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An Optimized Decellularized Extracellular Matrix from
Dental Pulp Stem Cell Sheets Promotes Axonal
Regeneration by Multiple Modes in Spinal Cord Injury Rats

Wei Qiu, Bangyi Zhou, Yifei Luo, Yuanting Chen, Zehao Chen, Keke Wu, Hongle Wu,
Buling Wu, Jinshan Guo, and Fuchun Fang*

In the field of tissue engineering, the extracellular matrix (ECM) is considered
an important element for promoting neural regeneration after spinal cord
injury (SCI). Dental pulp stem cells (DPSCs), mesenchymal stem cells that
originate from the neural crest, are easy to harvest and culture in vitro,
express a variety of neurotrophic factors (NTFs) and deposit a large amount of
ECM, making them a good choice for stem cell- or ECM-based treatment of
SCI. In the present study, decellularized extracellular matrix (dECM) derived
from DPSC sheets is used for the treatment of SCI. Optimization experiments
reveal that incubating DPSC sheets with 1% Triton X-100 for 5 min is the best
procedure for preparing DPSC dECM. It is found that DPSC dECM promotes
nerve repair and regeneration after SCI and restores hindlimb motor function
in rats. Mechanistically, DPSC dECM facilitates the migration and neural
differentiation of neural stem cells, as well as M2 polarization of microglia,
and inhibits the formation of glial scars. This study suggests that the use of
DPSC dECM is a potential strategy for the treatment of SCI.

1. Introduction

Spinal cord injury (SCI) is a devastating and complicated disor-
der of the central nervous system characterized by damage to
spinal cord tissue, degeneration and apoptosis of neurons, and
disruption of neural circuits.[1] Primary damage caused by initial
mechanical injury and secondary damage caused by additional
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cell death, demyelination, and axonal de-
generation make SCI difficult to treat.[2,3]

Many clinical trials have proven that most
therapeutic strategies are beneficial for im-
proving the quality of life of patients, but
the ability of these strategies to achieve neu-
rorestoration is very limited.[4,5]

The extracellular matrix (ECM) con-
sists mainly of collagens, proteoglycans, fi-
bronectin, and cytokines and is considered
an important element for promoting neu-
ral regeneration in the field of tissue en-
gineering. The ECM is a dynamic network
structure that not only provides structural
support for cells but also plays a vital role
in cell proliferation, migration, and differ-
entiation due to its natural and specialized
biological contents.[6] Recently, decellular-
ized extracellular matrix (dECM), which
is produced by removing cellular and nu-
clear components of cells, tissues, or organs

while retaining the essential components, biological activity, and
mechanical integrity of the ECM, has attracted substantial atten-
tion. It has been reported that the transplantation of dECM de-
rived from the spinal cord,[7] brain,[8] and peripheral nerves[7]

has therapeutic effects on SCI. Moreover, dECM can be prepared
from cultured cells, such as mesenchymal stem cells (MSCs),
after they form sheet-like structures; cell-derived dECM is
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produced under sterile conditions, has abundant sources, and is
easily produced.[9] Therefore, the transplantation of cell-derived
dECM has become a potential strategy for the treatment of
SCI. Several studies have demonstrated that mesenchymal cell-
derived dECM can promote neural regeneration.[10–12] However,
the therapeutic effect of MSC-derived dECM transplantation on
SCI has not been determined.

Dental pulp stem cells (DPSCs) are MSCs that can differenti-
ate into osteoblasts, chondrocytes, adipocytes, and neurons.[13–15]

DPSCs might be more neurogenic than BMSCs (Bone marrow
mesenchymal stem cell) due to their neural crest origin.[16] In
addition, DPSCs are easy to harvest and culture in vitro,[17] ex-
press a variety of neurotrophic factors (NTFs)[18] and deposit a
large amount of ECM,[19] making them good choices for stem
cell and/or dECM-based SCI treatment. Current research has
found that loading DPSCs on prevascularized scaffolds[20] or
hydrogels[21] can significantly enhance their therapeutic effects
on SCI in rats. Direct transplantation of DPSC overexpressing
bFGF[22] can also improve the local hypoxic microenvironment at
the site of SCI in rats, thereby achieving the goal of repairing SCI.
Therefore, studying the effects of DPSC-derived ECM or dECM
is highly important for developing strategies to promote neural
repair and regeneration after SCI.

In this study, dECM derived from DPSC sheets was prepared
for the treatment of SCI. We investigated the characteristics of
this ECM, including its histological appearance, ultrastructure,
DNA content and cytotoxic effects, to determine the optimal
preparation conditions. Then, cell sheets and dECM were trans-
planted into rats with T10 hemisection to assess whether they
could promote axonal regeneration and functional recovery. Fi-
nally, the effect of dECM in regulating the migration and differ-
entiation of NSCs (Neural stem cells) was also investigated.

2. Results

2.1. Multidirectional Differentiation Potential of DPSCs

After nearly 14 days of culture, cells that were extracted from
the dental pulp adhered to the culture dishes and exhibited
a fibroblast-like morphology (Figure 1A). The DPSCs used in
this study were obtained using a limited dilution technique
(Figure 1B,C). The flow cytometry results revealed that DPSCs
were positive for CD29, CD44, CD90, and CD105 and negative
for CD34 and CD45 (Figure 1D). Staining with Alizarin red and
Oil Red O was used to confirm the multipotency of the DP-
SCs after 14 days of culture under osteogenic and adipogenic
conditions (Figure 1E,F). After 14 days of culture under neuro-
genic conditions, the DPSCs exhibited distinctive morphologies
that ranged from extensively simple bipolar to large, branched
multipolar cells (Figure 1G). Subsequently, the qRT‒PCR results
suggested that the expression of the neurogenic markers nestin,
𝛽3-TUBULIN, GAP43, and NF (Neurofilament) was upregulated
(Figure 1H–K).

2.2. Characteristics of DPSC Sheets Before and After
Decellularization

After 14 days of continuous culture with a high concentration of
ascorbic acid, the seeded DPSCs formed an ivory white translu-

cent sheet that could be easily mechanically detached from the
dish and easily handled with forceps (Figure 2A-a). After being
decellularized with different concentrations of Triton X-100 for
different durations (0.5% Triton X-100 for 5 min, 0.5% Triton
X-100 for 10 min, 0.5% Triton X-100 for 30 min, 1% Triton X-
100 for 5 min, 1% Triton X-100 for 10 min and 1% Triton X-
100 for 30 min), the DPSC sheets became more transparent and
smaller in size (Figure 2A-b–g). Among that in the different treat-
ment groups, the dECM in the 1% Triton X-100 30 min group de-
creased in size to the greatest degree. H&E staining revealed that
the DPSC sheets were composed of multiple layers of cells and
the ECM that they secreted (Figure 2B-a). After decellularization,
the majority of the DPSCs that were previously present in the cell
sheet were successfully removed, as shown in Figure 2B-b–g).
However, residual nucleic acid was observed in the 0.5% Triton
X-100 5 min group (Figure 2B-b yellow arrow). DNA content was
3866 ± 214.0 ng mL−1 in the DPSC sheet group but decreased
to 173.1 ± 4.555 ng mL−1 in the 0.5% Triton X-100 5 min group,
95.27 ± 10.20 ng mL−1 in the 0.5% Triton X-100 10 min group,
76.83 ± 4.698 ng mL−1 in the 0.5% Triton X-100 30 min group,
49.62 ± 10.63 ng mL−1 in the 1% Triton X-100 5 min group, 26.50
± 4.521 ng mL−1 in the 1% Triton X-100 10 min group and 7.436
± 4.372 ng/mL in the 1% Triton X-100 30 min group (Figure 2C).
More than 99% of the DNA in the DPSC sheet was removed in
the 1% Triton X-100 10 min group and 30 min group, and the
removal of this much DNA might have impaired the integrity of
the ECM.[23] Cytotoxicity analyses with the CCK8 assay demon-
strated no significant difference in absorbance among the differ-
ent groups (Figure 2D), suggesting that the decellularized DPSC
sheets had no cytotoxic effect on NSCs and could be used in ani-
mal studies.

2.3. Microstructural Observation and Immunofluorescence
Staining of DPSC Sheets Before and After Decellularization

SEM (Scanning electronic microscopy) showed that the DP-
SCs were embedded in their own secreted ECM, grew in mul-
tiple layers (Figure 3A-a), and were closely connected to the
ECM that surrounded the cells with many tiny fibrin fibers vis-
ible at high magnification (Figure 3A-a’). After cell removal by
incubation with different concentrations of Triton X-100, the
vast majority of the DPSCs were removed from the original
cell sheet (Figure 3A-b–g). At high magnification, the collagen
structures were arranged more regularly and more densely in
the 0.5% Triton X-100 5 min group and 1% Triton X-100 5
min group than in the other groups (Figure 3A-b’,e’). When
the processing time reached 10 and 30 min, the ECM struc-
ture was severely disrupted, and collagen was sparser and
more irregularly aligned than in the original DPSC sheets
(Figure 3A-c’,d’,f’,g’). Immunofluorescence staining of collagen
I was used to assess the integrity of the ECM structure, and
a well-developed network of collagen fibers was observed be-
fore decellularization (Figure 3B-a). After decellularization, the
components of the ECM were well preserved (Figure 3B-b–g),
and there was no significant difference in fluorescence inten-
sity (Figure 3C). However, nuclei, which were stained blue, were
found in the 0.5% Triton X-100 5 min group (Figure 3B-b),
suggesting that the cell components were not completely
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Figure 1. Identification and multi-differentiation potential of DPSCs. A) Primary cultured DPSCs. B) Single cells were obtained. C) Single cell-derived
colonies were obtained after culture for 14 days. D) Flow cytometric analysis of the expression of surface markers of DPSCs. DPSCs were positive
for CD29 (99.88%), CD44 (99.94%), CD90 (99.86%), and CD105 (98.69%) and negative for CD34 (0.55%) and CD45 (0.29%). E) The yellow arrows
indicate mineralized nodules formed in the osteogenic differentiation group. F) The yellow arrows indicate lipid droplets formed in the adipogenic
differentiation group. G) The yellow arrows indicate branched multipolar cells in the neurogenic differentiation group. H–K) The expression levels of
nestin, 𝛽3-TUBULIN, GAP43, and NF increased in the neurogenic differentiation group on days 3, 7, and 14, as determined via qRT‒PCR (n = 3). The
data represent the mean± SE. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; two-tailed t test.
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Figure 2. Characteristics of DPSC sheets before and after decellularization. A) After 14 days of culture, the seeded DPSCs formed an ivory white translu-
cent sheet. DPSC dECM from the different groups after decellularization (0.5% for 5 min, 0.5% for 10 min, 0.5% for 30 min, 1% for 5 min, 1% for 10
min, and 1% for 30 min). B) H&E staining of DPSC sheets before and after decellularization. The yellow arrows indicate the residual nuclear contents in
the 0.5% Triton X-100 5 min group. C) Quantification of DNA content in the different groups. The optimum treatment condition was 1% Triton X-100
for 5 min (n = 3). D) In the CCK-8 assay, there were nonsignificant differences in absorbance among the different groups (n = 3). The data represent the
mean± SE. ****P < 0.0001; one-way ANOVA followed by Tukey’s multiple comparisons test.
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Figure 3. Microstructural observation and immunofluorescence staining of DPSC sheets before and after decellularization. A) SEM image of DPSC
sheets before decellularization. DPSCs were embedded in their self-secreted endogenous ECM. The dotted circle shows a single cell. A-b–g) After
decellularization, the vast majority of the DPSCs were removed from the sheets in the different groups. A-a’–g’) High-magnification SEM images of
DPSC sheets after decellularization. The yellow arrows indicate fibrin fibers. The optimum treatment condition was 1% Triton X-100 for 5 min. B)
Immunofluorescence staining of collagen I in DPSC sheets before and after decellularization. The yellow arrows indicate nuclei, which were stained
using DAPI. C,D) The fluorescence intensities of collagen I and DAPI in the different groups are shown in (B). The data represent the mean± SE (n =
3). *P < 0.05, ****P < 0.0001; one-way ANOVA followed by Tukey’s multiple comparisons test.
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removed, which was consistent with the results of H&E staining
(Figure 3D).

Together with the H&E staining and DAPI staining results,
these data demonstrated that incubation with 1% Triton X-100
for 5 min thoroughly removed cellular components, while in-
cubation with 0.5% Triton X-100 for 5 min did not. Moreover,
immunofluorescence staining for collagen I and SEM analysis
showed that the structure of the ECM in the 1% Triton X-100
5 min group was well preserved. Therefore, the optimal Triton
X-100 concentration and treatment duration for decellularizing
DPSC sheets were 1% Triton X-100 and 5 min. Subsequently
DPSC dECM was transplanted into SCI model rats to investigate
its therapeutic effect.

2.4. DPSC dECM Improved the Locomotor Function of SCI Model
Rats

Figure 4A,B shows the schematic diagram of the SCI model-
ing procedure and experimental time course. A rat model of
T10 spinal cord hemisection was successfully established, and
DPSC dECM or DPSC sheets were transplanted into the le-
sion side (Figure 4C). After SCI, the right legs of the animals
were paralyzed. The recovery of locomotor function was assessed
by footprint analysis and Basso-Beattie and Bresnahan (BBB)
scores. The animals were divided into three groups (the control
group, DPSC sheet group, and DPSC dECM group). Over 28
days, the motor function of all the animals gradually improved
(Videos S1–S3, Supporting Information), and footprint analysis
showed that the control group had more severe gait dysfunc-
tion, specifically on the affected side, than the DPSC sheet group
and DPSC dECM group (Figure 4D). In addition, compared
with those of the control group, the BBB scores of the DPSC
sheet group and DPSC dECM group were significantly improved
(Figure 4E). However, there were no statistically significant dif-
ferences between the DPSC sheet group and the DPSC dECM
group. Collectively, these results demonstrated that compared
with those in the control group, rats in the DPSC sheet group and
DPSC dECM group exhibited improved locomotor functional
recovery.

2.5. DPSC dECM Reduced the Area of Injury in SCI Model Rats

The spinal cords of rats in each group were collected on day 7
and day 28 after transplantation (Figure 5A,B). The lesion size
was reduced in the DPSC sheet and DPSC dECM groups com-
pared with the control group on day 7 and day 28. The de-
fect areas in the control group were the largest on day 7 and
day 28, specifically (70.75 ± 13.53)% and (34.10 ± 10.93)%,
respectively. The defect areas of the DPSC sheet group were
(18.31 ± 3.589)% on day 7 and (8.596 ± 4.891)% on day 28.
The defect areas of the DPSC dECM group were (12.19 ±
1.918)% on day 7 and (4.708 ± 3.394)% on day 28, which in-
dicated that transplantation of DPSC dECM promoted tissue
repair after SCI (Figure 5C,D). However, there was no signifi-
cant difference between the DPSC dECM group and the DPSC
sheet group in terms of the reduction in the spinal cord lesion
size.

2.6. DPSC dECM Promoted Axonal Regeneration and Reduced
the Formation of Glial Scars in SCI Model Rats

To further investigate the histological changes induced by DPSC
dECM treatment and the mechanism underlying the ability of
DPSC dECM to promote functional recovery after SCI, the lo-
calization of NSCs was evaluated to assess local NSC recruit-
ment and neural regeneration. Compared to that in the con-
trol group, the defect areas in the treatment groups were sig-
nificantly decreased, which was similar to the results of HE
staining (Figure 6B,E,H,K). NSCs were labeled with nestin, neu-
rons were labeled with NF, astrocytes were labeled with GFAP
(Glial fibrillary acidic protein), and the glial scar was labeled
with CS56. At 3 dpi, nestin-positive cells appeared at the injury
site in the DPSC sheet group and DPSC dECM group, while al-
most no nestin-positive cells were observed in the control group
(Figure 6A,C). At 28 dpi, NF-positive neurons were located at
the center of the injury site in the DPSC sheet group and DPSC
dECM group, while the control group exhibited markedly lower
NF expression (Figure 6D,F). The DPSC sheet group and DPSC
dECM group also exhibited a significantly lower fluorescence in-
tensity of CS56 than the control group at 28 dpi (Figure 6G,I).
DPSC dECM and DPSC sheets reduced glial scar formation, in-
duced neurite sprouting (NF+) toward the lesion gap and in-
creased tissue repair, which led to improved locomotor function
after SCI.

2.7. DPSC dECM Regulated the Immune Microenvironment

The transition of microglia/macrophage from the proinflamma-
tory M1 phenotype to the anti-inflammatory M2 phenotype may
be particularly important in promoting spinal cord tissue re-
pair. Therefore, we conducted CD68 immunofluorescence stain-
ing to elucidate the phenotypes of macrophages/microglia. Ad-
ditionally, we performed colabeling for CD206 to precisely iden-
tify and assess the localization of M2 macrophages/microglia.
The results showed that compared with the control group,
there was no significant change in the number of activated
macrophages in the DPSC sheet group and DPSC dECM
group, but the percentage of M2 macrophages significantly
increased (P < 0.01) (Figure 6J,L,M), indicating implantation
of DPSC sheets and DPSC dECM regulated the immune
microenvironment.

2.8. DPSC dECM Facilitated NSC Migration and Neural
Differentiation

Figure 7A shows a schematic diagram of the NSC transwell
chemotaxis assays. As shown in Figure 7B, compared with the
control treatment, DPSC sheets and DPSC dECM promoted
the migration of NSCs. However, there was no significant dif-
ference in the number of migrating NSCs between the DPSC
sheet group and the DPSC dECM group (P > 0.05), indicat-
ing that there was no significant difference in the extent of
NSC migration between the DPSC sheet group and the DPSC
dECM group (Figure 7C); these results suggested that DPSC
sheets or DPSC dECM could promote the migration of NSCs.
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Figure 4. DPSC dECM improved locomotor function in rats with SCI. A) Schematic diagram of the T10 spinal cord hemisection model. B) Time course of
DPSC dECM transplantation, behavioral assessment, and tissue harvesting. Tissue was harvested on day 7 and day 28 after transplantation. Behavioral
assessments were performed weekly following transplantation. C) A rat T10 spinal cord hemisection model was successfully constructed. D) Footprint
analysis of rats in the control group, DPSC sheet group, and DPSC dECM group on day 28 (n = 3). E) BBB scores of rats in the control group, DPSC
sheet group, and DPSC dECM group (n = 8). The data represent the mean± SE. ***P < 0.001, ****P < 0.0001; one-way ANOVA followed by Tukey’s
multiple comparisons test.
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Figure 5. DPSC dECM reduced the area of injury in rats with SCI. A,B) Coronal and transverse H&E-stained sections obtained on day 7 and day 28 after
SCI. The yellow boxes represent the ROIs, which had a length of 2 mm and a width of the distance from the centerline to the edge of the tissue. The
red dotted line shows the defect areas in the different groups. C,D) Quantification of the defect area in the control group, DPSC sheet group and DPSC
dECM group on day 7 and day 28. The data represent the mean± SE (n = 4). **P < 0.01, ***P < 0.001, ****P < 0.0001; one-way ANOVA followed by
Tukey’s multiple comparisons test.
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Figure 6. DPSC dECM promoted neural regeneration in rats with SCI. A) DPSC sheets and DPSC dECM promoted NSC migration 3 dpi. Green represents
the astrocytic marker GFAP, and red represents the NSC marker nestin. B,C) Quantification of the defect areas and nestin IF intensities in the three
groups. D) DPSC sheets and DPSC dECM promoted neural regeneration 28 dpi. Green represents the neuronal marker NF, and purple represents the
astrocytic marker GFAP. E,F) Quantification of the defect areas and NF IF intensities in the three groups. G) DPSC sheets and DPSC dECM reduced
the formation of glial scars 28 dpi. Green represents the astrocytic marker GFAP, and red represents the glial scar marker CS56. H,I) Quantification of
the defect areas and CS56 IF intensities in the three groups J) DPSC sheets and DPSC dECM regulated the immune microenvironment. Red represents
the macrophage/microglia marker CD68, and green represents the M2 macrophage/microglia marker CD206. K–M) Quantification of the defect areas,
activated macrophages and percentage of M2 macrophages in the three groups. The yellow box represents the rostral, the red box represents the injury
site, and the orange box represents the caudal. Scale bars: 500 μm. The data represent the mean± SE (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001;
one-way ANOVA followed by Tukey’s multiple comparisons test.
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Figure 7. DPSC dECM promoted NSC migration and neural differentiation. A) Diagram of NSC chemotaxis in transwell plates mediated by DPSC sheets
and DPSC dECM. B) Comparison of the effects of DPSC sheets and DPSC dECM on the migration of NSCs. C) Migrated NSCs were counted in the
different groups. D) The expression levels of 𝛽3-TUBULIN and NF of NSCs increased after co-culture with DPSC sheets and DPSC dECM using qRT-PCR.
E) Western blot analysis showed that 𝛽3-TUBULIN and NF protein expressions were increased after coculture with DPSC sheets and DPSC dECM. The
data represent the mean± SE (n = 3). *P < 0.05, **P < 0.01, ****P < 0.0001; one-way ANOVA followed by Tukey’s multiple comparisons test.

Western blotting analysis and qRT-PCR revealed that the expres-
sions of 𝛽3-TUBULIN and NF in the coculture groups, includ-
ing the NSC and DPSC sheet coculture group and the NSC
and DPSC dECM coculture group, were significantly higher
than those in the control group (Figure 7D,E). However, the

levels of 𝛽3-TUBULIN and NF were not significantly different
between the DPSC sheet group and the DPSC dECM group.
Collectively, these results suggest that both DPSC sheets and
DPSC dECM promoted the migration and neural differentiation
of NSCs.

Adv. Healthcare Mater. 2024, 2402312 © 2024 Wiley-VCH GmbH2402312 (10 of 16)
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Figure 8. DPSC dECM had a favorable safety profile. A) HE staining of the heart, liver, spleen, lung, kidney, and brain 28 dpi. B) IFN-𝛾 and IL-10 levels in
the serum of the rats among three groups 28dpi measured by ELISA. C) After co-culture with C17.2 in vitro, the CCK-8 assay shows no difference among
the three groups. The data represent the mean± SE (n = 3). One-way ANOVA.

2.9. DPSC dECM Possessed a Favorable Safety Profile

To further explore the potential of DPSC dECM for clinical ap-
plication, we assessed posttransplantation immune rejection and
potential histopathological changes in several major organs of the
rats. As expected, the EILSA results showed no significant dif-
ference in IFN-𝛾 or IL-10 levels in the serum of the rats among
three groups, indicating that DPSC sheet and DPSC dECM trans-
plantation did not result in immune rejection (Figure 8B). More-
over, histopathological sections of the heart, liver, spleen, lung,

kidney, and brain showed no abnormalities and the CCK8 assay
showed no difference among the three groups after co culturing
with C17.2 in vitro, indicating that the DPSC sheets and DPSC
dECM had high biosafety (Figure 8A,C).

3. Discussion

The results of the present study indicate that 1% Triton X-100
for 5 min was the best condition for producing DPSC dECM. In
addition, DPSC dECM or DPSC sheets increased the migration
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and neurogenic differentiation of NSCs, reduced the formation
of glial scars, regulated the immune microenvironment after SCI
in vivo and facilitated the migration and neurogenesis of NSCs in
vitro. Thus, DPSC dECM and DPSC sheets have great potential
for clinical application in the treatment of SCI.

It has been reported that cell-derived ECM can influence
cell migration, direct cell differentiation, and induce host tis-
sue repair and bone tissue, cartilage tissue and nerve tissue
regeneration.[10,11,24,25] These effects are related to the 3D archi-
tecture and composition of the ECM. It is important to find the
optimal method for the preparation of DPSC dECM that can re-
move as many cell components as possible, minimize the loss of
major matrix components and retain good bioactivity to promote
cell growth or tissue reconstruction. To date, the most commonly
used methods for decellularization include physical or mechani-
cal methods, chemical methods, treatment with biological agents
and their combination.[9] At present, there is no unified standard
method for decellularization, and the proper method needs to be
chosen according to the source, ECM thickness, application field,
etc. Physical methods usually cause damage to the ECM struc-
ture and are more suitable for the decellularization of large tis-
sues or organs.[26,27] Chemical methods alone may lead to a sub-
stantial loss of bioactive proteins, while enzyme digestion alone
fails to completely remove cell debris.[26,28] Mild detergents, such
as Triton X-100, are commonly used for the decellularization of
tissues such as cell layers.[9,29] Studies have shown that Triton
X-100 can effectively remove cell residues, causing minimal dis-
ruption of GAG, growth factors, collagen, and other components
in the ECM, unlike the ionic surfactant sodium dodecyl sulfate
(SDS).[30,31] However, Triton X-100 removes only a small amount
of residual DNA,[32] so it is necessary to use it in combination
with DNase (Deoxyribonuclease enzyme). Farag et al.[33] reported
that treatment with the combination of Triton X-100 and DNase
was more for preserving ECM integrity and retaining growth fac-
tors in periodontal ligament cell sheets than the freeze–thaw cy-
cling method and treatment with SDS. Therefore, we used Tri-
ton X-100 combined with DNase to decellularize DPSC sheets
based on the methods described above.[11,33,34] To date, there has
been no research on specific methods for the decellularization
of DPSC sheets. Hence, we used two different concentrations of
Triton X-100 and three different treatment durations to select the
best conditions for the decellularization of DPSC sheets based on
existing studies.

The success of decellularization was evaluated from two as-
pects: the removal of cell components and maintenance of the
integrity and bioactivity of the ECM. The removal of cell compo-
nents was evaluated by H&E staining, quantification of DNA con-
tent and DAPI staining, while the integrity of the ECM was eval-
uated by SEM and collagen I staining. H&E staining and DAPI
staining revealed that there were no cell components in any of the
treatment groups except for the 0.5% Triton X-100 5 min group,
indicating that this condition had low decellularization efficiency.
In the present study, we successfully removed more than 98% of
DNA through treatment with 1% Triton X-100 for 5 min; these
findings were comparable to the findings of Sadr et al.,[35] who re-
ported that removal of 94% of DNA during decellularization had
no adverse effects on the effect of ECM implantation in vivo. A
study by Syedain et al.[23] reported that removing more than 99%
of the DNA may damage ECM integrity, indicating that the bioac-

tivity of the ECM in the 1% Triton X-100 10 min group and 1%
Triton X-100 30 min group may have been seriously impaired.
Furthermore, we performed fluorescence staining for collagen
I, which is a predominant protein in the ECM, to investigate
whether the integrity of the ECM was maintained. We were able
to demonstrate its presence, and the mean fluorescence intensity
of collagen I in the 1% Triton X-100 5 min group was comparable
to that in the DPSC sheets before decellularization. SEM analy-
sis of DPSC dECM in the 1% Triton X-100 5 min group revealed
the presence of a fine network of ECM fibers with a morphol-
ogy and structural integrity similar to that observed in the DPSC
sheet; these results were comparable to what was observed for
cell-derived dECM prepared by incubation with Triton X-100 so-
lution for 5 min in other studies.[34,36] When the Triton X-100
treatment time was extended to 10 min or 30 min, the fiber net-
works became more irregular and were severely disrupted. Col-
lectively, these results indicated that 1% Triton X-100 solution for
5 min was the best condition for decellularizing DPSC sheets in
this study; this treatment not only effectively removed cellular
components but also maintained the integrity of the ECM.

After SCI, the hostile environment of the lesion inhibits axonal
regeneration. Therefore, engineered biomaterials may play a vital
role in providing a suitable microenvironment for neural regen-
eration. In this study, we transplanted DPSC dECM and DPSC
sheets into the lesion site of spinal cord hemisection model rats
to promote axonal regeneration and functional recovery. Both
DPSC dECM and DPSC sheets are natural scaffold-free materials
that are biocompatible and degradable in vivo.[9] In this study, we
found that DPSC dECM and DPSC sheets were degraded in vivo,
which was similar to the findings of studies involving transplan-
tation of ECM-based materials for tissue regeneration.[24,25,37]

DPSC dECM and DPSC sheets promoted NSC migration to the
site of injury and regulated the immune microenvironment, sub-
sequently promoting nerve regeneration and reducing the forma-
tion of glial scars. It was reported that bioactive factors produced
by ECM degradation can recruit endogenous progenitor/stem
cells to the lesion site and regulate the infiltration and polariza-
tion of macrophages, subsequently facilitating the self-healing of
lesions.[38–41] However, the ECM degradation rate and underlying
mechanisms should be further investigated.

It has been reported that dECM can provide a 3D architec-
ture and bioactive components to support neuronal differentia-
tion and axonal regeneration. Previous studies have shown that
grafted spinal cord tissue-derived dECM or brain tissue-derived
dECM could increase the number of NF-positive nerve fibers at
the injury site.[7,8] In the present study, we also found that grafted
DPSC dECM could reduce the size of the lesion cavity and trigger
NF-positive neurite sprouting to bridge the lesion gap. Consider-
ing its ease of preparation and low risk of disease transmission,
our cell-derived dECM material may be more suitable for clinical
applications than other ECM materials.

The recruitment of NSCs to the site of injury and their func-
tionalization are essential for regenerative repair. In the present
study, we found that DPSC dECM promoted the migration of
NSCs and increased the expression of NF, indicating that dECM
might provide a suitable microenvironment for the recruitment
and functionalization of NSCs through exosomes or other forms
of delivery.[42] Studies have shown that with the aging of cells, ex-
osomes change to a senescence-associated secretory phenotype,
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Figure 9. Preparation of decellularized extracellular matrix from dental pulp stem cell sheets (DPSC dECM) and its application in injured spinal cord
repair. We optimize the preparation of DPSC dECM and transplant it into a rat SCI model and demonstrate a potential strategy of DPSC dECM promoted
migration and neurogenic differentiation of neural stem cells, reduced the formation of glial scars, regulated the immune microenvironment to execute
the axonal regeneration, functional recovery.

which may affect the biological function and therapeutic effi-
cacy of dECM.[43] However, cultivation of cells without passaging,
such as in the case of cell sheets, helps telomerase play a com-
pensatory role; thus, dECM obtained through this method has a
stronger curative effect.[44] NF, which is a specific structural pro-
tein that is expressed in mature neurons, plays an essential role
in neuron differentiation and axon regeneration. In our study, the
number of NF-positive cells at the SCI site was increased in the
DPSC dECM group, and the expression of NF in NSCs was up-
regulated after coculture with DPSC dECM in vitro. These phe-
nomena could be related to the bioactive molecules originating
from dECM. Proteomic analysis demonstrated that spinal cord
tissue-derived dECM is rich in LAMA1 and LAMB1, which are
related to the adhesion of NSCs, and rich in TNC and FGF2,
which can promote the neural differentiation of NSCs.[7] Pro-
teomic analysis of dental pulp tissue-derived dECM revealed that
it contains 26 proteins related to cell migration, including ACTN4
and FLNA, and more than 30 proteins related to neurogenesis,
such as NES, TUBB3, NEFH, and MAP1B.[45] However, dental
pulp tissue contains a variety of cells, and the proteins expressed
in dental pulp tissue-derived dECM may be different from that
of DPSC dECM. Therefore, proteomic analysis of DPSC dECM
should be performed.

Interestingly, we found that the DPSC sheets exerted simi-
lar effects in promoting axonal regeneration, functional recovery
and NSC migration and differentiation as DPSC dECM. Unlike
DPSC sheets, the presence of DPSCs in the sheet could not fur-
ther promote the migration and neural differentiation of NSCs;

therefore, it was hypothesized that ECM components might play
a major role in the migration and differentiation of NSCs.

4. Conclusion

In summary, we successfully optimized the protocol for the gen-
eration of DPSC dECM and showed that incubating DPSC sheets
with a 1% Triton X-100 solution for 5 min was the optimal decel-
lularization procedure. Furthermore, the results of the present
study demonstrated that DPSC dECM promoted neural regener-
ation and functional recovery after SCI by facilitating NSC migra-
tion and differentiation, inhibiting glial scar formation, and reg-
ulating the immune microenvironment, suggesting that DPSC
dECM is a potential therapeutic agent for the treatment of SCI
(Figure 9).

5. Experimental Section
DPSC Isolation, Culture, and Identification: DPSCs were harvested

from the molars or premolars of five donors (aged 20–25 years) who re-
quested tooth extraction for orthodontic treatment at the Department of
Stomatology, Nanfang Hospital, Southern Medical University. This study
was approved by the Ethics Committee of Nanfang Hospital, Southern
Medical University (NFEC-2023-080), and informed consent was obtained
from the donors. DPSCs were isolated from dental pulp tissues and cul-
tured as previously described.[46] The cells were seeded in 100-mm dishes
at a density of 1 × 105 cells per dish and cultured in complete medium
composed of alpha minimum essential medium (𝛼MEM; Gibco/BRL,
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Cheshire, UK), 10% fetal bovine serum (FBS (Fetal bovine serum); Biow-
est, France) and 1% penicillin‒streptomycin-amphotericin B suspension
(PSA; WAKO Pure Chemical Industries, Osaka, Japan). A limited dilution
technique was used to obtain colonies of single-cell origin.[47] The cells
were passaged when they reached 80% confluence. DPSCs between pas-
sages 3 and 5 were used in all experiments. The cells were incubated at
37°C in 5% CO2. The culture medium was replaced every 3 days.

The cells were characterized by analyzing stem cell surface marker ex-
pression by flow cytometry (Becton Dickinson, Tokyo, Japan). For intra-
cellular antigen staining, DPSCs were suspended in phosphate-buffered
saline (PBS) supplemented with 2% FBS and incubated with antibodies
on ice for 30 min. The following antibodies were used: anti-phycoerythrin
(PE) and anti-fluorescein isothiocyanate (FITC) (BD Pharmingen, Franklin
Lakes, NJ). Isotype-control antibodies were used as controls. All proce-
dures were carried out in the dark at 4°C. Marker expression was analyzed
by flow cytometry.

Osteogenic, Adipogenic, and Neurogenic Differentiation: Osteogenic,
adipogenic, and neurogenic differentiation were induced to determine the
potential of DPSCs to differentiate into multiple cell types. Second gen-
eration DPSCs were digested with 0.25% trypsin, the concentration was
adjusted, and the cells were subsequently inoculated into 6-well plates at
a density of 1× 105 cells/well. When the cells had reached 80% confluence,
the complete medium was replaced with osteogenic (containing 10% FBS,
50 mg mL−1 ascorbic acid, 100 nmol l−1 dexamethasone, and 10 mmol l−1

𝛽-glycerophosphate), adipogenic (containing 10% FBS, 0.5 mm isobutyl-
methylxanthine (IBMX), 10−6 M dexamethasone, 10 μg mL−1 insulin, and
200 μm indomethacin), or neurogenic (20 ng mL−1 EGF (Beyotime, China)
and 20 ng mL−1 bFGF (Beyotime, China)) induction medium. DPSCs in
the undifferentiated group were cultured in 𝛼-MEM supplemented with
10% FBS but not with other reagents. The cells were incubated at 37°C
in 5% CO2. The culture medium was replaced every 3 days. After 14
days of osteogenic or adipogenic differentiation, mineralized nodules were
stained with 1% Alizarin Red S (Sigma‒Aldrich, USA), and lipid droplets
were visualized via Oil Red O staining (Sigma‒Aldrich, USA) following a
standard protocol.

Optimized Preparation of dECM Derived from DPSC Sheets: To form
DPSC sheets, cells were seeded in 6-well plates at a concentration of
2 × 105 cells well−1 in complete medium. When the DPSCs had reached
80–90% confluence, the medium was removed and replaced with high-
glucose DMEM supplemented with 10% FBS, 50 μg mL−1 ascorbic acid
and 1% penicillin‒streptomycin-amphotericin B suspension. The cells
were continuously cultured for 14 days at 37°C in 5% CO2, and the medium
was changed every 2 days. At the end of the 14-day culture period, the bor-
ders of the DPSC sheets were gently detached from the base of the well,
and the sheets were easily lifted with a cell scraper and harvested for fur-
ther experiments.

dECM derived from decellularized DPSC sheets was prepared by incu-
bating DPSC sheets with Triton X-100 supplemented with 20 mm NH4OH.
Two different concentrations of Triton X-100, namely, 0.5% and 1%, and
three different processing times, namely, 5, 10, and 30 min, were used
to determine the optimum conditions for generating DPSC dECM. After
14 days of culture, the DPSC sheets were lifted with a cell scraper, washed
three times in PBS, and then incubated in 0.5% or 1% Triton X-100 at 37°C
for 5, 10, or 30 min. Then, the DPSC sheets from the different groups were
washed three times in PBS and treated with 100 U mL−1 deoxyribonu-
clease enzyme (DNase) (Solarbio, China) at 37°C for 1 h to remove any
possible residual cellular components. After the decellularization process,
part of the harvested DPSC dECM was processed for histological analysis,
biochemical assays, and scanning electronic microscopy (SEM) (Hitachi,
Japan).

Quantification of DNA Content: The DNA contents of DPSC sheets
and DPSC dECM from the different groups were measured to determine
the degree of cell removal by using the FitAmp™ General DNA Quantifi-
cation Kit (Epigentek, USA) after the matrix was digested with proteinase
K (Beyotime, China). Then, a fluorescence microplate reader (Molecular
Devices, USA) was used to quantify the DNA content by measuring the flu-
orescence at Ex 480–500 and Em 520–550 nm. The tests were conducted
three times.

Cytotoxicity Assay: The cytotoxicity of dECM was investigated by a
CCK8 assay (Fdbio Science, China). DPSC sheets and DPSC dECM from
six different groups were placed in 15-mL sterilized centrifuge tubes, and
5 mL of high-glucose DMEM supplemented with 10% FBS was added to
each tube. Then, the tubes were incubated with continuous physical agi-
tation (150 rpm on an orbital shaker) at 37°C in 5% CO2 for 24 h. The su-
pernatants (hereafter referred to as the ECM extracts) were collected for
subsequent cytotoxic assays. C17.2 neural stem cells (NSCs) were used
for the CCK8 assay. C17.2 NSCs were obtained from the Department of
Neurology of the Third Affiliated Hospital of Southern Medical University
of Guangzhou. First, NSCs were seeded in 96-well plates at a concentra-
tion of 3 × 103 cells well−1 and cultured in complete medium composed
of high-glucose DMEM supplemented with 10% FBS. After the cells had
adhered, the culture medium was changed to fresh medium (blank control
medium) containing ECM extracts from DPSC sheets or DPSC dECM from
the different groups. The NSCs were cultured for 6 days, and the medium
of each group was changed every day. On each day of the assay, 10 μL of
CCK8 solution was added to each well, and the cells were further incubated
at 37°C for 1 h in the dark. After incubation, a microplate reader (Molecu-
lar Devices, USA) was used to measure the optical density at 450 nm. All
the ECM extracts were prepared as described above, and six replicates of
each sample were used for the CCK8 assay.

Animal Surgery: The animal protocols were reviewed and approved
by the Institutional Animal Care and Use Committee of Nanfang Hos-
pital of Southern Medical University (NFYY-2021-0619), Guangzhou,
China. All animals were housed in a temperature- and humidity-controlled
SFP animal facility on a 12-h light/dark cycle. Forty-eight adult male
Sprague‒Dawley rats (6-8 weeks old, weighing 200 g-300 g) were pur-
chased from the Animal Center of Southern Medical University. Food and
water were available ad libitum. The rats were randomly divided into three
groups for in vivo study: the control group, DPSC sheet group, and DPSC
dECM group (n = 8 for day 7, n = 8 for day 28 in each group). Locomo-
tor function was assessed weekly before and after surgery with the BBB
locomotor rating scale, and footprint analysis was performed on day 28.
Histological examinations were performed on day 7 and day 28.

After anesthesia, a 3 cm midline incision was made in the skin on the
backs of the rats to expose the T9-T11 vertebrae. The muscles were cut
in layers along the midline, and laminectomy was performed at the T9-
10 level to expose the T10 spinal cord segment. Under a microscope,
hemisection of the right T10 spinal cord was then performed using iris
microscissors and ophthalmic microforceps, creating a lateral hemisec-
tion lesion with a width of 2 mm. After sufficient hemostasis with a gelatin
sponge, the muscle and skin layers were closed using 4–0 silk sutures.
To prevent infection, the rats were subcutaneously injected with ampicillin
(100 mg kg−1) once a day for 3 days after surgery. Manual bladder expres-
sion was performed twice a day until the rats regained bladder control,
which occurred ≈3 to 5 days after the initial injury.

Histological Analysis: Spinal cord tissues and visceral tissues (heart,
liver, spleen, lung, and kidney) were fixed with 4% paraformaldehyde for 24
h and transferred to 75% ethanol. The tissues were embedded in paraffin,
and 5-μm sections were prepared. H&E staining (Leagene Biotechnology,
China) was performed according to the manufacturer’s instructions. Re-
gions of interest (ROIs) were observed via microscopy (BX63; Olympus,
USA).

Immunofluorescence Analysis: Spinal cord tissue sections were pre-
pared as previously described. The sections were deparaffinized with xy-
lene and rehydrated in a graded series of alcohol solutions, followed
by antigen retrieval. The sections were incubated overnight at 4°C with
antibodies against glial fibrillary acidic protein (GFAP) (1:200; Protein-
tech, Wuhan, China), nestin (1:200; ABclonal, Wuhan, China), neurofila-
ment (NF) (1:200; Proteintech, Wuhan, China), chondroitin sulfate (CS56)
(1:200; Sigma‒Aldrich, USA), CD68 (1:200; Servicebio, Wuhan, China) and
CD206 (1:500; Proteintech, Wuhan, China). The sections were washed
and incubated with secondary antibodies for 1 h at room temperature.
The cell nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI).
The sections were then mounted with glycerol jelly mounting medium.
Images of selected fields were captured via microscopy (BX63; Olympus,
USA).
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Table 1. The primer sequences.

Target genes Sequence

nestin Forward: CTGCTACCCTTGAGACACCTG

Reverse: GGGCTCTGATCTCTGCATCTAC

𝛽3-TUBULIN Forward: GGCCTCTTCTCACAAGTACG

Reverse: CCACTCTGACCAAAGATGAAA

GAP43 Forward: GGCCGCAACCAAAATTCAGG

Reverse: CGGCAGTAGTGGTGCCTTC

NF Forward: GTGAAGAGTGTCGGATTGGCT

Reverse: ACACAGAGGGAATTTTGGGGA

GAPDH Forward: CTGGGCTACACTGAGCACC

Reverse: AAGTGGTCGTTGAGGGCAATG

Locomotor Function Recovery Assessment: The BBB scale was used to
measure the recovery of left hind limb function in SCI model rats after the
transplantation of DPSC dECM.[48] Briefly, individual rats from the three
groups were placed in an open field and observed for 4 min by two ob-
servers who were blinded to the treatments. The test was conducted once
a week after transplantation for up to 4 weeks. Footprint analysis was per-
formed on day 28 after transplantation. After the hind limbs of the rats in
the three groups were painted with red ink, the rats were placed on paper
(size 594 mm × 841 mm), and each individual rat was allowed to move
freely for 2 min. A 30 cm straight line of footsteps was chosen for analysis.
The experiments were performed in triplicate.

Transwell Chemotaxis Assay: A 12-well transwell plate (Corning, USA)
was used to evaluate the effect of DPSC dECM on NSC migration. Three
groups were used in this assay: 1) the control group, which was treated
with standard high-glucose DMEM; 2) the standard high-glucose DMEM
plus DPSC sheet group; and 3) the standard high-glucose DMEM plus
DPSC dECM group. A piece of DPSC sheet or DPSC dECM from one well
of a six-well plate was placed in each transwell insert. Then, 200 μL of NSCs
were seeded in the upper chamber at a density of 1×105 cells/well for each
group. Standard high-glucose DMEM supplemented with 1% FBS without
DPSC sheets or DPSC dECM was added to the lower chamber as a con-
trol, while 700 μL of standard high-glucose DMEM supplemented with 1%
FBS and containing DPSC sheets or DPSC dECM was added to the lower
chamber as a stimulus. After 12 h of incubation at 37°C in 5% CO2, the
medium in the upper chamber was carefully removed, the nonmigrating
cells in the upper chamber were carefully scraped away with cotton swabs,
and the upper chamber was washed with PBS. The upper chamber was
then carefully transferred to the lower chamber; the medium was replaced
with 700 μL of 10% formaldehyde to fix the migrated cells that attached to
the lower side of the upper chamber, and the cells were incubated for 30
min at room temperature. Next, the cells were incubated with 0.1% crystal
violet (Leagene, Chain) for 15 min to stain the migrated cells. A total of
three fields of each well were analyzed at 200× magnification to determine
the mean number of migrated cells with ImageJ software.

qRT‒PCR: To assess the neurogenic differentiation of DPSCs, total
RNA was isolated from the two groups of hDPSCs by an EZ-press RNA
Purification Kit (EZBioscience, USA). One microgram of RNA per sample
was reverse transcribed into cDNA using a Color Reverse Transcription
Kit (EZBioscience, USA). qRT-PCR was performed in a 10 μL reaction sys-
tem using 2 × Color SYBR Green qPCR Master Mix (EZBioscience, USA)
on a Roche LightCycler 480 sequence detection system. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH/gapdh) was used as an internal con-
trol. The sequences of the gene-specific primers used are listed in Table 1.
Relative gene expression is presented as the fold change calculated with
the 2−ΔΔCt method, and the experiments were performed in triplicate.

Western Blotting: To assess the effect of DPSC dECM on the neural
differentiation of NSCs, NSCs. and DPSC dECM were cocultured in vitro,
and the response of NSCs to neurogenic induction conditions was investi-
gated. A total of three groups were used in the study: 1) 1 × 104 NSCs/well

cultured in neurogenic medium; 2) 1 × 104 NSCs/well cultured in neuro-
genic medium and a piece of DPSC sheet (from one well of a six-well plate)
placed in a transwell chamber; and 3) 1 × 104 NSCs/well cultured in neu-
rogenic medium and a piece of DPSC dECM (from one well of a six-well
plate) placed in a transwell chamber. The neurogenic medium was com-
posed of DMEM-F12 supplemented with 1% N2 supplement (Stem Cell,
USA), 10 ng mL−1 BDNF (Brain-derived neurotrophic factor) (Novopro-
tein, China), and 10 ng mL−1 NGF (Novoprotein, China). The NSCs in the
previously mentioned groups were continuously cultured for 14 days in a
5% CO2 cell culture incubator at 37°C, and the medium was changed every
2 days. After being cocultured for 2 weeks, C17.2 NSCs were lysed in RIPA
lysis buffer supplemented with protease inhibitors on ice for 30 min to
collect total protein. The proteins were separated by 10% SDS‒PAGE and
transferred to PVDF membranes. The membranes were blocked with 5%
BSA and then incubated with primary antibodies (NF, 1:500, Proteintech;
𝛽3-TUBULIN, 1:500, Cell Signaling Technology) followed by secondary an-
tibodies. Finally, images were acquired via an enhanced chemilumines-
cence system (BLT GelView 6000 Pro scanner, BLT, Guangzhou, China),
and the densities of the immunoreactive bands were quantified via ImageJ
software.

ELISA: At 28 days postinjury (dpi), blood was collected from the
hearts of the rats. After coagulation at room temperature for 30 min, the
blood was centrifuged at 15 000 rpm for 15 min, after which the super-
natant was collected. IFN-𝛾 and IL-10 levels were measured using ELISA
kits and a microplate reader (ELGBIO, Guangzhou, China; Infinite F50
Plus, TECAN, Switzerland) according to the manufacturer’s instructions.

Statistical Analysis: The data are expressed as the mean ± standard
error (SE), and the assays were repeated at least three times. Statistical
analysis was performed by t test or one-way ANOVA using GraphPad Prism
9.0.0 for Windows (GraphPad Prism, USA). Statistical significance was de-
fined as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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