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NSC-derived extracellular matrix-modified GelMA
hydrogel fibrous scaffolds for spinal cord injury
repair
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Xingzhi Liu 1,5, Huilin Yang1 and Qin Shi 1

Abstract
Cell-derived extracellular matrix (ECM) has been applied in spinal cord injury (SCI) regeneration because of its various
biological functions. However, insufficient mechanical properties limit its wide application. Herein, we developed
GelMA/ECM hydrogel fibrous scaffolds (GelMA/ECM scaffolds) that can recruit and enhance the differentiation of
neural stem cells (NSCs) by electrospinning and decellularization techniques. Moreover, the GelMA/ECM scaffolds had
good mechanical properties and reinforced cell adhesion and proliferation. Compared to GelMA hydrogel fibrous
scaffolds (GelMA scaffolds), GelMA/ECM scaffolds promoted more NSCs toward neurons by markedly enhancing the
expression of MAP-2 and Tuj-1 and decreasing GFAP expression. In addition, the GelMA/ECM scaffolds significantly
reduced the proportion of M1-phenotype macrophages, which is favorable for SCI repair. In vivo, the GelMA/ECM
scaffolds recruited NSCs at the injured site, promoted neuron regeneration, and reduced the formation of glial scars
and the inflammatory response, which further led to a significant improvement in the functional recovery of SCI.
Therefore, this scaffold shows potential in regenerative medicine, mainly in SCI.

Introduction
Spinal cord injury (SCI) is a severe traumatic disease of

the central nervous system that is accompanied by neu-
rologic impairment and deterioration of various abilities.
The inflammatory microenvironment caused by SCI
induces the death of neurons and glial cells, which further
prevents neural stem cells (NSCs) from differentiating
into neurons in the injured site1. Due to the complex
pathological mechanisms and low regenerative capacity
after SCI, there is still no effective therapy against SCI.
Currently, there have been some attempts to develop

targeted therapy for SCI. One of the potential treatments
is tissue engineering2. Tissue engineering can replace or
restore damaged tissues by combining materials, cells and
biologically active molecules3. Although there are many
kinds of materials used in tissue engineering, such as poly
(L-lactic acid) (PLLA) and poly (lactic-co-glycolic acid)
(PLGA), they still have some disadvantages, such as a slow
degradation rate, acidic degradation products and induc-
tion of inflammation at the implant site4–6. However,
these materials showed no bioactivity and had difficulty
reinforcing cell adhesion and proliferation. Therefore, it is
necessary to fabricate a kind of scaffold with favorable
bioactivity and biocompatibility.
Methacrylate gelatin (GelMA) is synthesized by gelatin

and methacrylic anhydride7. This material has character-
istics similar to those of the natural extracellular matrix
(ECM), such as cell attachment sites and proteolytic
degradability7. GelMA has been widely used in treating
SCI8. For instance, researchers used a three-dimensional
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(3D)-GelMA hydrogel loaded with NSCs and bone mar-
row stromal cells (BMSCs) for SCI repair9. However, the
low cell viability in vivo could be influenced by the local
microenvironment. Liu et al. loaded stromal cell-derived
factor-1α (SDF1α) and paclitaxel in GelMA scaffolds that
synergistically promote vascular remodeling and spinal
axon regeneration10. However, it was difficult to evenly
mix factors, which led to the burst release phenomenon.
Our previous research found that biomimetic GelMA
scaffolds can mimic the ECM of the spinal cord and
reduce the formation of glial scars11, but they lack cyto-
kine components and cannot further promote repair in
SCI. Therefore, a GelMA hydrogel scaffold capable of
bioactivities is crucial for SCI regeneration.
The ECM plays an essential role in establishing and

maintaining an appropriate microenvironment for tissue
regeneration. The ECM provides structural support and
regulates cellular functionalities, such as cell survival,
proliferation, morphogenesis, and differentiation12,13. In
addition, ECM regulates the signal transduction activated
by cytokines and growth factors and inhibits inflamma-
tion14. At present, ECM has been widely applied in tissue
engineering, such as skin15, bone16, cartilage bone17, and so
on. Studies have shown that MSC-derived ECM regulates
the polarization of macrophages to reduce inflammation
and accelerate tissue regeneration. The ECM of olfactory
ensheathing cells (OECs) facilitates neurogenesis and oli-
godendrocyte formation in NSCs18. Schwann cell-derived
ECM can enhance myelination and provide nutritional
support for axon regeneration19. Hydrogels with ECM
derived from gray matter astrocytes reduce the formation
of glial scars and the population of activated macrophages/
microglia and increase the penetration of regenerated axon
fibers at the lesion area20. However, limited studies have
focused on ECM derived from NSCs because it is chal-
lenging to collect ECM due to the round and suspended
morphology of NSCs. Studies have revealed that the ECM
derived from NSCs can be regulated by culturing these
cells on the surface of different substrates21. Therefore,
obtaining ECM derived from NSCs is important for fabri-
cating scaffolds for SCI regeneration.
Currently, studies have found that the defects caused by

SCI are unfilled, and NSCs are restricted at the edge of the
injury. Additionally, the ECM cannot be used as a scaffold
without integrating into materials, which is considered
one of the limitations of ECM derived from cells in vitro.
In this study, GelMA/ECM scaffolds were fabricated by
electrospinning, UV curing, and decellularization tech-
nologies. These hydrogel scaffolds provided a favorable
microenvironment for the differentiation and prolifera-
tion of NSCs and promoted SCI repair. First, the direc-
tional GelMA/ECM scaffolds facilitated the adhesion of
NSCs and ECM deposition. Second, the GelMA/ECM
scaffolds retained many tissue-specific growth factors and

benefited the adhesion, proliferation, and differentiation
of NSCs. Finally, GelMA/ECM scaffolds reduced inflam-
mation and scar formation and recruited NSCs that dif-
ferentiated into neurons to enhance SCI regeneration.

Materials and methods
Rats were kept in the Animal Experiment Center of

Soochow University. The disposal complied with the
‘Guiding Opinions on the Treatment of Experimental
Animals and was approved by the Ethics Committee of
Soochow University.

Cell culture
NSCs were prepared from the cerebral cortex of rats as

previously described with minor modifications22. Briefly,
the cerebral cortex was cut into pieces and digested in
Accutase (Promocell, Germany). Then, the reaction was
stopped by adding cold phosphate buffered saline (PBS),
filtered through a 40 µm cell strainer (BD, USA), and
centrifuged at 1000 rpm. The cell suspension was cultured
in a tissue culture flask (Corning, USA) in serum-free
DMEM/F12 medium (HyClone, USA) containing 20 ng/
mL bFGF (Peprotech, USA), 10 ng/mL EGF (Peprotech,
USA), and 1% B27 (Thermo Fisher Scientific, USA). All
cells were incubated in a CO2 incubator (5% CO2, 37 °C).
The cells were identified by Nestin immunofluorescence
staining (ab254048, Abcam, USA).

Fabrication of GelMA scaffolds
GelMA was synthesized as described previously23. After

freezing, GelMA was stored at −80 °C. Two grams of
GelMA was dissolved in 10mL of hexafluoroisopropanol
(HFIP, Aladdin, China) to form GelMA solution. Then,
the solution was electrospun. The electrospinning con-
ditions were as follows: voltage 15 kV, distance 20 cm,
flow rate 100 µL/min (min).
After electrospinning, the hydrogel fibers were placed in

10mL of glutaraldehyde (Aladdin, China). After curing
under UV light, the GelMA scaffolds were fabricated.

Fabrication of GelMA/ECM scaffolds
NSCs were inoculated on GelMA/ECM scaffolds at a

density of 2 × 105 cells/mL. After 14 days in culture, the
scaffolds were washed with PBS and then repeatedly fro-
zen and thawed. Finally, the scaffolds were stored at 4 °C
after washing with PBS. The scaffolds were named
GelMA/ECM scaffolds.
The ECM was prepared in the same manner except that

NSCs were cultured in tissue culture plates (TCPs).

Parameters of GelMA and GelMA/ECM scaffolds
The GelMA and GelMA/ECM scaffolds were lyophi-

lized, and the morphology of the scaffolds was scanned by
scanning electron microscopy (SEM, FEI, Netherlands).
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The water contact angles (WCAs) of the GelMA scaffolds
were tested by a contact angle analyzer (Kruss, Germany).
Degradation experiment: The weight of the GelMA

scaffolds was recorded as W0. Then, the scaffolds were
statically placed into DMEM/F12 medium at 37 °C and
60 rpm. At predetermined time points, the scaffolds were
weighed as Wt.

Degradation rate ¼ W t �W 0

W 0
� 100%

Mechanical properties: GelMA and GelMA/ECM scaf-
folds were prepared, tensile properties were tested with a
mechanical testing machine (Hengyi, China), and the
Young’s modulus was calculated.
The morphology of GelMA and GelMA/ECM scaffolds

before and after freeze-drying was imaged with a micro-
scope (Carl Zeiss, Germany).

Characterization of GelMA/ECM scaffolds
Before and after freeze-drying, GelMA/ECM scaffolds were

washed with PBS, incubated with DAPI at 37 °C for 20min,
and photographed with a fluorescence microscope (Carl
Zeiss, Germany). Partial scaffolds were added to the lysate,
and the steps of the kit were followed for DNA extraction
(Tiangen, China). The concentration of DNA was detected
by a Nanodrop 2000 (Thermo Fisher Scientific, USA).
Before and after freeze-drying, GelMA/ECM scaffolds were

fixed with 4% paraformaldehyde (PFA) (Solarbio, China) and
then incubated with anti-laminin antibody (ab7463, Abcam,
USA) or anti-collagenIantibody (ab260043, Abcam, USA)
overnight at 4 °C. After removal of excess antibodies, the
samples were incubated with secondary antibodies
(ab150079, ab150077, Abcam, USA) at 37 °C for 2 h. A
fluorescence microscope was used to collect the images.

Biocompatibility of GelMA/ECM scaffolds
NSCs (2 × 105 cells/mL) were seeded on the TCP,

GelMA, and GelMA/ECM scaffolds. After 7 days, the cells
were fixed with 4% PFA for 15min and then stained with
phalloidin (Invitrogen, USA). Some of the cells were
stained with live/dead cell solution (Thermo Fisher Sci-
entific, USA) for 30min. Morphological images of the
cells were taken with a fluorescence microscope.
A Cell Counting Kit-8 (CCK-8, Dojindo, Japan) was

used to assess cell proliferation. In brief, NSCs were
incubated on the TCP, GelMA, and GelMA/ECM scaf-
folds at a density of 2 × 104 cells/mL per well. The cells
cultured on the tissue culture plate with growth medium
were used as a control. After 3 days of culture, the sam-
ples were washed with PBS, and 10 μL of CCK-8 in 100 µL
of DMEM/F12 was added. After 2 h, the optical density
(OD) was measured at 450 nm with a microplate reader
(Biotek, USA).

Differentiation of NSCs in GelMA/ECM scaffolds
NSCs were seeded on the TCP, ECM, GelMA,and

GelMA/ECM scaffolds at a concentration of 2 × 105 cells/
mL. After 14 days, the medium was removed, and the cells
were washed twice with PBS. Then, NSCs were incubated
with primary antibodies against β3-tubulin (Tuj-1)
(ab78078, Abcam, USA) and glial fibrillary acidic protein
(GFAP) (ab33922, Abcam, USA) overnight at 4 °C. After
washing, secondary antibodies (ab150113, ab150079,
Abcam, USA) and DAPI (ab228549, Abcam, USA) were
added for 2 h. Finally, the pictures were collected with a
fluorescence microscope.
NSCs (2 × 105 cells/mL) were seeded on the TCP, ECM,

GelMA, and GelMA/ECM scaffolds. Total RNA was
extracted from cells cultured for 14 days with TRIzol
reagent (Beyotime, China). One microgram of RNA was
reverse transcribed, and real-time PCR (RT-PCR) was
carried out with a PCR System (Bio-Rad, USA). β-actin
was used to normalize the expression levels of genes. The
primer sequences are listed in Table S1. The relative gene
expression was calculated by the 2−ΔΔCt method.

Anti-inflammatory effects in GelMA/ECM scaffolds
BV2 cells (25 × 104 cells/mL) were cultured in medium

containing 1% FBS and LPS (20 ng/mL). After 24 h of
culture, BV2 cells were seeded on the GelMA or GelMA/
ECM scaffolds at a concentration of 5 × 105 cells/mL. After
3 days, the cells were stained with anti-CD11b (101206,
BioLegend, USA) and anti-CD86 antibodies (4300726,
eBioscience, USA). Then, a flow cytometer assay (FCA) was
performed (Thermo Fisher Scientific, USA).

SCI modeling
Forty-five female Sprague-Dawley rats (200–250 g)

were anesthetized with pentobarbital sodium, and
a 4 mm midline incision was made over the
T10–T11 spinal region. The completely transected
spinal cord (3 mm) was removed. After the scaffolds
were transplanted, the muscle and skin were sutured.
Forty-five rats were randomly divided into the sham,
control, GelMA and GelMA/ECM scaffold groups. The
control group was submitted to the surgical procedure
only. The GelMA and GelMA/ECM scaffold groups
were submitted to the surgical procedure and the
implantation of GelMA or GelMA/ECM scaffolds.
The sham group was subjected to midline incision
exposure.

Behavioral assessments
For evaluation of locomotor function, the Basso, Beattie,

Bresnahan (BBB) scale was used24. The BBB score was
evaluated by investigators who were blinded. The score
ranges from 0 to 21. The test was started on the first day
after surgery and then once a week for 8 weeks.
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Histological analysis
At 4 and 8 weeks, the samples were embedded in

optimal cutting temperature compound (Sakura, USA)
and cut into 14 µm sections. After the samples were
washed with PBS, they were blocked with goat serum and
then incubated with primary antibody (NF-200, ab215903;
Nestin, ab254048; Tuj-1, ab78078; GFAP, ab33922; CD68,
ab955; CD206, ab64693; iNOS, ab178945; Abcam, USA)
at 4 °C overnight. The next day, the samples were incu-
bated with the secondary antibody (ab150079; ab150116;
ab150077, Abcam, USA) and photographed.

Statistical analysis
All data were analyzed using SPSS statistical software

(SPSS 22, IBM, USA). The values are represented as the
mean ± standard deviation (SD). All experiments were
repeated three times unless otherwise indicated. A two-
tailed t test was used for pairwise comparisons. One-way
ANOVA followed by Tukey’s post-test was used to eval-
uate the significance of the experimental data among
more than three groups. A probability value (p) < 0.05 was
considered statistically significant.

Results
Primary NSC isolation and identification
To obtain ECM derived from NSCs, we first isolated

neurons from the fetal rat brain cortex. Immuno-
fluorescence indicated that the cells all expressed Nestin
(Fig. S1)25.

Characterization of the GelMA/ECM scaffolds
In this study, we prepared GelMA scaffolds by electro-

spinning and UV curing technology and then cultured
NSCs on the surface of the GelMA scaffolds. With the
RGD sequence, the NSCs adhered to the surface of
hydrogels and secreted ECM. After 14 days of culture, the
GelMA/ECM scaffolds were prepared by decellularization
technology19 (Scheme 1).
To explore whether the freeze-drying process influences

the morphology of scaffolds, we investigated the mor-
phology and diameter of the GelMA scaffolds by SEM.
The GelMA scaffolds were oriented with smooth surfaces
(Fig. 1A). The average diameter of the fibers was 1.143 ±
0.317 μm before freeze-drying (Fig. 1C). After freeze-
drying, the fiber became thicker with a rougher surface
(Fig. 1E). As shown by the WCA values, the GelMA
surface was hydrophilic (Fig. 1B).
To prepare the GelMA/ECM scaffolds, we cocultured

NSCs with the GelMA scaffolds for 14 days. Therefore,
the degradation rate of the GelMA scaffolds was investi-
gated. As shown in Fig. 1D, the GelMA scaffolds slowly
degraded in the culture medium. As expected, the scaf-
folds still maintained 54.85 ± 1.26% weight after 8 weeks
of degradation. Herein, the GelMA scaffolds are suitable
for subsequent ECM deposition.
The injured area of the spinal cord often suffers stretch,

so the implantations should have appropriate mechanical
properties. In this experiment, we tested the mechanical
properties of the GelMA scaffolds before and after freeze-
drying. After freeze–thaw cycles, the GelMA scaffolds had

Scheme 1 Schematic illustration of NSC-derived extracellular matrix-modified GelMA scaffolds for spinal cord injury repair. GelMA/ECM scaffolds were
developed by electrospinning, UV curing, and decellularization technologies. The GelMA/ECM scaffolds promoted NSCs toward neurons, decreased
M1-phenotype macrophages and enhanced SCI repair.
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a higher stress level (Fig. 1F). The results showed that the
Young’s modulus was 0.04 ± 0.001 and 0.08 ± 0.005MPa
before and after the freeze–thaw cycles (Fig. 1G).
One of the disadvantages of decellularization technol-

ogy is that the obtained ECM often contains cellular
components that will cause immune responses26. Before
freeze-drying, there were still some cells on the surface of
the scaffold, but after freeze-drying, all the cells were
eliminated (Fig. 2A). Similar results were also observed in

the nuclear staining. Few cells were found on the scaffold
after freeze-drying (Fig. 2B). Next, we evaluated the DNA
content in the scaffold before and after decellularization.
The concentrations of DNA before and after decellular-
ization were 59.27 ± 20.25 and 2.03 ± 0.76 ng/μL, respec-
tively, which indicated that decellularization technology
can effectively remove the attached DNA of NSCs while
retaining cellular components on the GelMA scaffolds19

(Fig. 2C).

Fig. 1 Characterization of GelMA scaffolds. A SEM of GelMA scaffolds. BWCA. C Diameter of GelMA scaffolds. D Degradation percentage of GelMA
scaffolds (n= 3). E Light microscope image of GelMA scaffolds after freeze-drying. F Stress–strain curves of GelMA scaffolds. G Young’s modulus of
GelMA scaffolds. ***p < 0.001, compared with the control, n= 9.

Fig. 2 Physicochemical characterization of GelMA/ECM scaffolds. A and B SEM and DAPI staining of GelMA scaffolds (before and after
freeze–thaw). C DNA content of GelMA scaffolds (prior to and after freeze–thaw), n= 3. D Collagen I and laminin in GelMA/ECM scaffolds. Control:
Before freeze–thaw. *p < 0.05, compared with the control.
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Collagen I and laminin are two main components of the
ECM27. To verify the presence of ECM on the surface of
the GelMA scaffolds, we performed immunofluorescence.
As shown in Fig. 2D, the GelMA/ECM scaffolds exhibited
biologically active ingredients, while no fluorescence sig-
nals were found on the GelMA scaffolds (data not shown).

The GelMA/ECM scaffolds enhanced the adhesion and
differentiation of NSCs in vitro
The biocompatibility of the materials influences their

application28. After 7 days of coculture, the adhesion of
NSCs on the surface of the GelMA/ECM scaffolds was
evaluated by phalloidin staining.

Linear to the direction of the GelMA/ECM scaffolds,
homogeneous distribution and favorable morphology of
NSCs could be observed on the surface of the GelMA/
ECM scaffolds with its long axis parallel (Fig. 3A). The
NSCs directionally proliferated according to the direction
of hydrogel fibers. In contrast, NSCs were randomly dis-
tributed on the control group seeded on the TCP.
Live/dead staining revealed limited dead cells on the

control, GelMA, and GelMA/ECM scaffolds (Fig. 3B).
Then, CCK8 assays were used to investigate the pro-
liferation of NSCs on the GelMA/ECM scaffolds. The OD
values were 0.204 ± 0.005 on Day 1, 0.216 ± 0.01 on Day 3,
and 0.359 ± 0.011 on Day 5, indicating the favorable cell

Fig. 3 Biocompatibility of GelMA/ECM scaffolds. A F-actin cytoskeleton staining of NSCs cultured on the control, GelMA and GelMA/ECM scaffolds
(blue arrows represent the linear direction). B Live/dead staining of NSCs cultured on the control, GelMA, and GelMA/ECM scaffolds. C The
proliferation of NSCs cultured on the control, GelMA, and GelMA/ECM scaffolds. Control: tissue cell plates. n= 3.

Chen et al. NPG Asia Materials (2022) 14:20 Page 6 of 11



viability of NSCs cultured on the GelMA/ECM scaffolds
(Fig. 3C). Interestingly, there was no difference in cell
proliferation between the control and GelMA/ECM
scaffolds. Therefore, it is speculated that the GelMA/ECM
scaffolds can be transplanted into animals without
affecting the proliferation of cells.
To analyze Tuj-1 and GFAP expression in NSCs, we

performed immunofluorescence staining. After incuba-
tion, cells that were mostly positive for Tuj-1 with little
positivity for GFAP were observed on the GelMA/ECM
scaffolds (Fig. 4A).

In the next step, we applied RT-PCR to detect the
expression of related genes on the NSCs cultured on the
surface of GelMA/ECM scaffolds. The relative expression
of microtubule-associated protein 2 (MAP-2) and Tuj-1
in the GelMA/ECM group was 1.32 ± 0.3 and 1.72 ± 0.05,
respectively, which was remarkably higher than that in the
control, ECM, and GelMA groups (Fig. 4B). Moreover,
significantly reduced expression of the astrocyte marker
GFAP was observed in the GelMA/ECM group (0.20 ±
0.12). These findings suggested that GelMA/ECM scaf-
folds promoted NSC differentiation into neurons.

Fig. 4 Differentiation of NSCs cultured on GelMA/ECM scaffolds. A Immunofluorescence staining of Tuj-1 and GFAP. B Relative expression of
mRNA, including MAP2, Tuj-1, and GFAP. The data were normalized to the control cells seeded on TCP. *p < 0.05, ***p < 0.001, compared with the
control, n= 3.
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GelMA/ECM scaffolds reduced the proportion of M1-
phenotype BV2 cells in vitro
To evaluate the microglial polarization cultured on the

scaffolds, we cultured BV2 cells on the TCP, ECM,
GelMA, and GelMA/ECM scaffolds. The FCA results
showed that the GelMA/ECM group expressed lower
levels of CD86 than the other groups (Fig. S2).

GelMA/ECM scaffolds enhanced nerve function recovery in
rats with SCI
The GelMA/ECM and GelMA scaffolds were implanted

in the rats with SCI to explore the potential therapeutic
effects. After 8 weeks, the T10–T12 spinal cords of the
rats were collected. From the gross view, the spinal cords
were intact in the sham group. In contrast, there were
gaps at the jury sites of spinal cords in the control group.
The GelMA and GelMA/ECM groups possessed a rela-
tively intact spinal cord (Fig. 5A).

After the operation, BBB score analysis was performed
to evaluate motor function recovery (Fig. 5B). Before the
surgery, the motor function of all rats was healthy, with a
BBB score of 21 points. After the surgery, the lower
limbs were immediately paralyzed in all SCI groups, with
a BBB score of 0 points. One week later, the motor
function of these rats gradually recovered. The BBB
score of the GelMA/ECM group increased slightly with
time, but there was no significant difference among the
three SCI groups. After 4 weeks, slowly increasing motor
function scores were observed in the control group, and
the recovery in the GelMA group was slightly better than
that in the control group, but there was no significant
difference between these two groups. Significantly
increased scores were found in the GelMA/ECM groups.
After 8 weeks, the recovery in the GelMA/ECM groups
was dramatically better than that in the other two
groups.

Fig. 5 GelMA/ECM scaffolds promoted nerve recovery in rats with SCI. A Representative gross image of the spinal cord after 8 weeks. B BBB
scores of hindlimb locomotion (n= 3). C–F Representative fluorescence microscopy images of NF-200, Nestin, Tuj-1, and GFAP in the injured area at
4 and 8 weeks post-implantation. **p < 0.01 and ***p < 0.001 compared with the control (NF-200, Nestin, Tuj-1, and GFAP: in red).
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The GelMA/ECM scaffolds accelerate nerve regeneration in
the rats with SCI
NF-200 and Tuj-1 immunofluorescence staining was

performed to evaluate the neurons in the injury area. The
GelMA/ECM group had the most neurons in the
damaged area, followed by the GelMA and control groups
after 4 weeks. An increased number of neurons was
observed in the GelMA/ECM group at 8 weeks compared
with 4 weeks post-implantation. In addition, the GelMA/
ECM group exhibited the highest number of neurons
relative to the other two groups (Fig. 5C, E).
Nestin is widely used as a specific marker in identifying

NSCs. We found that the GelMA/ECM group had the
largest proportion of Nestin-positive cells at 4 and
8 weeks post-implantation, indicating that the GelMA/
ECM scaffolds were beneficial for the migration of auto-
logous NSCs to the injured site (Fig. 5D).
The formation of the glial scar is one of the main

obstacles in promoting axon regeneration. To further
investigate nerve repair, we used immunohistochemical
staining to evaluate the expression of GFAP. The GFAP-
positive cells in the control group were markedly higher
than those in the GelMA and GelMA/ECM groups at 4
and 8 weeks post-implantation (Fig. 5F). The lowest
number of GFAP-positive cells was observed in the
GelMA/ECM group, indicating that the GelMA/ECM
scaffolds reduced the deposition of scar components.
We performed CD68/CD206 and CD68/iNOS immu-

nofluorescence staining to evaluate whether the GelMA/
ECM scaffolds significantly influence the immune
microenvironment. As displayed in Fig. 6, the GelMA/
ECM group exhibited the highest ratio of CD206/CD68
and the lowest ratio of CD68/iNOS at 4 weeks post-
implantation. Eight weeks post-implantation, an increased
ratio of CD68/CD206 was observed in each group, while
the ratio of CD68/iNOS in the cells was decreased (Fig. 6).
In summary, these results indicated that implanting

GelMA/ECM scaffolds reduced inflammation and pro-
vided a favorable microenvironment for NSC differentia-
tion into neurons with good viability and functionality.

Discussion
In recent years, biomaterial scaffolds and ECM have been

widely used to treat SCI in nerve tissue engineering29. The
ECM is an ideal matrix for cell survival, proliferation, dif-
ferentiation, and tissue remodeling. Generally, there are
three main sources to obtain ECM. The first source of ECM
is proteins, such as collagen, fibronectin, and laminin, with
advantages such as pure and controllable components. The
disadvantages of protein-derived ECM are also obvious.
Proteins have difficulty mimicking the natural 3D structure
of ECM. The second source is tissues or organs, which
preserve the basic structure of the natural structure. Protein-
derived ECM contains limited ECM protein components. In

contrast, the natural ECM in tissues consists of various
structural proteins and cytokines. However, tissue-derived
or organ-derived ECM still suffers some challenges, such as
the weight of tissues, pathogens, and poor mechanical
properties. The third source is the cell-derived ECM. Cell-
derived ECM has similar components to tissue-derived
ECM without any pathogens. However, cell-derived ECM
has limited mechanical strength. From this view, ECM is
usually combined with biomaterials to obtain enhanced
physical structure and mechanical properties.
In the present study, we used bionic GelMA hydrogel

scaffolds to provide physical support for culturing NSCs.
After 14 days of culture, the GelMA/ECM scaffolds were
prepared by decellularization technology. The con-
centration of DNA is an important index for decellular-
ization. After decellularization, the GelMA/ECM scaffolds
exhibited a low DNA concentration of 2.03 ± 0.76 ng/μL,
indicating successful decellularization and potentially
limiting the host immune response.
GelMA is widely used in promoting SCI repair due to its

excellent biocompatibility and mechanical properties8.
Currently, the biocompatibility of GelMA has been pro-
ven by many studies in various animal disease models,
such as bone defects, brain defects, and SCI8,10,23. NSCs
cannot adhere to the TCP well in the standard culture
process. However, they can stick to the surface of mod-
ified materials such as laminin30. GelMA is prepared by
denatured collagen with an RGD motif31; thus, it pro-
motes the adhesion of NSCs, which further proves the
feasibility of GelMA/ECM scaffolds in SCI repair. In

Fig. 6 GelMA/ECM scaffolds reduced inflammation in vivo. A
Representative fluorescence microscopy images of CD68/CD206 and
CD68/iNOS. B At 4 or 8 weeks post-implantation (CD68: in green;
CD206 and iNOS: in red).
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addition, NSCs proliferate well on the surface of GelMA/ECM
scaffolds, suggesting that GelMA/ECM scaffolds can ensure
cell proliferation when they are implanted into the host.
Promoting the neuronal differentiation of NSCs benefits

the increased formation of neurons in SCI regeneration.
Neurons establish neural connections between the implants
and the host32. However, when autologous NSCs sponta-
neously migrate to the injury site, the microenvironment will
cause cell apoptosis or make these NSCs differentiate into
astrocytes rather than neurons33. Numerous active astro-
cytes release excessive chondroitin sulfate proteoglycan,
tenascin, and intermediate filaments, leading to the forma-
tion of the glial scar, which further hinders axon regenera-
tion34. Therefore, the ideal biomaterial should guide the
migration of endogenous NSCs by providing appropriate
microenvironments and biosignals. At present, research
focuses on transplanting NSCs to the injured site through
predifferentiation. For example, Lai et al. prepared NT-3-
NSCs through transgenic technology, which was further
combined with a scaffold to reinforce synaptic connections
when these cells were transplanted into the host. The col-
lagen scaffold carrying human placenta-derived mesenchy-
mal stem cells (hPMSCs) facilitated the differentiation of
autologous NSCs into neurons35. We found that the
GelMA/ECM scaffolds promoted NSC differentiation into
neurons. On the one hand, the directional hydrogel scaffolds
filled the defect gap by simulating the internal structure of
the spinal cord. On the other hand, ECM provided cytokines
and a suitable microenvironment to accelerate autologous
NSC migration and differentiation into neurons.
At the initial stage of SCI, the blood–spinal cord barrier

is destroyed, and exogenous inflammatory cells (neu-
trophils, macrophages, monocytes, lymphocytes, and nat-
ural killer cells) are recruited, resulting in reactive oxygen
species and increased inflammatory factor microglia36,37.
Activated macrophages/microglia release various inflam-
matory factors, such as tumor necrosis factor-α, inter-
leukin-1β, and interleukin-6, leading to inflammatory
cascades. Additionally, these cytokines promote the apop-
tosis of neuronal cells, leading to serious secondary SCI38.
Therefore, inhibiting the inflammatory response at the
injury site contributes to the regeneration of SCI. In this
study, we observed that the GelMA/ECM scaffolds could
decrease M1-type BV2 cells. In vivo experimental results
also proved that the GelMA/ECM scaffolds could reduce
M1 macrophages/microglia. This finding is because the
ECM on the GelMA/ECM scaffolds containing many fac-
tors can regulate the differentiation of macrophages, which
can further protect the spinal cord from secondary injury.
In addition, as a denatured product of collagen, GelMA has
low antigenicity, which also helps to inhibit inflammation.
However, GelMA/ECM scaffolds still have some issues

that could be improved for future clinical applications.

For example, GelMA modified with methacrylic anhy-
dride may increase the complexity of the material. The
batch-to-batch variability of ECM components affects SCI
regeneration. Thus, the addition of supplemental biofac-
tors may improve the therapeutic effect.

Conclusion
This research developed a new type of ECM scaffold

that can recruit and enhance the differentiation of NSCs
by using electrospinning, UV-curing, and decellulariza-
tion technology. GelMA/ECM scaffolds mimic the spinal
cord structure and mechanical properties, provide a sui-
table microenvironment to enhance NSC adhesion, pro-
mote NSC differentiation into neurons with recruited
autologous NSCs, and reduce inflammation by an M2
phenotype shift, which further accelerates SCI regenera-
tion in vivo. In general, our research provides a novel
material-based strategy for SCI regeneration.
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