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Abstract
Objectives: The function of the dental pulp is closely connected to the extracellular 
matrix (ECM) structure, and ECM has received significant attention due to its biologi-
cal functions for regulating cells. As such, the interaction between the ECM niche and 
cells is worth exploring for potential clinical uses.
Materials and methods: In this study, dental pulp stem cell (DPSC)-derived ECM 
(DPM) was prepared through cell culture and decellularization to function as the cell 
niche, and changes in DPSC behaviour and histological analysis of dental pulp tissue 
regeneration were evaluated following the DPM culture. DPM promoted the replica-
tion of DPSCs and exhibited retention of their mineralization. Then, the DPM-based 
culture strategy under odontogenic culture medium was further investigated, and the 
mineralization-related markers showed that DPSCs were regulated towards odonto-
genic differentiation. Dental pulp-like tissue with well-arranged ECM was harvested 
after a 2-month subcutaneous implantation in nude mice with DPM application. 
Additionally, DPSCs cultured on the plastic culture surface showed the up-regulation 
of mineralization makers in vitro, but there was a disorder in matrix formation and 
mineralization when the cells were cultured in vivo.
Results and Conclusions: DPM-based cultivation could serve as a cell niche and modu-
late DPSC behaviour, and this method also provided an alternative to harvest tissue-
specific ECM and provided a strategy for ECM-cell interaction.

1  | INTRODUCTION

Dental pulp is a connective tissue surrounded by dentin, which forms 
the dentin matrix for life, and its function is closely connected to micro-
environment niche. Dental pulp has a substantial extracellular matrix 
(ECM) that not only provides a 3-dimensional structure to maintain 

the integrity of the tissue1 but also affects the turnover of cells.2 The 
ECM of dental pulp is rich in fibril, which is mainly composed of col-
lagen type I and III. The mineralization-related protein and the glyco-
protein have a polarized distribution through the odontoblast layer 
to the core of pulp, and the function of the dental pulp was closely 
connected to the ECM structure. The ECM provides needed elasticity 
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and consistency for dental pulp,3 which maintains mature dental pulp 
tissue from abnormal mineralization.4 However, when the dental pulp 
micro-environment is invaded by trauma, bacteria or bacterial metab-
olites, the repair of dental pulp may lead to local or total calcification in 
the pulp tissue rather than in the original connective tissue. Therefore, 
the homeostasis of dental pulp tissue is tightly related to the ECM, and 
it is important to construct a proper ECM micro-environment when 
the pulp tissue requires therapy.

Various natural and synthetic material scaffolds were used to sim-
ulate the ECM of dental pulp tissue, and in vitro experiments have sug-
gested that these materials facilitated good odontogenesis. Collagen 
type I, as the main component of natural dental pulp ECM, is the most 
widely used scaffold material for dental pulp regeneration. The deg-
radation rate of collagen is uncontrollable, and the reconstruction of 
collagen fibres in regenerated tissue is limited.5 The disordered regen-
erated collagen fibres in dental pulp tissue may lead to abnormal min-
eralization. Additionally, the regenerated pulp tissue with platelet rich 
plasma in the root canal showed characteristics of periodontal tissue.6 
Therefore, the micro-environment of the materials determine the min-
eralization ability of dental pulp tissue and the long-term sustainability 
of the regenerated tissue. Therefore, compared to the improved odon-
togenesis ability of seeded cells, it is more important to maintain the 
integrity of a regenerated ECM niche.

The natural dental pulp ECM maintains structural integrity of the 
tissue and decides the fate of the cells7 as well as plays an essential 
role in tissue growth, remodelling and maintenance.8 Therefore, a 
dental pulp tissue-derived ECM may be a better choice to imitate the 
natural micro-environment and help repair and regenerate tissue. The 
detergent solution treatment is the regular method for obtaining nat-
ural tissue ECM. Human dental pulp, however, has an anatomy struc-
ture that may be difficult to be standardized. Therefore, a dental pulp 
stem cell (DPSC)-derived ECM was harvested from cell culture using 
ascorbic acid. Unlike decellularized tooth germ tissue, dental pulp ma-
trix (DPM) does not have the structure of blood and lymphatic vessels 
or the polarized distribution of an odontoblast layer.

In this study, ECM-based cultured DPSCs were evaluated for den-
tal pulp regeneration. DPM was utilized to imitate the original dental 
pulp niche, which was compared to a conventional polystyrene culture 
surface. To the best of our knowledge, the study of tissue-engineered 
dental pulp has been investigated using biomaterials, but the native 
ECM niche interaction has yet to be evaluated. The change in min-
eralization behaviour of DPSCs in their native niche was performed 
for the first time, and this cell-derived ECM model may be useful for 
clinical applications.

2  | MATERIALS AND METHODS

2.1 | Animals model

In this study, nude mice were obtained from the Animal Research 
Centre of Sichuan University. The human dentin and dental pulp tissue 
were acquired from healthy patients whose premolars were extracted 
for orthodontic treatment at the West China Hospital of Stomatology, 

Sichuan University. All the treatments and the study protocol com-
plied with the committee regulations of the Ethics Committee of the 
Sichuan University. Informed consent was obtained from the partici-
pants according to the approved guidelines.

2.2 | Cell culture and identification

The premolars were collected from patients (n=10, 12-16 years of 
age) with written consent signed by the patients’ parents during or-
thodontic treatment in the West China Stomatology Hospital. The 
method to isolate and culture human DPSCs was described previ-
ously.9 The dental pulp tissue was cut to approximately 1 mm3 under 
aseptic conditions and digested with 3 mg/mL collagenase type I 
(Sigma, St. Louis, MO, USA) as well as 4 mg/mL dispase (Sigma) for 
1 hour at 37°C. Single-cell suspensions were obtained and incubated 
in α-MEM (HyClone, Logan, UT, USA) with 10% foetal bovine serum 
(HyClone) and 100 U/mL of penicillin, streptomycin (HyClone) in a 
humidified atmosphere at 37°C and 5% CO2. The cell culture medium 
was changed every 3 days, and the cells from passage 3 were used for 
the experiments. To characterize the immunophenotype of DPSCs, 
flow cytometry analysis was used to detect the expression of mes-
enchymal stem cell-associated surface markers at passage 3. DPSCs 
were trypsinized and incubated with CD14 (FITC), CD34 (FITC), CD45 
(FITC), CD90 (PE), CD105 (PE) and CD73 (PE). All the antibodies (BD, 
Franklin Lakes, NJ, USA) were incubated according to the manufactur-
er’s instruction, and flow cytometry was carried out using the Guava 
easyCyte (Millipore, Bedford, MA, USA). To identify the origin of cul-
tured cells, DPSCs were imaged using immunofluorescence with anti-
bodies against vimentin (Thermo, Waltham, MA, USA) and cytokeratin 
(Abcam, Cambridge, MA, USA). Subsequent steps were performed ac-
cording to the manufacturer’s recommendations, and all samples were 
examined under a fluorescence microscope (Nikon, Tokyo, Japan).

2.3 | Multipotential differentiation of DPSCs

A total of 1×105 DPSCs were seeded onto each well of a six-well plate. 
The control group was cultured in α-MEM with 10% FBS. At 70% con-
fluence, the cells were changed into osteogenic medium containing 
10% FBS, 5 mmol/L l-glycerophosphate (Sigma), 100 nmol/L dexa-
methasone (Sigma) and 50 mg/mL ascorbic acid (Sigma) for 21 days.10 
After 3 weeks of culture, the cells were fixed in 4% paraformaldehyde 
for 10 minutes. After being incubated in 0.1% alizarin red solution 
(Sigma) in Tris-HCl (pH 8.3) at 37°C for 30 minutes and washed three 
times in PBS, the cells were photographed under a light microscope 
(Nikon). A total of 1×105 DPSCs were seeded onto each well of a six-
well plate. At 80% confluence, the cells were cultured in adipogenic 
medium containing 10% FBS, 2 mmol/L insulin (Sigma), 0.5 mmol/L 
isobutylmethylxanthine (IBMX; Sigma) and 10 nmol/L dexamethasone 
(Sigma). After 21 days of culture, the cells were washed three times in 
PBS after being fixed in 4% paraformaldehyde and then incubated in 
0.3% Oil Red O (Sigma) solution for 15 minutes.11 After washing the 
cells three times in PBS, the cells were routinely observed and photo-
graphed under a phase-contrast inverted microscope (Nikon).
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2.4 | Preparation of dishes coated with DPM

DPSCs were seeded at 1×105 of each well in a six-well plate pre-coated 
with bovine fibronectin at 2.5 μg/cm2 (Millipore)12 and incubated 
with 10% FBS α-MEM. When the cells reached 100% confluence, 
the culture medium was changed to 20 mmol/L ascorbic acid (Sigma) 
added 10% FBS α-MEM. After a 7-day culture, the cells was exposed 
by dissolving the cell layer with 0.5% Triton X-100 and 20 mmol/L 
NH4OH in PBS at 37°C for 5 minutes then treated with 100 μg/mL 
DNAse (Sigma) for 1 hour at 37°C, following by three times washes. 
The DPMs remained, and they were kept in a triple antibiotic (Gibco, 
Waltham, MA, USA) PBS solution.

2.5 | Immunofluorescence staining for DPM

DPMs were harvested on coverslips in a 24-well plate. The subsequent 
staining steps were conducted according to the manufacturer’s instruc-
tions for the antibodies. For the recognition of DPM structures, col-
lagen-I, collagen-III, laminin, fibronectin, biglycan (Abcam, Cambridge, 
MA, USA) and decorin (Santa Cruz Biotechnology, Santa Cruz, CA, USA) 
were stained and examined under a fluorescence microscope (Nikon). 
DAPI (Sigma) was also used to examine the localization of DNA.

2.6 | Scanning electron microscopy for DPM

A scanning electron microscope (SEM) (FEI-QUANTA 200F, 
Eindhoven, the Netherlands) was used to visualize the surface mor-
phology of DPM. The DPMs were dehydrated and sputter-coated 
with gold for visualization (JEOL JFC-1200 Fine Coater, Tokyo, 
Japan).13 Additionally, the DPM fibre diameters were characterized. 
Briefly, the SEM images of the DPMs were converted to 8-bit JPG 
files. Then, these images were captured by nano measure to measure 
the fibre diameters. Ten sites were collected at every image, and the 
test was repeated three times.

2.7 | DPSCs cultivated on the DPM

The mineralization behaviour change on DPM was also evaluated 
under 10% FBS α-MEM and cultivation. The DPSCs were trypsi-
nized and seeded at 2×104 cells/cm2 on both a plastic culture surface 
(DPSCs group) and DPM (DPSCs+DPM group), and the samples were 
harvested on days 4 and 7, followed by a Western blot analysis to 
identify the influence of the matrix-coated culture.

2.8 | Flow cytometric analysis for cell cycle

After culture, the cells were harvested when they reached 60% 
confluence. The cell pellet was fixed with cold 70% alcohol at 4°C 
for 48 hour. The cells were stained with 100 mg/mL propidium io-
dide (Sigma) and a 10 μg/mL RNAse (Takara, Dalian) cocktail at 4°C 
for 30 minutes. The experiment was repeated at least three times. 
The flow cytometry was carried out using the Guava easyCyte 
(Millipore).

2.9 | Cell proliferation analysis with CCK-8

The cell Counting Kit-8 (CCK-8) assay (Donjindo, Tabaru, Kumamoto, 
Japan) was used to evaluate the influence of the DPM on DPSC pro-
liferation. The DPSCs were seeded on a plastic culture surface (DPSCs 
group) and DPM (DPSCs+DPM group), and both groups were cultured 
with α-MEM with 10% FBS from day 1 to day 6. Each sample was 
added to one well of a 24-well plate at a density of 3000 cells per 
well. All procedures were performed according to the manufacturer’s 
recommendations.

2.10 | DPSCs cultivated under the dentin matrix 
liquid extract

Dentin matrix liquid extracts (De) provide the odontogenesis pro-
teins, which contained Collagen-I, DSP, TGF-b1, DMP1, biglycan and 
decorin.10,14 These factors not only play important roles in differen-
tiation into odontoblasts but also help form dentin tissues as well as 
induce DPSCs proliferation.15 Therefore, the extract was synthesized 
according to the previous study14 and used for an odontogenic con-
dition medium. Briefly, DPSCs were cultured under the medium of 
α-MEM and 10% FBS at 2×104 cells/cm2 for further odontogenic 
induction. The cells were grouped as follows: (i) 10% FBS-MEM on 
plastic culture surface (DPSCs group), (ii) 10% FBS α-MEM on a DPM-
coated surface (DPSCs+DPM group), (iii) De and 10% FBS on a plastic 
culture surface (DPSCs+De group), (iv) De and 10% FBS on a DPM-
coated surface (DPSCs+DPM+De group) for 7 days.

2.11 | Real-time PCR analysis

Real-time PCR was used to investigate the changes in DPSCs under 
De. RNA from all the groups was extracted by RNAiso Plus (TaKaRa, 
Dalian, China). The cDNA was obtained using theμ RevertAid First 
Strand cDNA Synthesis Kit (Thermo Scientific, Lithuania). We added 
1 μL of a cDNA template, which was diluted 5-fold with SYBR Green 
to real-time PCR analysis expression of the genes: DSPP, DMP1, 
MEPE, COL-I, ALP, Sp7 and GAPDH were evaluated. The cycling 
conditions were as follows: 95°C for 10 minutes, 45 cycles at 95°C 
(15 seconds each), and 60°C for 1 minutes. All data were analysed 
using the 2−ΔΔCt method. The assays were repeated three times. The 
primer sequences for analysed genes were listed in Table 1.

2.12 | Western blot

All Western blot analyses were conducted according to the manufac-
turer’s instructions. Protein concentrations were measured using the 
BCA protein assay. Twenty micrograms of protein per lane was loaded 
on a 10% SDS-PAGE gel for electrophoresis, and then transferred to 
0.2 μm PVDF membranes (Bio-Rad, Hercules, CA, USA) at 200 mA 
for 1.5 hour in a blotting apparatus (Bio-Rad). The membranes were 
blocked in blocking solution (5% w/v skimmed milk, TBS, 0.1% 
Tween-20) at room temperature for 2 hour. For the cell cycle analysis, 
membranes were incubated with primary antibodies (anti-Cyclin D1, 
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1:1000; Santa Cruz Biotechnology; anti-p21, Abcam, 1:1000; anti-
GAPDH, 1:10 000, Zhengneng, China). For DPSCs cultivated under 
DPM or De, the membranes were incubated with a primary antibody 
(DSP, 1:1000, Santa Cruz; Sp7 1:1000, DMP1, Biovision, 1:500; 
GAPDH, Zhengneng, 1:10 000). Following the treatment with second 
antibodies, all the immunoreactive proteins were then visualized using 
an Immobilon Western Chemiluminescent HRP Substrate (Millipore).

2.13 | Mineralization-related marker change under 
DPM in vivo

To observe the DPM-modified DPSC in vivo, the DPSCs (DPSCs 
group) and DPM-modified DPSCs (DPM group) were mixed with 
collagen gel and injected into the dermal layer of nude mice. Rat tail 
collagen-I (Corning, Corning, NY, USA) was neutralized with 1 mol/L 
NaOH and 10x MEM (Sigma) at 3 mg/mL on ice. The cells were im-
mersed in the collagen gel at 107 cell/mL on ice. The collagen mixture 
was ready on ice, and the 200 μL mixture was injected into the dermal 
layer of nude mice. Each group was repeated three times. The samples 
were harvested after a 2-month subcutaneous implantation.

2.14 | Evaluation of the DPM-modified DPSCs in the 
dentin segments in vivo

The dental pulp tissue regeneration within the dentin segment was 
also investigated. The human mandibular premolar with a single root 
canal was used for implantation, which was removed from a healthy 
patient for prosthodontic treatment. A 7 mm dentin segment was 
separated from the crown, and the cementum was removed. The root 
canal was prepared with a 70# file, and a 0.7 mm apical foramen was 
prepared. Then, all the segments went to radiation sterilization at 
25 Gy.16 For the DPSCs group, a total of 1×105 DPSCs were directly 

seeded inside the dentin segments and incubated under the culture 
medium for 1 day before the implant operation; For the DPSCs+DPM 
group, 1×105 DPSCs were seeded on the DPM and culture for 1 day 
before the operation. The DPSCs-DPMs was removed from culture 
surface to dental segments with tweezers 1 day before implantation. 
The empty dentin segments were also implanted into nude mice as the 
blank control group. Then, all dentin segments were implanted into 
the dorsum of nude mice under deep anaesthesia.

2.15 | Histological analysis

Eight weeks later, all samples were gained from the mice under deep 
anaesthesia. The implants were fixed with 4% paraformaldehyde for 
5 hours at 4°C. The whole group was demineralized with 10% EDTA 
(pH 7.6) at 37°C, and embedded in paraffin. All antibodies and stain-
ing procedure were used according to the manufacturers’ protocol. 
DSP and DMP1 were used to identify whether the newly formed tis-
sues followed the process of mineralization. Masson trichrome (MT) 
was used for collagen fibre staining. For the DPSCs implanted with 
collagen-I, paraffin sections were stained with haematoxylin and 
eosin (H&E) and immunohistochemical stains, including DSP, DMP1 
(Santa Cruz) and human mitochondria (Mito) (Millipore). Human mito-
chondria antibodies reacted with human-derived cells, and was used 
to identify whether the seeding cells were in the new regeneration 
tissue. For the DPSCs implanted with dentin segments, haematoxy-
lin and eosin (H&E), Masson trichrome, and immunohistochemical for 
human mitochondria (Millipore) were conducted.

2.16 | Statistical analysis

All data are expressed as the mean±SD. Statistical significance was an-
alysed using SPSS 11.5 software (SPSS, Chicago, IL, USA). Independent 

TABLE  1 The primer sequences for 
analysed genes

Target cDNA Primer sequence (5′-3′)
Product 
size (bp) NCBI no.

GADPH F CTTTGGTATCGTGGAAGGACTC 132 NM_002046.3

R GTAGAGGCAGGGATGATGTTCT

ALP F TAAGGACATCGCCTACCAGCTC 170 NM_000478.4

R TCTTCCAGGTGTCAACGAGGT

DMP1 F CTCGCACACACTCTCCCACTCAAA 180 NM_004407.3

R TGGCTTTCCTCGCTCTGACTCTCT

DSPP F GGAGCCACAAACAGAAGCA 101 NM_014208.3

R TGGACAACAGCGACATCCT

Col-IA1 F AACATGGAGACTGGTGAGACCT 145 NM_000088.3

R CGCCATACTCGAACTGGAATC

MEPE F GGATGAAACTGCGAAAGAGG 149 NM_001291183.1

R A CCTTCCCTTGGTGAGCATT

Sp7 F GAGGTTCACTCGTTCGGATG 120 NM_001300837.1

R TGGTGTTTGCTCAGGTGGT

GADPH (glyceraldehyde-3-phosphatedehydrogenase), ALP (alkaline phosphatase), DMP1 (Dentin ma-
trix phosphoprotein 1), DSPP (dentin sialophosphoprotein), Col-IA1 (collagen-IA1), MEPE (matrix extra-
cellular phosphoglycoprotein), Sp7 (special protein 7).
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samples were tested using the t test and t′ test, and a value of P<.05 
was considered to be statistically significant.

3  | RESULTS

3.1 | Cell culture

Human DPSCs showed a typical spindle shape morphology at 
the third in vitro passage. DPSCs were positive for the mesen-
chymal marker vimentin (Figure 1H) but were negative for CK-14 
(Figure 1G), which is a marker of epithelial cells. Under adipogenic 
culture conditions for 21 days, lipid droplets formed and were 
stained with oil red (Figure 1K). When cultured in osteogenic 
medium for 21 days, DPSCs formed mineralized nodules through 
alizarin red staining (Figure 1I). Flow cytometric analysis showed 
that the DPSCs positively expressed the tri-lineage differentiation 
potential markers CD90, CD105 and CD7317 (Figure 1A-C). The 
lack of receptors for CD14, CD34 and CD45 (Figure 1D-F) may 
suggest that DPSCs do not have haematopoietic and angiogenesis 
lineages.

3.2 | Histological analyses and gross 
anatomy of DPM

The fabricated DPM were harvested with an attachment to the cul-
ture surface. Immunofluorescence showed that DPMs had regularly 
arranged fibres and were positive for collagen-I (Col-I), collagen-III 
(Col-III), laminin, decorin, fibronectin and biglycan. Apparently, DAPI 
staining showed that the nuclei were removed from DPM (Figure 2A). 
The orientation of fibres followed the trend of former cells. Prepared 
DPMs were visualized using SEM at 300× and 40 000X (Figure 2B). 
In this study, the average fibre diameters of the DPMs were 130 nm 
(ranging from 80 -170 nm), while the natural ECMs, which are pre-
dominantly composed of intertwined collagen and elastin fibres, 
ranged from 10 to 300 nm.18

3.3 | Proliferate rate change under DPM and 
regular culture

As shown in the chart (Figure 3A), all the wells were seeded with the 
same amount of cells at day 0, and after one day incubation, the OD 

F IGURE  1 Dental pulp stem cells (DPSCs) culture and identify. FCM analysis (A-F) showed that DPSCs were positive for CD105 (58.4%), 
CD73 (95.0%) and CD90 (98.5%), but negative for CD14 (0.161%), CD34 (0.177%) and CD45 (0.221%). The DPSCs were negative for CK-14 
(epithelial cell marker) (G), and positive for vimenten (mesenchymal cell marker) (H). After induction in vitro, DPSCs formed calcium nodules (I) 
(Yellow arrow) and lipid droplets (J) (Yellow arrows) (n=3)
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value did not show an obvious change. During the next 3 days, the 
DPSCs+DPM group showed a slightly higher value than the DPSCs 
group. On the fourth day, there was a sharp increase in the prolifera-
tion rate, and this effect lasted until the end of culture (day 6), which 
indicated that DPM had a positive effect on cell proliferation of DPSCs.

3.4 | Cell cycle analysis with PI staining 
flow cytometry

To measure the ratio of G1/S progression, all the cell samples were 
harvested at 60% confluence. For cells plated on a plastic culture sur-
face, more cells remained in the G1 phase (69.51%) (Figure 3B) com-
pared to cells plated on DPM (64.36%) (Figure 3B). Fewer cells were 
arrested at the G1 stage in the DPSCs+DPM group, which indicates 
that DPM was sufficient to initiate cell cycle progression towards ex-
pansion without adding growth factors.

3.5 | Cell cycle-related protein analysis

To further illuminate the potential mechanism of DPM-supported high 
proliferation, cell cycle-related proteins were also analysed (Figure 3C). 

The relative levels of expression of p21, Cdk4/D1 and Cdk6/D1 may 
determine the proliferative state of the cell.19 Cyclin D1 was higher 
in the DPSCs+DPM group, which was consistent with the high G1/S 
transition rate of the DPM group. p21 showed higher expression in 
the DPSCs+DPM group as well. The higher p21 expression was pre-
sumably required to coordinate and form a stable and active cyclin/
cdk/kp21 complex that allowed for cells to continue negotiate the 
S-phase.20

3.6 | DPSCs’ mineral-related marker expression on 
DPM in vitro

On Day 4, both the DPSCs on the plastic culture surface and DPM 
were nearly at 100% confluence, but the ECM on the plastic culture 
could not be accumulated with each other. At day 7, both groups 
showed double-layer growth at the culture surface, and the ECM 
was being constructed on its own. The mineralization-related mark-
ers DMP1, DSP and Sp7 decreased during DPM cultivation. The DPM 
culture showed slightly down-regulated expression on day 4 and a 
more obvious change on day 7. That change indicated that the ori-
gin of the ECM and the micro-environment for the cells determines 

F IGURE  2 Fabrication of DPM. 
Immune fluorescence showed the DPM 
owned net fibrils structure that was 
positive for Col-I, Col-III, laminin, decorin, 
fibronectin, biglycan, which indicated 
the decellularization preserved the basic 
ECM proteins and structure (A). The 
decellularization was visualized by staining 
nuclei with the fluorescent dye DAPI (A). 
SEM image (B) showed the microstructure 
of DPM under 300× and 40 000× 
amplification, respectively (n=3)

F IGURE  3 Cell proliferation analysis. DPSCs on the DPM (DPSCs+DPM group) showed a higher value of OD (A) compared with that of 
DPSCs on the plastic culture surface. The cell cycle analysis with PI staining of DPSCs on a plastic culture surface (DPSCs group) and DPM 
(DPSCs+DPM group). (B) Cyclin D1 and p21 expression at the protein level by Western blot with GAPDH serving as an internal control (C) (n=3)
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the mineralization behaviour. That phenomenon also showed that 
stemness may be preserved, and fewer DPSCs were involved in the 
process of occasional mineralization (Figure 4).21

3.7 | DPSCs’ mineral-related marker expression on 
DPM in vivo

The implanted cells were harvested after a 2-month implantation. 
Both groups showed a swirl arrangement with wrapped connective 

tissue in the collagen implantation model (Figure 5A,B). When the tis-
sues were collected, obvious mineral tissue was not found under the 
skin. Both groups were positive for human mitochondria (Figure 5D,E), 
which suggests that the seeded DPSCs had participated. Both groups 
showed positive DMP1 and DSP expression within the cell cluster. 
Compared to the DPSCs group (Figure 5J-G), the DPSCs+DPM group 
had lower amounts of DMP1 (Figure 5H) and DSP (Figure 5K) since 
the cells had been implanted and were mainly located around the 
capsule. Positive sites near the collagen capsule area indicated there 
was induction of osteogenesis for collagen-I in vivo.22 Natural dental 
pulp tissue (C), was used for the positive control for mitochondria (F), 
DMP1 (I) and DSP (L).

3.8 | DPSC odontogenic behaviour change on the 
DPM in liquid dentin extracts

Odontogenic-related markers were compared between the cultures 
of DPM (DPSCs+DPM+De group) and a regular plastic culture surface 
(DPSCs+De group) in the liquid dentin matrix extracts (De). Reports 
on the molecular events of dental injury and reparative dentinogen-
esis can be simulated by treating DPSC cells with a soluble extract of 
dentin.8 After a 7-day induction, differences in genes expression were 
observed as follows:

Firstly, under the incubation of De, both the DPSCs+DPM+De 
and DPSCs+De group improved their DSPP (Figure 6B) transcrip-
tion, which indicates that dentin extract could effectively give rise 

F IGURE  4 The mineralization marker change during the culture 
on the DPM on day 4 and day 7 by western blot. The mineralization-
related markers, DMP-1, DSP and Sp7 were reduced during the 
DPM cultivation. The DPM culture showed slightly down-regulated 
expression on day 4 and a more obvious change on day 7. GAPDH 
served as an internal control (n=3)

F IGURE  5 Histological examination 
of DPM-treated DPSCs implanted in vivo. 
The native human dentin pulp structures 
(C) served as a positive control for the 
antibodies. The human mitochondria (F), 
DSP (L), DMP1 (I) was used as the positive 
control. Through the HE staining, both the 
DPSCs and DPM-treated DPSCs formed 
as a cell cluster with capsule (A, B). Both 
DPSCs and DPM-treated DPSCs showed 
human mitochondria positive (D, E), which 
indicated that the implanted cells positively 
participated in the cell cluster. For the 
DPM-treated DPSCs, the cell clusters were 
positive for DSP (K) and DMP-1(H), but the 
DPSCs cells possessed stronger DSP (J) and 
DMP1 (G) expression (n=3)
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to odontogenesis markers. Secondly, the early osteogenic marker 
ALP was down-regulated when cultured under the induction of De, 
respectively (Figure 6C), which was also found in a previous study. 
Interestingly, the mineral-regulating gene MEPE (Figure 6D) was 
only down-regulated in the DPSCs+DPM+De incubation group. 
Sp7, which is a putative master regulator of bone cell differentiation, 
showed lower expression in the DPSCs+DPM+De (Figure 6E) group 
too. Another important osteogenic marker DMP1 (Figure 6A) only im-
proved in the DPSCs+De group.

Immunopositive staining against DSP was detected in both the 
DPSCs+De and DPSCs+DPM+De groups. The DPSCs+De group pre-
sented stronger positive results with DMP1 expression. Under De 

cultivation, both of the groups showed lower expression of Sp7 than 
the DPSCs group (Figure 6G).

When De was added to the culture medium, the mineralization 
showed a different pattern than when DPM was added. A previous 
investigation demonstrated that down-regulated MEPE accompanied 
with up-regulated DSPP should be considered a marker of DPSC dif-
ferentiation.23 MEPE regulates the differentiation and mineralization 
of hard tissue-related cells, and the expression of MEPE was only ob-
served in immature odontoblasts.24 MEPE becomes down-regulated 
when the odontoblasts mature.25,26 In this study, MEPE was only 
down-regulated in the DPSCs+DPM+De group along with a higher 
expression of DSPP.

F IGURE  6 The odontogenic influences 
of DPM on DPSCs in liquid dentin 
extract (De). In the liquid dentin extract 
(DPSCs+De group), DPSCs showed 
up-regulated odontogenic markers, 
including DMP-1 (A) and DSPP (B) both 
at the transcript and expression level (G). 
Meanwhile, early osteogenic markers 
for ALP were down-regulated (C) in the 
DPSCs+De group. During cultivation 
on the DPM with liquid dentin extract 
(DPSCs+DPM+De group), ALP(C) and 
SP7 (E) were down-regulated. DSPP (B) 
up-regulation was accompanied with MEPE 
(D) down-regulation, which indicated 
odontoblast differentiation occurred 
(*P<.05, **P<.01, ***P<.001, NS=none 
significance) (n=3)
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3.9 | The dental pulp genesis ability on the DPM

The connective tissue-like tissue was harvested in the DPSCs 
(Figure 7A,B), DPSCs+DPM (Figure 7C,D) and blank groups 
(Figure 7G,H). Natural dental pulp (Figure 7E,F) was used as control. 
In the DPSCs+DPM group, the newly formed tissue had a more or-
dered fibre arrangement (Figure 7C,K) and possessed a more uniform 
diameter. The direction of the fibril arrangement had similarity to that 

of natural dental pulp tissue. A few odontoblast-like cells (Figure 7D,L, 
red arrow) were found along the dentin tube side, and collagen fibres 
are shown in the top of the cells, which indicates there is functional 
synthesis. In the no-cell (blank) group, the fibrous tissue grew into 
the root canal, and a few leucocytes could be found among the tissue 
(Figure 7H,P, black arrow). For the DPSCs group, the newly formed 
dental pulp tissue had blood vessels and plenty of erythrocytes among 
fibrils. However, the typical odontoblast-like cells were not found in 

F IGURE  7 Histological analysis for regenerated dental pulp. There were DPSCs group (A, B), DPSCs+DPM group (C, D), natural dental pulp 
(E, F), blank group (G, H) with H&E staining. The DPSCs+DPM group (K, L), natural dental pulp (M, N), and blank group (O, P) were also stained 
with Masson trichrome. Using the staining, the DPSCs+DPM group (red arrow) (L, D) had slighter fibril and a few odontoblast-like cell layers in 
the regenerated tissue compared to the DPSCs group, which showed similarity to the natural dental pulp (black arrow) (F, N). Additionally, some 
collagen-rich island and strong staining fibrils (yellow arrow) (B, J) could be found in the DPSC-regenerated dental pulp. In the blank group, the 
fibrils and some leucocytes were observed in the root canal (green arrow) (H, P). The natural dental pulp tissue served as a positive control for 
human mitochondria (S). Both the DPSCs (Q) and DPSCs+DPM (R) groups were positive for human mitochondria, and blank group was negative 
for human mitochondria (T) (n=3)
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the remolding root canal. The fibres were crossed-arranged in the full 
pulp tissue with newly constructed dentin walls. Through Masson 
staining, strong collagen fibres were observed throughout the full 
dental pulp tissue along the inner wall of the root canal (Figure 7A,I). 
Additionally, ectopic mineralization as also found in the regenerated 
dental pulp (Figure 7B,J, yellow arrow). The immunohistochemis-
try with human mitochondria yielded positive results in both DPSCs 
(Figure 7Q) and DPM (Figure 7R) modified DPSCs group as well as 
the natural human tooth (Figure 7S), but the results were negative in 
the blank group (Figure 7T), which illustrated that the seed cells suc-
ceeded in the regeneration process.

4  | DISCUSSION

The present study described the characterization of DPSCs under 
a cell-derived DPM and the contribution of an ECM component to 
reconstruct dental pulp tissue. DPM preserved the important fi-
brous portions of ECM, such as collagen-1, collagen-3, fibronectin 
and laminin, and they shared similarity with the component as well 
as a 3D structure of dental pulp, and these components were in-
volved with regulating the dental pulp matrix and avoiding disordered 
mineralization.27

The ECM structure contributed to the maintenance of stem cell 
populations28 through lower expression of differentiation markers, 
playing an important part in cell proliferation, survival29and stemness 
preservation.30 In this study, DPM-based culture made up for the ab-
sence of the DPSC niche in vitro. DPSCs possess the capacity for self-
renewal and multi-lineage differentiation.31 Without a native niche, 
however, DPSCs show great osteogenic differentiation potential in 
regard to expansion in vitro,32 which may result in failure outcomes 
in tissue repair.

The regular culture surface is mainly based on polystyrene, whose 
solid and sound surface characteristics may not be able to imitate the 
natural milieu well; this could lead to changes in cell behaviour and 
loss of stemness.9 The proliferation and osteogenic differentiation of 
DPSCs are sensitive to their extrinsic factors and remolded when the 
extrinsic factors change.33 This phenomenon highlights the necessity 
of a proper micro-environment for dental pulp regeneration.4 During 
the culture on the DPM, both the enhanced proliferation rate and 
suppressed mineralization marker expression indicated that DPSCs 
maintained their stemness.34,35 The collagens, fibronectin, laminin and 
biglycan among the DPM activated the integrins of DPSCs. Binding of 
ECM and cell surface integrin receptors can induce early signalling cas-
cades and gene expression of passage through the G1/S transition.36

Dental pulp is sensitive to the environmental stimuli, and natural 
dental pulp ECM enables preservation from mineralization. Under 
physiological conditions, dental pulp is the process of dentin forma-
tion throughout an animal’s lifetime. Immunostaining and in situ hy-
bridization showed DSP, DPP and DMP1 are mostly expressed in the 
odontoblast layer and dentin matrix but not in the dental pulp tissue.15 
Due to the absence of these proteins, natural dental pulp is unable to 
mineralize under physiological conditions. When dental pulp is injured 

or encounters capping material, the local ECM and molecules change. 
The DPSCs react as reparative dentin, a dentin bridge, and even de-
velop into calcification, leading to closure of the dental pulp rather 
than repairing the original soft connective tissue. Thus, a proper ECM 
niche should be established through dental pulp therapy.

The ECM has potential bioactive agents for inducing DPSC re-
action, which affects repair and regeneration in dental pulp tissue. 
Involvement of DPM and DPSCs were further investigated by histo-
logical staining in vivo. The results demonstrated that the DPM had an 
effect on the structural integrity of the regenerated dental pulp ECM. 
Compared to the DPM-grafted group, the condensed connective tis-
sue matrix appeared, and thick fibre bundles in the ECM aggregated 
in the single DPSCs grafted group, which showed there was similar-
ity as tissue age advanced. During cultivation with DPM, the regen-
erated dental pulp had ordered fibril arrangement in the pre-dentin 
area and uniform dental pulp matrix. The results indicated that ECM 
had an effect on structural integrity of later regenerated dental pulp 
matrix,37and ECM proteins that resided among the matrix became in-
volved with collagen fibril organization and maintaining the integrity 
of the dental pulp tissue. Collagens, as the majority of protein found 
in dental pulp ECM, are also a major component of dentin and other 
mineralization tissue. For natural dental pulp, large intercellular spaces 
contain type I collagen (56%),4 and the dentin predominantly contains 
type I collagen. The breaking balance of ECM collagen fibril bundles 
potentially brought about the matrix mineralization.38 It was reported 
that disordered ECM participated in the formation of pulp stones and 
diffuse calcification.39 Therefore, collagen fibrils should be well orga-
nized, and disorganization should be prevented in the dental pulp tis-
sue.40 ECM components regulated structural homeostasis integrity of 
connective tissue in dental pulp regeneration.41 Therefore, the mainte-
nance of healthy dental pulp matrix rather than the promotion of min-
eralization of seeded cells is a more crucial question to be addressed 
in regenerative dental pulp.

Compared to traditional decellularized material, microstructures, 
such as lymph tubes and small blood vessels, could only be found in 
decellularized dental pulp tissue.42 The polarized distribution of DPEM 
has a distinction from the cell-derived ECM. However, the absence of 
these microstructures did not affect implantation of the cells at the 
initiation and later structural reconstruction. This research also high-
lighted through dental pulp regeneration that the ECM component 
proteins rather than the polarized decellularized structure are more 
important.

There are also some limitations to this study. Through in vitro eval-
uation, the DPM group showed different mineralization markers that 
changed with or without the De. Most of the mineralization markers 
belong to the SIBLING family. For example, DMP1 and DSPP are lo-
cated in the ECM, where they are further cleaved into a functional 
protein and influence the mineralization behaviour of the cells in their 
ECM micro-environment.43,44 Therefore, both the binding distribution 
and cleavage of the SIBLING family proteins in the ECM should be 
explored in future research.

In summary, an ECM-based substrate provides the niche that 
supports the balance between the replication and mineralization 
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behaviours of DPSCs. DPM provides an advantageous environment 
for the DPSCs to preserve themselves before the implantation, and 
ECM plays an essential part in reconstructing the dental pulp tissue. 
This ECM-based system will also be useful for studying the dental 
pulp scaffold or an ECM-based capping material, and the DPM can be 
wrapped around synthesized material to provide a milieu for the cells.
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