expression (Figure 7). Fewer 
GFAP+ cells and many MAP2+ cells were observed in the 
sham group. The lesion in the SCI group presented a large 
cavity, and almost no cells could be observed (Figure 7B). 
In contrast, a large number of astrocytes had proliferated 
and were activated around the lesion (Figure 7B2). In the 
scaffold group, more GFAP+ cells were observed in the 
transplanted area, and many astrocytes had proliferated 
and were activated around the lesion (Figure 7C2). In 
comparison, only a few GFAP+ cells were observed in and 
around the lesion in the scaffold + OMT group, showing a 
relatively sparse distribution of GFAP+ cells. However, only 
a few MAP2+ cells were found in the scaffold region of the 

Figure 6. Composite scaffolds promote axon regeneration. (A–H) Representative images of immunofluorescence in each group 8 weeks after surgery. (A–
A2, E–E2) Normal spinal cord tissue in the sham group. (B–D, B1–D1) Both the scaffold group and scaffold + OMT group had NSC migration and new 
axon ingrowth in the spinal cord lesions, but there was almost no nerve regeneration in the SCI group. (F–H, F1–H1) New axons growing into the scaffold 
along the spinal cord lesions were also seen, and there were a few MAP2-positive cells. (I) Nestin immunofluorescence semi-quantitative analysis. (J and K) 
Immunofluorescence semi-quantitative analysis of TUJ1. (L) MAP2 immunofluorescence semi-quantitative analysis. n = 3, *p < 0.05 vs. the control group, 
**p < 0.01 vs. the control group, ##p < 0.01 vs. the scaffold group. Scale bars = 1 mm (A–H) and 50 μm (A1–H1, A2–H2).
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scaffold group and scaffold + OMT group, suggesting that 
the presence of OMT effectively inhibited the proliferation 
and activation of astrocytes, hence reducing the formation 
of glial scars and eliminating obstacles to neurite extension.

4. Discussion
The treatment of SCI remains a significant challenge. 
As the self-regeneration capacity of the human central 
nervous system is weak[38], several strategies have been 
developed, including cell implantation, hydrogel injection, 
drug therapy, and scaffold implantation. However, effective 
interventions for acute and chronic SCI are still limited, 
despite achievements in both basic and clinical research[38,39].

 Tissue engineering scaffolds have always been a research 
hotspot in the field of tissue engineering. Numerous 
studies have demonstrated the advantages of scaffolds in 
delivering cells and drugs to repair or regenerate the central 
nervous system[38]. However, in previous studies, scaffolds 
were mainly in the form of fibrous/porous scaffolds or 
hydrogel scaffolds[40-42]. In this study, near-field direct write 
electrospinning was used to fabricate PCL microfiber 
bundles, which act as the backbone of the composite 
scaffold, while the spinal cord ECM-based OMT-containing 
hydrogel was used as the hydrogel matrix of the composite 
scaffolds. PCL, a synthetic biodegradable polyester, has 
been fabricated into various biological scaffolds for nerve 
regeneration and SCI research[43-45]. Spinal cord ECM is 
a natural material, and it possesses the advantages of a 
natural 3D structure, excellent biocompatibility, and very 

low immunogenicity[46]. Studies have found that spinal cord 
ECM-based hydrogels can regulate the behavior of NSCs and 
promote their differentiation toward a neuronal lineage[31,47]. 
Our results showed that the composite scaffolds had excellent 
biocompatibility, degradability, and mechanical property. 
They could provide a stable and suitable microenvironment 
for nerve regeneration and guide new axons to grow into 
the lesion site. These axons grew along with the longitudinal 
direction of the PCL microfiber bundles. Zhang et al. also 
used electrospinning technology to prepare PCL/polysialic 
acid hybrid multifunctional nanofiber scaffolds, and the 
scaffolds could promote axonal growth and functional 
recovery after SCI in rats[48]. Wang et al. constructed a 
cytokine-loaded PCL–PEG composite hydrogel scaffold, 
which could also guide the directional growth of axons[49]. 
In addition, Xing et al. constructed an acellular spinal cord 
scaffold cross-linked NT-3 sustained-release system, which 
promoted adhesion, proliferation, and differentiation of 
rat bone marrow mesenchymal stem cells[50]. The slow 
degradation of PCL can provide sufficient time for nerve 
regeneration for the growth of new axons at both ends and 
the establishment of new connections.

After SCI, axon regeneration is usually promoted by 
implanting exogenous NSCs or activating endogenous 
NSCs. Because NSCs have multi-directional differentiation 
potential, it is crucial to induce their differentiation toward 
neurons. Some studies stimulated the activation and 
migration of endogenous NSCs by administering some 
small biological/chemical molecules that promoted axon 
regeneration[51,52]. In our study, the immunofluorescence 

Figure 7. The composite scaffold alleviates the formation of glial scars. (A–D) Representative images of immunofluorescence in each group 8 weeks after 
surgery. (A–A2) Normal spinal cord tissue in the sham group. (B–D, B1–D1) Compared with the SCI group, a small number of astrocytes were expressed 
in the spinal cord lesions of the scaffold group and the scaffold + OMT group. (B2–D2) Compared with the SCI group, the expression of GFAP-positive 
cells around the spinal cord lesions in the scaffold group and the scaffold + OMT group was significantly decreased; the scaffold + OMT group was more 
significant. (E) GFAP immunofluorescence semi-quantitative analysis. (F) MAP2 immunofluorescence semi-quantitative analysis. n = 3, **p < 0.01 vs. the 
control group, #p < 0.05 vs. the scaffold group. Scale bars = 1 mm (A–D) and 50 μm (A1–D1, A2–D2).
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staining results of the nestin+ cells in and around the 
lesions in the scaffold group and scaffold + OMT group 
indicated that some components of the composite scaffold 
might positively affect the activation and migration of 
endogenous NSCs. In addition, composite scaffolds could 
induce the differentiation of NSCs toward neurons and 
promote their maturation. OMT has anti-inflammatory, 
antioxidant, and anti-fibrosis effects. After the occurrence of 
SCI, inflammatory mediators and oxidizing substances will 
be produced at the injured site. The addition of OMT may 
inhibit further development of inflammation at the injured 
site, and reportedly, OMT can promote the repair of SCI. 
Thus, the addition of OMT may promote nerve regeneration.

After SCI, astrocytes at the lesion site and around the 
lesion usually proliferate and activate in large quantities 
to form glial scars[53], which are undoubtedly a significant 
obstacle to the regeneration of the central nervous system. 
Most of the previous studies were focused on effectively 
promoting nerve regeneration, whereas only a few studies 
were focused on preventing glial scarring[54,55]. OMT is 
a Chinese patented medicine that inhibits the fibrosis of 
various tissues and organs[35,56]. Relevant studies have 
shown that intraperitoneal injection of different doses 
of OMT could promote recovery from SCI to different 
degrees, but its effect on glial scars is unknown[36]. 
Therefore, we encapsulated OMT into composite scaffolds 
to explore whether it could inhibit glial scarring. The 
results confirmed that the scaffold + OMT group had the 
least number of GFAP+ cells, indicating that OMT plays 
a role in inhibiting glial scarring. Unlike previous studies 
that directly injected OMT into the lesion site to achieve 
only a short-term drug delivery, we loaded OMT into the 
hydrogel, which avoided its rapid removal from the body 
and achieved a sustained release.

Activation of microglia and production of various 
cytokines after SCI leads to increased inflammatory response 
and enhanced activation of TGF-β and Smad2 pathways[57]. 
The GF-β/Smad pathway contributes to scar formation 
and plays a role in recovery from injury, but excessive scar 
tissue formation can interfere with functional recovery[58]. 
OMT can inhibit the TGF-β/Smad pathway[59,60]. Our study 
found an interesting phenomenon, that is, the release of 
OMT affects the differentiation direction of NSCs and 
can inhibit the expression of astrocytes, thus reducing the 
formation of the glial scar. We speculated that it may be 
related to the TGF-β/Smad signaling pathway, which will 
be further studied in the future.

One drawback of this study is that it is difficult to obtain 
an ECM of the human spinal cord. Therefore, we resorted 
to using ECM of the spinal cord in rats, which is relatively 
easy to obtain. In the future, we will continue to conduct 

in-depth research and try to explore other tissues or organs 
that can replace the ECM of the spinal cord.

5. Conclusion
In this study, we fabricated PCL microfiber-reinforced 
spinal cord ECM hydrogel-based scaffolds loaded with 
OMT. The composite scaffolds promoted the differentiation 
of NSCs into neurons and inhibited the differentiation 
of NSCs into astrocytes. Composite scaffolds provided a 
suitable microenvironment for in vivo spinal cord tissue 
regeneration and guided the directional growth of axons. 
OMT further promoted nerve regeneration and reduced the 
formation of glial scaring around the lesions. In addition, the 
transplantation of a scaffold with OMT significantly improved 
the motor function of rats with SCI. This study suggests a 
simple way to fabricate advanced materials with the required 
composition, desirable topographical cues, and excellent 
therapeutic capability for the clinical treatment of SCI.
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