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A B S T R A C T   

Background: Human-treated dentin matrix (hTDM) has recently been studied as a natural extracellular matrix- 
based biomaterial for dentin pulp regeneration. However, porcine-treated dentin matrix (pTDM) is a potential 
alternative scaffold due to limited availability. However, there is a dearth of information regarding the protein 
composition and underlying molecular mechanisms of pTDM. 
Methods: hTDM and pTDM were fabricated using human and porcine teeth, respectively, and their morpho-
logical characteristics were examined using scanning electron microscopy. Stem cells derived from human 
exfoliated deciduous teeth (SHEDs) were isolated and characterized using flow cytometry and multilineage 
differentiation assays. SHEDs were cultured in three-dimensional environments with hTDM, pTDM, or biphasic 
hydroxyapatite/tricalcium phosphate. The expression of odontogenesis markers in SHEDs were assessed using 
real-time polymerase chain reaction and immunochemical staining. Subsequently, SHEDs/TDM and SHEDs/HA/ 
TCP complexes were transplanted subcutaneously into nude mice. The protein composition of pTDM was 
analyzed using proteomics and compared to previously published data on hTDM. 
Results: pTDM and hTDM elicited comparable upregulation of odontogenesis-related genes and proteins in 
SHEDs. Furthermore, both demonstrated the capacity to stimulate root-related tissue regeneration in vivo. Pro-
teomic analysis revealed the presence of 278 protein groups in pTDM, with collagens being the most abundant. 
Additionally, pTDM and hTDM shared 58 identical proteins, which may contribute to their similar abilities to 
induce odontogenesis. 
Conclusions: Both hTDM and pTDM exhibit comparable capabilities in inducing odontogenesis, potentially owing 
to their distinctive bioactive molecular networks.   

1. Introduction 

The extracellular matrix (ECM) is a non-cellular, three-dimensional 
(3D) macromolecular network in all tissues and organs. Its structural 
constituents comprise collagen, elastin, fibronectin, lamellae, pro-
teoglycans/glycosaminoglycans, and other glycoproteins [1,2]. ECM is 
extensively utilized in regenerative medicine as a scaffold material due 
to its inherent structural properties that facilitate tissue support and 

create a dynamic milieu for cellular reactions [3–7]. Tissue-derived ECM 
from various sources, such as the bladder, small intestine, heart, carti-
lage, skin, and tooth-related tissues, can be utilized [8–10]. Besides its 
inherent biocompatibility and resemblance to the mechanical configu-
ration of homologous tissues, the principal benefit of employing ECM as 
a scaffold material is its ability to induce constructive remodeling [11, 
12]. During remodeling, there is significant infiltration of host cells, 
mitosis, angiogenesis, and deposition of new host ECM [11]. ECM has 
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the necessary characteristics to be an ideal scaffold material in tissue 
engineering, including favorable mechanical properties, 
non-degradability, and good biocompatibility. 

A specific type of ECM scaffold derived from natural teeth, known as 
treated dentin matrix (TDM) [13–22], provides structural support and 
retains proteins and growth factors. Moreover, human TDM (hTDM) 
releases odontogenic proteins, such as dentin matrix protein 1 (DMP1) 
and dentin sialophosphoprotein (DSPP), thereby creating a natural 
odontogenic-inducing 3D environment [10,23]. Consequently, hTDM is 
a biologically active scaffold material with extensive applications in 
dentin-pulp regeneration [14,15,19,20] and periodontal regeneration 
[24]. Given the scarcity of human-derived teeth, it is crucial to inves-
tigate alternative sources of TDM. Xenotransplantation has emerged as a 
viable option due to the scarcity of organ transplant donors. Pigs have 
garnered attention in the quest for suitable animal donors due to their 
rapid growth and reproductive capabilities, abundant availability as 
donors, cost-effectiveness in maintenance, and organ sizes that closely 
resemble those of primates, rendering them more suitable candidates 
[25,26]. The morphological resemblance between porcine TDM (pTDM) 
and hTDM has garnered the attention of researchers. 

Stem cells from human exfoliated deciduous teeth (SHED), derived 
from neural crest cells, are highly proliferative, clonogenic, and multi-
potent stem cells that can differentiate into osteoblasts, odontoblasts, 
and neural cells in vitro and in vivo. Previous studies have demonstrated 
that combining pTDM and SHED can stimulate bio-root regeneration 
[20]. However, the specific protein composition of pTDM has not been 
reported, and the underlying molecular mechanism responsible for 
pTDM-induced dentin-pulp tissue regeneration has not been elucidated. 
Furthermore, investigations have indicated that this xenogeneic TDM 
induces dentin-pulp tissue regeneration alongside immune responses 
[22], necessitating further exploration into the immunogens present in 
pTDM and the development of effective immune regulation methods. 

This study primarily aimed to investigate the specific components of 
pTDM that exert odontogenic functions in dentin-pulp tissue construc-
tion. We proposed potential solutions for the limited availability of 
hTDM sources and immune responses associated with xenogeneic TDM. 
This study compared the structural characteristics of hTDM and pTDM. 
We evaluated the ability of hTDM and pTDM to induce odontogenic 
differentiation in SHEDs in vitro and in vivo. Additionally, we analyzed 
the protein composition of pTDM using the proteomic methods and 
compared it with hTDM to identify protein groups that can induce 
odontogenesis. 

2. Materials and methods 

2.1. Preparation of hTDM and pTDM 

According to a previously reported method [15,16,19–21], healthy 
premolars or third molars extracted for clinical reasons were collected 
clinically, and deciduous incisors were obtained from pigs slaughtered 
in the morning. The periodontal tissue was completely scraped away 
with a curette, the outer cementum and part of the dentin were removed, 
and the dental pulp tissues and pre-dentin were mostly removed using a 
dental handpiece. The hTDM and pTDM formed cones with a diameter of 
approximately 3–5 mm and a length of approximately 6–7 mm. hTDM 
was treated as follows: 17% ethylenediaminetetraacetic acid (EDTA, 
Sigma-Aldrich, St. Louis, MO, USA) for 25 min, 10% EDTA for 25 min, 
and 5% EDTA for 25 min pTDM was treated with 17%, 10%, and 5% 
EDTA for 20 min. After each EDTA concentration, the samples were 
mechanically cleaned in deionized water using an ultrasonic cleaner for 
10 min and stored in penicillin-streptomycin solution (HyClone, Logan, 
UT, USA) overnight at − 80 ◦C. Hydroxyapatite/tricalcium phosphate 
(HA/TCP) scaffolds were purchased from Sichuan Baiamon Bioactive 
Materials Co. Ltd., Chengdu, China. 

2.2. Chemical composition analysis 

The prepared pTDM and hTDM were placed in a low-temperature 
freezing-grinding instrument (JXFSTPRP-CL; Shanghai, China). The 
temperature was set to − 50 ◦C, and grinding was performed at 60 Hz/ 
min for 1 min. After repeating this step three to five times, the obtained 
powder was TDM powder. The chemical properties of the hTDM and 
pTDM powders were examined using Fourier-transform infrared (FTIR) 
spectroscopy (Thermo Scientific Nicolet iS20). Infrared spectra were 
recorded in the wavelength range of 400–4000 cm− 1 using a beam 
splitter coated with Ge on a KBr detector with a resolution of 4 cm− 1 

(with 32 scans). Raman analyses of pTDM and hTDM powders were 
performed using DXR3 Flex Raman Spectrometer (Thermo Scientific 
DXR3) coupled with a Peltier-cooled Charge Coupled Device (CCD) 
detector. Excitation was provided by the 785 nm line of the diode laser. 
Spectra were collected from 100 to 3500 cm− 1 wavenumber shifts at a 
spectral resolution of 2 cm− 1 using a 60 s integration time. 

2.3. Cell culture 

Previous studies have confirmed that SHEDs are a potential cell 
source for bio-root regeneration [14]. In this study, SHEDs were 
co-cultured with pTDM, hTDM, and HA/TCP to verify the 
odontogenesis-inducing ability of these two TDM in vitro and in vivo. 
Non-inflamed and carious deciduous teeth were collected from children 
aged 5− 12. Informed consent was signed by the child’s guardian. The 
dentin-pulp tissues were extracted from the exfoliated deciduous teeth, 
washed twice in sterile phosphate-buffered saline (PBS, Solarbio, Bei-
jing, China), cut into 1 × 1 mm sections, and digested with 3% type I 
collagenase (Sigma-Aldrich, St. Louis, MO, USA) for 30 min. The 
digested tissues were cultured in α-minimum essential medium (α-MEM, 
HyClone, Logan, UT, USA) containing 10% fetal bovine serum (FBS; 
Gemini Bio-Products, Woodland, CA, USA) in a humidified incubator 
with 5% CO2 at 37 ◦C. 

2.4. Flow cytometry 

The SHEDs were collected and digested into single cells using 
trypsin. According to the cell count result, 106 cells were added to each 
centrifuge tube. Antibodies including FITC-conjugated antibodies 
against CD14, CD19, CD45, CD90, and CD105 (BD Biosciences, CA, 
USA) and PE-conjugated antibodies against CD73 (BD Biosciences, CA, 
USA), were added into the centrifuge tube respectively. In this experi-
ment, the antibodies FITC Mouse IgG1, κ Isotype Control, and PE Mouse 
IgG1, κ Isotype Control (BD Biosciences, CA, USA) were used as the 
isotype control groups for FITC-conjugated and PE-conjugated anti-
bodies. SHEDs were incubated with antibodies in the dark for 30 min, 
and the results were detected using flow cytometry (BD Biosciences, CA, 
USA). The Flow Jo V10 software was used to analyze the expression 
levels of positive cells in the relevant population. The experiment was 
repeated at least three times using biological samples and technical 
means. 

2.5. Osteogenic differentiation 

SHEDs were collected and seeded in six-well plates. When cells 
achieved 80%–90% confluency, SHEDs were cultured in α-MEM con-
taining 10% FBS, 10 mM L-glycerophosphate (Sigma-Aldrich, St. Louis, 
MO, USA), 100 μM dexamethasone (Sigma-Aldrich, St. Louis, MO, USA), 
and 50 μg/mL ascorbic acid (Sigma-Aldrich, St. Louis, MO, USA). After 
21 days of culture, SHEDs were fixed with 4% polyformaldehyde for 15 
min and washed with PBS. The cells were incubated with 1% alizarin red 
solution (Sigma-Aldrich, St. Louis, MO, USA) at room temperature for 
30 min and washed with PBS. The cells were observed and photo-
graphed using a phase-contrast inverted microscope (Olympus, Tokyo, 
Japan). This experiment comprised at least three technical and 
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biological replicates. 

2.6. Neurogenic differentiation 

SHEDs at passage three were seeded into 24-well plates. After 
reaching 70% confluency, cells were cultured in a medium containing 
10% FBS, 1 mM hydrocortisone (Solarbio, Beijing, China), 200 μM 
butylated hydroxyanisole (Sigma-Aldrich, St. Louis, MO, USA), 2 mM 
valproic acid (Sigma-Aldrich, St. Louis, MO, USA), 25 mM KCl (Solarbio, 
Beijing, China), 2 mM L-Glutamine (Sigma-Aldrich, St. Louis, MO, USA), 
10 μM forskolin (Solarbio, Beijing, China), and 5 μg/mL insulin (Sigma- 
Aldrich, St. Louis, MO, USA), and 2% dimethyl sulfoxide (Sigma- 
Aldrich, St. Louis, MO, USA) for 14 days. Immunofluorescence staining 
was performed to detect β-III tubulin expression (1:100 dilution; Santa 
Cruz Biotechnology, CA, USA). Images were photographed using a 
fluorescence microscope (Olympus, Tokyo, Japan). The technical 
method and biological sample repetitions were conducted at least three 
times. 

2.7. Cell proliferation and viability assays 

A liquid extract of the TDM was collected according to the published 
protocol [13]. Cell proliferation assays were performed using the Cell 
Counting Kit-8 protocol (CCK–8C0037, Beyotime). SHEDs were pre-
pared into a uniform cell suspension at 103 cells/well density and seeded 
in a 96-well plate. The three groups of pTDM, hTDM, and HA/TCP were 
set up as experimental groups with 40% and 100% leaching liquor, 
respectively, and the blank control group was the complete medium 
group. During detection, 100 μL of 10% CCK-8 reagent was added to 
each well and incubated at 37 ◦C for 2 h in the dark, and the optical 
density (OD) was recorded at 450 nm. Cell viability assays were per-
formed using the CellTiter-Lumi™ II Luminescent cell viability assay kit 
(C0056S, Beyotime). Briefly, SHEDs were seeded in 96-well plates at a 
density of 103/well, and the leaching liquor of pTDM, hTDM, and 
HA/TCP was added for culturing within a specified time. The cells were 
lysed by adding an equal volume of CellTiter-Lumi™ II Reagent to the 
culture medium for 2 min at room temperature. Afterward, the super-
natants were transferred into a new 96-well plate, and the luminescent 
signals were measured using a microplate reader (SpectraMax iD5, 
China). 

2.8. Preparation of SHEDs/hTDM, SHEDs/pTDM, SHEDs/HA/TCP 
complexes 

SHEDs (1 × 106) were seeded into a 3D culture system constructed 
using ultra-low adhesion six-well culture plates (Corning Incorporated, 
Corning, N⋅Y., USA) and hTDM scaffolds, pTDM scaffolds, and HA/TCP 
scaffolds [27]. The same medium as cell culture was used: α-MEM 
containing 10% FBS. The complexes were collected on day four for 
scanning electron microscopy (SEM), immunofluorescence, real-time 
polymerase chain reaction (RT-PCR), and animal experiments. 

2.9. SEM 

SEM was used to observe whether the hTDM and pTDM scaffolds 
completely exposed the dentinal tubules and HA/TCP scaffolds. SHEDs/ 
hTDM, SHEDs/pTDM, and SHEDs/HA/TCP complexes were observed to 
understand the cell adhesion on the two TDM and HA/TCP surfaces. The 
scaffold samples (hTDM, pTDM, and HA/TCP) and complexes (SHEDs/ 
hTDM, SHEDs/pTDM, and SHEDs/HA/TCP) cultured for four days in 
vitro were fixed with fixative solution (2% glutaraldehyde, Beyotime, 
Shanghai, China), dehydrated with ethanol, coated with gold, and 
observed under a scanning electron microscope (SEM, TM4000PLUS II, 
Hitachi, Tokyo, Japan). At least three biological samples and technical 
means repetitions were included. The pore areas of the exposed dentinal 
tubules in the SEM images of pTDM and hTDM were measured using 

ImageJ V1. 8.0.112 software, and the porosity was calculated as 
porosity = pore area/total area. At least three images were detected per 
sample. 

2.10. Real-time PCR 

The odontogenic differentiation-related gene expression was detec-
ted using Real-time PCR. SHEDs served as the blank control group, 
SHEDs/HA/TCP served as the negative control group, and SHEDs/ 
hTDM and SHEDs/pTDM served as the experimental groups. RNAiso 
Plus (Takara Biomedical Technology, Beijing, China), PrimeScript™ RT 
reagent (Takara Biomedical Technology, Beijing, China), and SYBR 
Premix (QIAGEN, Hilden, Germany) were used to extract total RNA, 
reverse transcribe RNA to cDNA, and detect the related genes’ expres-
sion levels (DSPP, POSTN, TGF-β1, ALP, COL-1, OCN, and RUNX2). 
According to the instructions, the configuration of each 10 μL PCR re-
action solution contained 5 μL SYBR Premix, 0.4 μL PCR forward primer, 
0.4 μL PCR reverse primer, 1 μL DNA template, and 3.2 μL sterile water. 
After normalization to the GAPDH internal reference gene, relative 
mRNA expression was determined using the 2− ΔΔCT method. Supple-
mental Table 1 displays Real-time PCR primer sequences. The experi-
ment was repeated at least three times using biological samples and 
technical means. 

2.11. Immunofluorescence staining 

The odontogenic differentiation-related proteins’ expression levels 
were detected using immunofluorescence. SHEDs/hTDM, SHEDs/ 
pTDM, and SHEDs/HA/TCP were cultured in vitro for four days, washed 
2–3 times with PBS, fixed with paraformaldehyde for 10 min, treated 
with 0.1% Triton for 5 min and blocked with 1% BSA for 30 min. Pri-
mary antibodies, including DSPP, DMP1, CAP, TGF-β1, and PBS, were 
incubated with samples overnight in a humidified chamber at 4 ◦C. The 
samples were washed with PBS three times, incubated with Alexa 
Fluor® 488 goat anti-mouse antibody for 1 h, stained with DAPI for 5 
min, observed under a confocal microscope (Leica Optical, Wetzlar, 
Germany), and photographed. ImageJ V1. 8.0.112 software was used to 
semi-quantitatively analyze specific protein expressions and detect the 
average fluorescence intensity of at least three fluorescence images in 
the same group under different visual fields. The experiment was 
repeated at least three times using biological samples and technical 
means. 

2.12. Subcutaneous implantation 

SHEDs/hTDM and SHEDs/pTDM complexes were implanted into the 
left and right sides of longitudinal incisions on the back of nude mice 
(eight-week-old male, n = 6) under isoflurane anesthesia to verify 
further the odontogenic differentiation ability of the two complexes in 
vivo. SHEDs/HA/TCP served as the control scaffold, and histological 
staining was performed to evaluate hTDM and pTDM before subcu-
taneous implantation. The numbers of implants were as follows: SHEDs/ 
hTDM (n = 6), SHEDs/pTDM (n = 6), and SHEDs/HA/TCP (n = 6). After 
eight weeks, subcutaneous graft samples were collected, decalcified 
with 10% EDTA for seven to eight months, dehydrated, embedded, and 
paraffin-sectioned. Hematoxylin-eosin (H&E, Solarbio, Beijing, China) 
and Masson’s Trichrome staining (Solarbio, Beijing, China) were used to 
observe the morphological changes. The formation of a pulp-dentinal 
complex in subcutaneous transplantation samples was evaluated using 
immunofluorescence staining. The primary antibodies used were DSPP, 
DMP1, CAP, TGF-β1, and β-III tubulin. ImageJ V1. 8.0.112 software was 
used to semi-quantitatively analyze specific protein expressionex-
pressions and detect the average fluorescence intensity of at least three 
fluorescence images in the same group under different visual fields. 
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2.13. Proteomics 

Two samples of pooled porcine TDM were used for quantitative 
proteomic analysis. The experimental methods of sample processing, 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 
filter-aided sample preparation (FASP) enzymatic hydrolysis, and liquid 
chromatography-mass spectrometry (LC-MS) in the proteomic analysis 
followed those in our published article [28]. 

2.13.1. Sample processing and SDS-PAGE 
An appropriate amount of the SDT lysis solution was added to the 

samples. The samples were sonicated and bathed in boiling water for 10 
min. The samples were centrifuged, and the supernatants were collected. 

2.13.2. FASP enzymatic hydrolysis 
DTT was added to 200 μg of the protein solution to obtain a final 

concentration of 100 mM. Then, the solution was boiled in water for 5 
min and cooled to room temperature. After discarding the filtrate, 100 
μL of IAA buffer (100 mM IAA in UA), 100 μL of UA buffer, 100 μL of 25 
mM NH4HCO3, and 40 μL trypsin buffer solution was centrifuged at 
14,000×g for 15 min after each addition of buffer. Briefly, 40 μL of 25 
mM NH4HCO3 was centrifuged at 14,000×g for 15 min, and the filtrate 
was collected. The peptides were desalted using a C18 Cartridge, 
lyophilized, and quantified (OD280). 

2.13.3. LC-MS mass spectrometry 
According to the quantitative results, an appropriate amount of 

enzymatic hydrolysis product was used for LC-MS/MS analysis, and each 
sample was injected once. The samples were loaded onto a chromato-
graphic column (Thermo Fisher Scientific, Waltham, MA, USA) and 
separated using an analytical column (Thermo Fisher Scientific, Wal-
tham, MA, USA). The peptides were separated using chromatography 
and analyzed using mass spectrometry and a Q-Exactive mass spec-
trometer (Thermo Fisher Scientific, Waltham, MA, USA). 

2.13.4. Mass spectrometry data analysis 
The raw files were database retrieved using MaxQuant software. The 

protein databases were uniprot_Sus_scrofa_122045_20210125 (total 
number of sequences: 122045, download time: 20210125, download 
link: http://www.uniprot.org) and uniprot_sus_scrofa_1220 
27_20200901 (total number of sequences: 122027, download time: 
20200901, download link: http://www.uniprot.org). The database 
search parameters were set as follows: trypsin was the enzyme, missed 
cleavage sites were set to two, the fixed modification was carbamido-
methyl (C), and dynamic modification was set to oxidation (M) and 
acetyl (Protein N-term). The proteins identified by the database search 
must meet the set filter parameter FDR ≤0.01. 

2.13.5. Bioinformatics analysis 
Functional protein analysis was performed using the DAVID data-

base (https://david.ncifcrf.gov) and the Kyoto Encyclopedia of Genes 
and Genomes (KEGG). Protein-protein interaction (PPI) networks were 
generated using STRING (https://string-db.org) for hTDM, pTDM, and 
coexisting protein lists. The PPI networks of hTDM and pTDM were 
visualized using Cytoscape. The hTDM network was divided into six 
clusters using the k-means algorithm. The pTDM and the coexisting 
networks were divided into three clusters using k-means algorithm. 
Proteins unconnected in the networks were ignored in the network il-
lustrations. For each cluster in the three networks, Gene ontology (GO) 
biological process enrichment analyses were performed using BiNGo 
[29]. Bonferroni (FWER) correction was adopted for multiple testing 
corrections, and adjusted P-values were used to measure enrichment. 

Phylogenetic analyses were performed on the obtained protein se-
quences from the hTDM (blue) and pTDM (red) protein lists. MUSCLE 
[30] was adopted for multiple sequence alignment. The phylogenetic 
tree was visualized using iTOL [31]. Correlations were calculated based 

on corresponding branch distances in the phylogenetic tree. The 
sequence similarity analysis was performed using protr R package to 
further evaluate the homology in amino acid sequences between hTDM 
and pTDM [32]. The pairwise similarity values were calculated based on 
the Smith-Waterman local sequence alignment. In the similarity analysis 
of the obtained protein sequences of pTDM, pairwise similarity values 
for each obtained protein sequence (n = 392) of hTDM were calculated 
for each pTDM protein sequence (n = 67). Then, the most matched 
human gene was selected, and the similarity value of the gene pair was 
obtained. Finally, 67 similarity values were collected and displayed. 

CHAT [33] analyses were performed to further explore the differ-
ences in the detected protein quantity distribution between the coex-
isting protein lists for hTDM and pTDM. First, in silico digestion (trypsin 
digestion, mis-cleavage number 2) was performed on the obtained 
protein sequences using the rpg [34] python package to quantify the 
proteins for CHAT. Second, the protein iBAQ values were calculated by 
dividing the sum of the peptide intensities by the number of theoreti-
cally observable peptides with lengths between 6 and 30 amino acids. 
For CHAT analysis, the calculated protein expressions were treated as 
the contextual information of the proteins. The top 36 abundant proteins 
were treated as contexture important genes. Important contextual hub 
genes (in circles) for each protein list were subsequently inferred, 
indicating significant pathways potentially affected by the protein dis-
tributions of the two TDM samples. 

2.14. Statistical analysis 

The data were displayed as mean ± standard deviation (SD). Sta-
tistical differences were assessed using one-way analysis of variance 
(ANOVA) or Student’s t-test. All statistical graphs were analyzed and 
produced using GraphPad Prism software. P-values <0.05 were 
considered statistically significant. 

3. Results 

3.1. Comparison of the structure of hTDM, pTDM, and HA/TCP 

The SEM results demonstrated that hTDM and pTDM effectively 
exposed the dentinal tubules after gradient concentration EDTA treat-
ment and HA/TCP surface (Fig. 1A a, b, and e). Furthermore, SEM 
analysis of the SHEDs/hTDM and SHEDs/pTDM complexes confirmed 
that the cells exhibited uniform and dense growth on both scaffolds 
(Fig. 1A c and d). Conversely, only a small number of cells adhered to the 
SHEDs/HA/TCP complex surface (Fig. 1A f). According to phalloidin 
immunofluorescence staining, the cells showed uniform and dense 
adhesion on the surface of pTDM and hTDM but only a small amount of 
adhesion on the HA/TCP material in the control group (Fig. 1B). The cell 
proliferation and viability assays confirmed that TDM has a certain 
promoting effect on the growth of SHEDs in the early stage. It may be 
due to the fact that the protein components released by TDM have a 
certain promoting effect on the growth of cells, but this promoting effect 
will decrease with the increase of observation time (Fig. 1G and H). The 
functional groups of pTDM and hTDM were determined using FTIR. The 
peak near 3440 cm− 1 indicated the presence of hydroxyapatite, and the 
peak in the range of 1441–1635 cm− 1 indicated the presence of car-
bonate (Fig. 1C). The organic and inorganic components of the pTDM 
and hTDM were measured using a Raman spectrometer. The peaks at 
422, 585, and 962 cm− 1 correspond to PO4− 3, a dentin mineral. The 
peaks in the ranges 1220–1300, 1455~1320, and 1550~1720 cm− 1 

belong to amide III, CH, and amide I, respectively (Fig. 1D). FTIR and 
Raman results present that pTDM and hTDM have a high similarity in 
chemical structure. 

3.2. SHEDs culture and characterization 

Flow cytometry results revealed specific marker expression of 
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Fig. 1. Structure characterization analysis of pTDM and hTDM and characterization of SHEDs. (A, a and b) hTDM and pTDM dentinal tubules were completely 
exposed. (A c, and d) The adhesion of SHEDs on hTDM and pTDM surfaces was detected by SEM. (A e) The porosity of hTDM and pTDM were higher than that of HA/ 
TCP. (A f) The adhesion of SHEDs on hTDM and pTDM were more than that of HA/TCP. Scale bars = 25 μm (A, a, b and e), scale bars = 50 μm (A c, d and f). (B) 
Immunofluorescence staining of SHEDs/hTDM, SHEDs/pTDM, SHEDs/HA/TCP complexes. Scale bars = 50 μm. (C) The functional groups of hTDM and pTDM were 
determined by the FTIR. (D) Organic and inorganic components of hTDM and pTDM were measured by Raman spectroscopy. (E) The expression of immunophe-
notype markers in SHEDs. (F a) The morphology of primary SHEDs. (F b) Alizarin red staining was used to detect the osteogenic differentiation of SHEDs. (F c) The 
expression of β-III tubulin was used to detect the neurogenic differentiation of SHEDs. Scale bars = 500 μm (F a and b), scale bar = 400 μm (F c). (G) Cell proliferation 
was assessed daily for 5 days with the CCK-8 assay. (H) Viability of SHEDs were measured by the CellTiter-LumiTM II Luminescent cell viability assay. *p < 0.05, **p 
< 0.01, ***p < 0.001, ****p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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mesenchymal stem cells in SHEDs as follows: CD90 (96.3%), CD105 
(59.6%), and CD73 (99.0%). Additionally, the monocyte marker CD14 
was expressed at 1.78%, while the B-cell marker and leukocyte marker 
CD45 were expressed at 1.49% and 1.39%, respectively (Fig. 1E). The 
primary SHEDs exhibited a fibroblast-like spindle shape (Fig. 1F a). The 
multilineage differentiation potential of SHEDs was also assessed. The 
osteogenic differentiation ability of SHEDs was evaluated using alizarin 
red staining, demonstrating the numerous calcium nodule formation 
following osteogenic induction (Fig. 1F b). When cultured in neuroblast- 
inducing conditions, SHEDs differentiated into nerve-like cells and 
exhibited positive expression of the neuronal marker, β-III tubulin 
(Fig. 1F c). 

3.3. Effects of two scaffolds on odontogenic differentiation of SHEDs in 
vitro 

RT-PCR results revealed changes in relevant mRNA levels. After four 
days of co-culture with the two types of TDM, DSPP expression was 
approximately three-fold higher in the SHEDs/hTDM complex than in 
the SHEDs and SHEDs/HA/TCP groups. Similarly, DSPP expression was 
1.5-fold higher in the SHEDs/pTDM complex than in SHEDs (Fig. 2A). 
POSTN mRNA expression level was significantly elevated in the SHEDs/ 
hTDM complex than in SHEDs and SHEDs/HA/TCP complexes, but there 
was no significant difference between the SHEDs/hTDM and SHEDs/ 
pTDM complexes (Fig. 2A). TGF-β1 expression increased approximately 
10-fold in SHEDs/hTDM and SHEDs/pTDM complexes than in SHEDs 
and SHEDs/HA/TCP complexes. However, ALP expression was 0.1-fold 
higher in the SHEDs/hTDM and SHEDs/pTDM complexes than in the 
SHEDs and SHEDs/HA/TCP complexes (Fig. 2A). COL-1 expression was 
approximately 1.5-fold higher in SHEDs/pTDM complex than in SHEDs 
and SHEDs/HA/TCP complex, with no significant difference observed 
between SHEDs/hTDM and SHEDs/pTDM complexes (Fig. 2A). 
Furthermore, OCN mRNA expression increased approximately eight-, 
six- and four-fold in SHEDs/pTDM, SHEDs/hTDM, and SHEDs/HA/TCP 
complexes than in SHEDs, respectively (Fig. 2A). Additionally, RUNX2 
expression increased approximately three-fold in SHEDs/hTDM and 
SHEDs/pTDM complexes than in SHEDs and SHEDs/HA/TCP complexes 
(Fig. 2A). 

Immunofluorescence staining and quantitative analysis revealed that 
the SHEDs/hTDM and SHEDs/pTDM complexes exhibited odontogenic 
marker expression, including DSPP, DMP1, CAP, and TGF-β1, after 
culturing for four days in vitro. However, these markers were not 
expressed in SHEDs/HA/TCP complexes (Fig. 2B a). The DSPP and 
DMP1 expression did not differ significantly between SHEDs/hTDM and 
SHEDs/pTDM (Fig. 2B b). CAP and TGF-β1 expression levels were 
approximately one-fold higher in SHEDs/hTDM than in SHEDs/pTDM 
(Fig. 2B b). We observed no positive staining in the PBS control group 
(Supplemental Fig. 1). 

3.4. SHEDs combined with hTDM or pTDM induced regeneration of 
dentin-pulp tissue 

H&E and Masson’s Trichrome staining displayed that the cementum, 
dentin-pulp tissues, and pre-dentin have been removed in hTDM and 
pTDM before transplantation (Supplemental Fig. 2). Following the 
eight-week subcutaneous transplantation of the SHEDs/hTDM and 
SHEDs/pTDM complexes into nude mice, samples were collected. H&E 
and Masson’s trichrome staining (Fig. 3C) revealed the presence of pulp- 
like tissue within the lumens of both TDM types, indicated by a blue 
square. Additionally, new blood vessel formation was observed in pulp- 
like tissue. Notably, dentin-like structures were consistently formed on 
the inner and outer surfaces of the TDM scaffolds, as denoted by yellow 
arrows (Fig. 3C). The yellow dotted lines marked the demarcation be-
tween the newly formed dentin-like tissue and the TDM structure 
(Fig. 3C). Fibrous structures were observed on the exterior of the com-
plexes. Fiber-like tissue was observed in the HA/TCP scaffold group, but 

a root-related structure was not formed (Fig. 3C). The results of immu-
nofluorescence staining and semi-quantitative analysis showed that 
SHEDs/hTDM and SHEDs/pTDM complexes were similar in the 
expression of DMP1, CAPTGF-β1, and β-III tubulin neurogenic markers. 
(Fig. 3A and B). 

3.5. Proteomic analysis 

3.5.1. Protein composition of pTDM 
Supplemental Table 2 indicates that 189 protein groups are detected 

in shotgun1 proteomic, while 109 protein groups are detected in 
shotgun2 proteomic analysis. According to the proteomic result, 20 
protein groups were identified in both shotgun proteomics analyses, and 
278 protein groups were detected in pTDM. A total of 15 types of col-
lagens were identified and ranked based on their content: COL1A1, 
COL1A2, COL18A1, COL5A2, COL5A1, COL4A4, COL11A1, COL22A1, 
COL11A2, COL7A1, COL12A1, COL6A2, COL15A1, COL6A3, and 
COL21A1. Additionally, seven kinds of CD molecules were included in 
the analysis: CD44, CD200, CD276, CD59, CD63, CD58, and CD47. The 
top 10 enriched GO terms in biological processes, cell composition, and 
molecular functions were cell adhesion, ECM organization, extracellular 
space, extracellular region, ECM structural constituent, and heparin 
binding (Fig. 4A). KEGG analysis revealed that the top 10 significantly 
enriched pathways included ECM-receptor interaction, complement and 
coagulation cascades, protein digestion and absorption, and focal 
adhesion (Fig. 4B). 

3.5.2. Comparison of the protein composition of pTDM and hTDM 
The hTDM sample contained 708 protein groups, 12 of which were 

collagen proteins. Among these collagen proteins, COL1A1 and COL1A2 
had the highest content [28]. Only 278 proteins were identified in the 
pTDM sample, but the top two collagen proteins with the highest con-
tent were COL1A1 and COL1A2, consistent with hTDM findings. 
Furthermore, when comparing the proteome analysis of hTDM [28], 58 
coexisting proteins were found in both TDM scaffolds (Fig. 4C). These 
coexisting proteins included COL1A1, COL5A2, COL6A3, COL5A1, 
COL6A2, POSTN, F2, and AHSG (Supplemental Table 2), which are 
among the top 10 core proteins in the pTDM protein interaction 
network. Among the 58 coexisting proteins, COL1A1, COL1A2, POSTN, 
and DSPP were most closely associated with odontogenic differentiation 
proteins. According to the iBAQ results of the top 20 hTDM proteomes, 
Alpha-2-HS-glycoprotein had the highest content in hTDM proteomes, 
ranking eighteenth in pTDM proteomes. Additionally, serum albumin 
and vitronectin had high iBAQ values (Fig. 4D). According to the iBAQ 
results of the top 20 pTDM proteomes, collagen alpha-1 (I) chain pre-
proprotein and fibrillar collagen NC1 domain-containing protein ranked 
first and second, respectively. Besides, phosphate transporter, CD44 
antigen, and histone acetyltransferase had high iBAQ values (Fig. 4E). 
GO analysis revealed that the 58 coexisting proteins were primarily 
enriched in the extracellular space, extracellular region, ECM structural 
constituents, and collagen fibril organization (Fig. 4F). Additionally, 
KEGG analysis demonstrated that these proteins were predominantly 
enriched in pathways such as ECM-receptor interaction, protein diges-
tion and absorption, complement and coagulation cascades, focal 
adhesion, proteoglycans in cancer, and the PI3K-Akt signaling pathway 
(Fig. 4G). 

3.5.3. Interaction network analyses of TDM proteomes 
Proteins in hTDM (Fig. 5A) and pTDM (Fig. 5B) engaged in direct 

interactions, forming a highly interconnected network. Among the 
collagen proteins, COL1A1 and COL1A2 have a high number of nodes in 
the PPI of hTDM and pTDM. Furthermore, CD44 and LUM had a high 
number of nodes in hTDM, and ALB, BGN, and LUM had a high number 
of nodes in pTDM. This suggests that these highly connected proteins 
may be key to the metabolic and signal transduction pathways. Network 
clustering analysis in hTDM revealed six subnetworks enriched in ECM 
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Fig. 2. Expression levels of odontogenic related markers in SHEDs/hTDM，SHEDs/pTDM and SHEDs/HA/TCP complexes. (A) Expression levels of DSPP, DMP1, 
POSTN, TGF-β1, ALP, COL-1, OCN, and RUNX2 in SHEDs/TDM complexes. (B a) Expression levels of DSPP, DMP1, CAP, and TGF-β1 in SHEDs/TDM and SHEDs/HA/ 
TCP complexes were detected by immunofluorescence. (B b) Quantification of DSPP, DMP1, CAP, and TGF-β1 protein expression. Scale bars = 25 μm *p < 0.05, **p 
< 0.01, ***p < 0.001, ****p < 0.0001. 
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organization, actin filament organization, translation, RNA splicing, 
regulation of cholesterol esterification, and humoral immune response 
(Fig. 5D). Network clustering analysis in pTDM revealed three sub-
networks enriched in biomineral formation, collagen fibril organization, 
and acute inflammatory response (Fig. 5E). The proteins that coexisted 
in both TDMs were enriched in the three subnetworks (Fig. 5F). Sup-
plemental Table 3 lists the top 10 hub genes for each protein network. 
The phylogenetic tree revealed the presence of numerous evolutionarily 
conserved proteins between the two species, including ACTG1, PHEX, 
LUM, and COL6A3 (Fig. 5C and Supplemental Table 4). Sequence sim-
ilarity analysis indicated that most of the porcine genes in pTDM 
exhibited low sequence similarities to all the obtained protein sequences 
in hTDM. When matched to a human protein sequence from hTDM, only 
12% of the pTDM genes displayed a similarity value over 0.85, while 
only 15% of the pTDM genes exhibited a similarity value over 0.70. 
(Supplemental Fig. 3). The CHAT analyses showed significant variations 
in the important contextual hub genes obtained from the network, which 

can be attributed to inconsistencies in protein abundance (Fig. 5G–H). 
The shared contextual hubs, PITX3 and MMP20, were identified for both 
hTDM and pTDM. 

4. Discussion 

ECM-based bioscaffolds have shown promise as scaffold materials. 
Previous studies have utilized hTDM as a scaffold material for bio-root 
construction. However, the acquisition of a substantial quantity of 
hTDM poses challenges. pTDM is a good substitute for hTDM due to the 
similar differentiation induction. Therefore, it would be advantageous to 
identify specific protein components of pTDM. This knowledge will 
facilitate the utilization of pTDM in bio-root construction and guide the 
synthesis of artificial ECM scaffolds. 

The results of this study demonstrate that pTDM and hTDM have 
higher porosity, which is crucial in facilitating adherent cell adhesion, 
nutrient transportation, and cell growth promotion [35,36]. The porous 

Fig. 3. Immunofluorescence, H&E, and Masson’s Trichrome staining of samples 8 weeks after subcutaneous transplantation in nude mice. (A) Immunofluorescence 
staining showed that there were dentin-specific proteins and neurogenic proteins in SHEDs/TDM complexes. Scale bars = 50 μm. (B) Quantification of DSPP, DMP1, 
CAP, TGF-β1 and β-III tubulin protein expression. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (C) H&E staining and Masson’s Trichrome staining showed 
that root-associated regenerative tissues were observed in SHEDs/TDM complexes. PT: pulp tissue, ND: new dentin, hTDM: human treated dentin matrix, pTDM: 
porcine treated dentin matrix, FL: fiber-like tissues, *: blood vessel, yellow arrows, and yellow dotted line indicated the newly formed dentin like tissue area. The first 
and fourth columns (scale bars = 100 μm), and the second, third, fifth and sixth columns (scale bars = 20 μm). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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structure is of utmost importance for TDM, as it effectively releases 
odontogenic growth factors and proteins, thereby promoting close 
adhesion to cells, exhibiting favorable biocompatibility, and facilitating 
cell growth and proliferation. Immunofluorescence staining of phalloi-
din, and cell proliferation and viability experiments confirmed that 
SHEDs had excellent adhesion ability in TDM, and TDM also promoted 
SHED growth. The FTIR and Raman results showed that pTDM and 
hTDM have highly similar chemical structures. pTDM and hTDM have 
great similarities in their physical morphology and chemical structure, 
suggesting that pTDM has potential as an alternative to hTDM. 

ALP, COL-1, and RUNX2 are osteogenesis and mineralization 
markers closely associated with calcium phosphate mineral formation in 
cementum and dentin [37,38]. TGF-β1 is a marker of periodontal liga-
ment tissue maintenance and regeneration [39]. The protein derived 

mainly from DSPP dominates the non-collagenous protein in dentin 
[40]. DSPP and DMP1 are specific markers in dentin and play crucial 
roles in dentin formation [41,42]. This study’s findings displayed a 
similar upregulated expression trend of odontogenic 
differentiation-related mRNAs in SHEDs induced by both TDM scaffolds 
but not in HA/TCP group. Regarding odontogenesis-related proteins, 
DSPP and DMP1 expression levels were consistently observed in SHEDs 
induced by both scaffolds. This finding indicates that pTDM can stim-
ulate odontogenic differentiation of SHEDs in vitro and exerts a similar 
induction effect as hTDM. Furthermore, the outcomes of the animal 
experiment suggest that pTDM, like hTDM, has a comparable impact on 
the regeneration of root-related tissues with an odontogenic effect. 
These findings imply that pTDM creates a microenvironment conducive 
to odontogenesis, facilitating bio-root regeneration. 

Fig. 4. GO, KEGG and iBAQ value analysis of TDM proteomes. (A) Gene Ontology (GO) enrichment of pTDM proteome. (B) Kyoto Encyclopedia of Genes and 
Genomes (KEGG) enrichment of pTDM proteome. (C) Venn diagram of hTDM and pTDM proteomes. (D) Analysis of iBAQ value of hTDM. (E) Analysis of iBAQ value 
of pTDM. (F) GO enrichment of the 58 proteins coexisting in pTDM and hTDM. (G) KEGG enrichment of the 58 proteins coexisting in pTDM and hTDM. 
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Fig. 5. Interaction network analyses of TDM proteomes. The Protein-Protein Interaction networks of hTDM (A) and pTDM (B) protein lists. (C) Phylogenetic tree of 
the obtained protein sequences of the hTDM (yellow) and pTDM (blue) protein list. The network clustering analysis of hTDM (D), pTDM (E) and the coexisting (F) 
protein lists. CHAT analyses of the coexisting proteins of hTDM (G) and pTDM (H), the size of nodes represents the significance of the genes. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Bioinformatic analysis was conducted on the proteome of pTDM and 
previously obtained hTDM proteome datasets to explore the mecha-
nisms by which TDM components regulate tooth root regeneration [28]. 
Proteomic analysis of pTDM revealed 278 groups of proteins, indicating 
a lower count than hTDM. This disparity can be attributed to comparing 
protein expressions between different species. Additionally, the reli-
ability and accuracy of protein sequence-related databases are crucial 
factors to consider for less-extensively studied species [43,44]. Notably, 
collagen is the most abundant protein in both TDMs, with COL1A1 and 
COL1A2 exhibiting the highest levels. COL1A1 serves as a marker of 
bone mineralization [45]. COL1A2 is an early indicator of osteogenesis 
and an important marker of bone healing [46–49]. The presence of these 
collagens greatly influences the calcium and phosphorus composition 
within the hard tissue formed by cells adhered to the surface of TDM 
during the bio-root regeneration. Besides that, we find that 
Alpha-2-HS-glycoprotein had the highest content in hTDM proteomes 
and ranked high in pTDM proteomes. Alpha-2-HS-glycoprotein, also 
known as fetuin-A, is the main glycoprotein in the bones and teeth [50]. 
Fetuin-A can affect calcification by inhibiting mineralization [49,51–53] 
and may play a role in the mineralization of peritubular dentin [54]. 
Although there are many coexisting proteins in pTDM and hTDM, 
sequence similarity analysis shows that the two protein sequences have 
low sequence similarity. Therefore, functional differences caused by the 
similarity of the two protein sequences must also be considered. 

ECM molecules are categorized as collagen, elastin, proteoglycans, or 
other non-collagen glycoproteins. The results of the bioinformatics 
analysis demonstrated that some proteins were present in pTDM but not 
in hTDM, suggesting some structural and functional differences. For 
example, pTDM contains collagen type XXI alpha 1, collagen alpha-1 
(XV) chain isoform X1, collagen alpha-1 (XVIII) chain isoform 2 pre-
proprotein, collagen alpha-2 (XI) chain isoform X1, and collagen IV NC1 
domain-containing protein. Collagen XXI is present in tissues containing 
abundant ECM and maintains the ECM integrity [55]. Type XV collagen 
has a wide tissue distribution and is significantly expressed in osteo-
blasts [56]. CD44, fibronectin, bone sialoprotein 2 (BSP2), matrix 
extracellular phosphoglycoprotein (MEPE), and alkaline phosphatase 
(ALP) are the glycoproteins of pTDM. CD44 is involved in the early 
mineralization of odontoblasts and may play a key role in the initial 
mineralization of tooth-related structures [57]. Fibronectin is crucial in 
odontoblast differentiation during tooth development [58]. BSP2 is a 
key regulator of mineralized tissue formation found almost exclusively 
in mineralized connective tissues [59,60], and it may play a role in 
enamel formation and subsequent mineralization [61]. MEPE has a 
potential regulatory effect on tooth matrix formation and mineralization 
[62]. ALP is the most widely recognized marker of osteoblast activity. 
pTDM also contains other proteins related to osteogenesis and odonto-
genesis, such as phosphate transporters, histone acetylation, insulin-like 
growth factor binding protein-5 (IGFBP-5), and Dickkopf WNT signaling 
pathway inhibitor 3 (Dkk3). Phosphate is an essential component of 
hydroxyapatite crystals. Phosphate transporters are involved in the late 
stages of tooth development and mineralization [63]. Histone acetyla-
tion plays a crucial role in the odontogenic differentiation of mesen-
chymal stem cells [64]. IGFBP-5 can enhance the neurogenic and 
odontogenic differentiation of dental stem cells [65]. Wnt signaling is 
essential for odontogenesis. Dkk3 can play a role in tooth formation by 
regulating the Wnt signaling pathway [66]. We speculate that these 
differences may be partly due to the proteins in the pTDM. Therefore, 
these proteins are essential clues to explore the difference between 
pTDM and hTDM, but their verification needs more research in the 
future. 

The most significantly enriched terms associated with ECM did not 
surpass our initial expectations, consistent with TDM being an ECM- 
based biomaterial. Additionally, odontogenesis-related proteins were 
present in the coexisting proteins. For example, DSPP is a specific 
marker in dentin [42] that interacts with MMP20 (Fig. 5E and F), 
indicating that the DSPP-MMP20 interaction is vital for new dentin 

formation [67]. POSTN, one of the top 10 hub genes, is associated with 
the functionality of the periodontal ligament [68]. Moreover, evolu-
tionarily conserved proteins were identified, indicating similar biolog-
ical functions. For example, mutated or absent PHEX leads to severe 
hypomineralization of both bones and teeth [69]. Fibromodulin (FMOD) 
and lumican (LUM) are small leucine-rich proteoglycans (SLRPs) that 
serve as key regulators in controlling periodontal development and 
homeostasis [70]. FGFR1 signaling has been revealed as a new mecha-
nism during the odontogenic differentiation of human dental stem cells 
[71,72]. The amino acid sequence homology analysis suggested that 
these proteins might be responsible for providing a similar organic 
odontogenesis microenvironment. CHAT analysis showed that impor-
tant contextual hub genes obtained from the network varied signifi-
cantly due to the protein abundance inconsistency, indicating the 
potential differences in the underlying mechanisms between the two 
species and highlighting the possibility of enhancing the application 
value of pTDM by adjusting the protein composition formula. Notably, 
the common contextual hub PITX3 for hTDM and pTDM warrants 
further investigation because the PITX family has been linked to tooth 
development [73]. Therefore, these hub proteins or networks are key to 
the odontogenesis microenvironment; however, their validation re-
quires further research. 

Furthermore, pTDM proteomes contain numerous proteins involved 
in the immune response. Hyaluronic acid, an essential polysaccharide 
component of vertebrate ECM, is recognized by CD44 as a receptor. One 
potential approach to reduce inflammation is to increase the clearance 
of hyaluronic acid [74]. The complement regulatory protein CD59 [75], 
also known as a reactive membrane attack complex inhibitor, prevents 
the formation of membrane attack units and inhibits the terminal 
complement attack response. CD58 is an immune adhesion molecule, 
and cell adhesion is critical for immune responses [76]. It is plausible 
that these immune-related CD molecules identified in the proteome 
could potentially catalyze the inflammatory response triggered by the 
xenogeneic TDM (pTDM) mentioned in the preceding study in 
conjunction with the in vivo transplantation of allogeneic DFCs [22]. 
Additionally, a cluster of coexisting proteins exhibited notable enrich-
ment in the acute inflammatory response, suggesting their potential to 
induce an immune response. One viable approach to circumvent im-
mune rejection involves implementing a gene-knockout technique [77]. 
Studies have been conducted on porcine GGTA1 or gene knockout of 
GGTA1 and CMAH, which can reduce the generation of α-1, 3-Gal 
epitope [77]. Consequently, the potential utilization of pTDM for 
tooth root regeneration is worth considering. 

5. Conclusion 

In summary, this study compared the odontogenic differentiation- 
inducing ability of pTDM and hTDM in vitro and in vivo, and the two 
TDM scaffolds exhibited a similar odontogenesis-inducing ability. When 
compared to hTDM, the protein composition of pTDM revealed the 
presence of 58 coexisting proteins. The analysis revealed that evolu-
tionarily conserved coexisting proteins in pTDM may confer an odon-
togenic capacity comparable to that of hTDM. These findings provide 
ideas for making full use of the porcine-derived ECM scaffold pTDM, 
which can address the scarcity of hTDM and facilitate the advancement 
of novel strategies for tooth tissue regeneration. Additionally, it provides 
innovative perspectives on mitigating the immune responses triggered 
by allogeneic and xenogeneic TDM. 
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Abbreviations 

TDM treated dentin matrix 
ECM extracellular matrix 
SHEDs stem cells from human exfoliated deciduous teeth 
3D three-dimensional 
DMP1 dentin matrix protein 1 
DSPP dentin sialophosphoprotein 
DFCs dental follicle cells 
EDTA ethylenediaminetetraacetic acid 
PBS phosphate-buffered saline 
α-MEM α-minimum essential medium 
FBS fetal bovine serum 
SEM scanning electron microscopy 
H&E hematoxylin-eosin 
SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
FASP filter aided sample preparation 
LC-MS liquid chromatography-mass spectrometry 
KEGG kyoto encyclopedia of genes and genomes 
GO gene ontology 
HA/TCP biphasic hydroxyapatite/tricalcium phosphate 
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