
Three-dimensional matrix stiffness-based stem cell soil: Tri-phase
biomechanical structure promoted human dental pulp stem cells to achieve
pulpodentin regeneration

Xiujuan Li a,1, Yijing Xia a,1, Zhiying Wang a,1, Ziruo Yin a, Maotao Weng b,c, Feng Tian a,
Jie Kang a, Yuanjiao Li a,d, Peixuan Ding a, Xing Liu a, Bin Zhao a,*, Lu Wang a,**

a Shanxi Province Key Laboratory of Oral Diseases Prevention and New Materials, Shanxi Medical University School and Hospital of Stomatology, Taiyuan, 030001,
Shanxi, China
b Department of Thoracic Surgery, Guangdong Provincial People’s Hospital, Guangdong Academy of Medical Sciences, Guangzhou, 510080, Guangdong, China
c Shantou University Medical College, Shantou, 515041, Guangdong, China
d Academy of Medical Sciences, Shanxi Medical University, China

A R T I C L E I N F O

Keywords:
Matrix stiffness
Three-dimensional culture
Paracrine signaling
Pulpodentin complex

A B S T R A C T

The regeneration of the pulp-dentine complex is characterized by organizational diversity, with both dentine and
pulp being essential for regenerating a complete tooth-like structure. Matrix stiffness plays a crucial role in
guiding the multi-lineage differentiation of stem cells during the regeneration process. However, human dental
pulp stem cell (HDPSCs) differentiation via three-dimensional (3D) matrix stiffness is still ambiguous. This study
employed gelatin methacryloyl hydrogels of varying stiffness to investigate their effects on HDPSCs differenti-
ation, and constructing a Tri-Phase Biomechanical Structure. The effects of 3D stiffness on HDPSCs proliferation,
morphology, differentiation, and biomineralization were examined. The underlying mechanisms were analyzed
by RNA sequencing (RNA-seq). At the same time, the comprehensive effects of 3D matrix stiffness-induced
HDPSCs paracrine signals on periapical cells (endothelial cells, macrophages and fibroblasts) were evaluated.
In vitro, high stiffness promoted dentin differentiation, medium stiffness supported vascular differentiation, and
low stiffness enhanced vascularization of peri-apical cells through paracrine signals. In vivo, treated dentin
matrixes implanted in nude mice further confirmed that this Tri-Phase Biomechanical Structure effectively
promoted crownward dentin formation, pulp-like regeneration within root canals, and integration with peri-
apical tissues. These findings highlight that understanding HDPSCs responses to 3D matrix stiffness is crucial for
guiding targeted, efficient regeneration of a tooth-like pulpodentin complex.

1. Introduction

According to the World Health Organization, untreated permanent
tooth decay is the most common oral disease of all epidemic diseases,
with more than 2 billion cases worldwide [1,2]. In native teeth, the pulp
cavity is surrounded by dentin to isolate external stimuli, and the pulp
cavity is filled with vascularized connective pulp tissue. The pulp is the
only soft tissue in the tooth and exchanges nutrients and nerve signals
through the narrow apical foramen [3]. Once the continued develop-
ment of caries causes pulp infection, the damage is usually irreversible
and may further develop into pulp necrosis and periapical inflammation.

The pulp cavity and the periapical environment are connected, and the
interruption of blood supply to the apex will lead to the loss of the pulp’s
conditions for clearing infection and repairing and regenerating [4,5].
Therefore, it is challenging and necessary to coordinate the regeneration
of the pulpodentin complex while promoting apical vascularization
[6–8].
Human dental pulp stem cells (HDPSCs) are very sensitive to the

physical properties [9]. Liu et al. showed that high stiffness (18.23 ±

0.54 kPa) promoted HDPSCs osteogenic/odontogenic differentiation,
while low stiffness (0.89 ± 0.43 kPa) regenerated pulp-like tissue [10].
These evidences indicate that regulating the precise differentiation of
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HDPSCs by matrix stiffness may be a feasible strategy to achieve dental
pulp regeneration. However, the current research on the effect of matrix
stiffness on HDPSCs is still limited to two-dimensional (2D) culture [11],
which is still different from the ECM in vivo. Cells living in a
three-dimensional (3D) environment are closer to their natural state and
are more similar to the body in terms of morphology and molecular
regulation [12,13]. Regrettably, the impact of matrix stiffness on the
fate of HDPSCs remains unclear when assessed within 3D environment.
Therefore, this study further explored the regulatory effects of 3Dmatrix
stiffness, which more closely mimics the natural in vivo environment
and provides greater guiding significance for subsequent in-depth
research.
During the integration of pulp regeneration and periapical tissue,

another key point that we need to focus on is the paracrine signaling in
stem cells, which may have complex effects on the proliferation,
morphology, self-renewal and differentiation of surrounding cells
[14–16]. For example, Wang et al. has shown that mesenchymal stem
cells (MSCs) stimulated by soft matrix secrete higher levels of immu-
nomodulatory factors, thereby promoting the differentiation of M2
macrophages [17]. Yet, how matrix stiffness affects the paracrine effects
of HDPSCs has been little explored, which is of significant importance in
determining the outcomes of stem cell-based pulpodentin tissue engi-
neering and engineered tissue mimics. To date, the paracrine effects of
dental pulp stem cells play a role in the regeneration of various soft and
hard tissues, such as skull [18], blood vessels [19–21], nerves [22],
macrophage polarization [23], salivary gland epithelium [24], etc.
However, these studies still have many limitations. 1) no studies have
been reported to investigate the paracrine effects of HDPSCs in response
to matrix stiffness. 2) These studies have not determined the interaction
between HDPSCs and periapical cells. Therefore, the paracrine signaling
effect of HDPSCs in response to stiffness should be fully utilized. Para-
crine signals can have synergistic or antagonistic effects on periapical
cells, thereby affecting pulpodentin regeneration in the root canal.
We hypothesized that 3D matrix stiffness was a key biophysical cue

that regulated HDPSCs differentiation and affected periapical tissues
through paracrine signals of HDPSCs. Specifically, stiffness close to

physiological dental pulp promoted HDPSCs to form soft pulp tissue, and
harder stiffness promoted HDPSCs to form dentin. Softer stiffness was
beneficial to the resolution of inflammation and promoted the growth of
apical blood vessels and fibers through HDPSCs. HDPSCs were
embedded in GelMA with different stiffness, and the effects of 3D stiff-
ness on their proliferation, morphology, differentiation and biominer-
alization were examined, and the potential mechanisms were studied
using transcriptome sequencing (RNA-seq) analysis. In addition, we
evaluated the comprehensive effects of material stiffness-induced
HDPSCs paracrine signals on periapical cells, including fibroblasts,
endothelial cells, and macrophages. Finally, in order to coordinate the
regeneration of the pulpodentin complex while promoting apical
vascularization, and a semi-in situ dental pulp regeneration model was
performed to verify the potential role of matrix stiffness in the formation
of dental pulp tissue in vivo (Scheme 1). We envisioned that this unique
construct would provide better adaptation to promote pulpodentin tis-
sue regeneration and thus achieved excellent repair effects.

2. Materials and methods

2.1. Preparation and physical characterization of GelMA hydrogels

Preparation of GelMA hydrogel. According to previous reports
[25], gelatin (Shanghai Maokang Biotechnology Co., Ltd., China) was
stirred thoroughly in phosphate buffered saline (PBS, pH = 7.4) at 60 ◦C
until completely dissolved. Methacrylic anhydride (Macklin, China) was
dripped into the gelatin solution at a rate of 0.3 mL/min and then
reacted at 50 ◦C in the dark for 3 h. To remove unreacted reactants, the
supernatant was transferred to a dialysis bag after high-speed centrifu-
gation. Dialysis was continued at 40 ◦C for 1 week, and then the final
solution was freeze-dried and collected at − 80 ◦C. Then, 3 %, 4 %, 5 %,
10 %, and 15%GelMA (w/v) solutions were dissolved in PBS and 0.1 %
LAP was added to prepare hydrogels under 405 nm visible blue light
irradiation for 10 s, 20 s, 30 s, or 40 s.

Mechanical testing. For mechanical property testing, GelMA
hydrogels were prepared in Teflon molds (diameter = 15 mm, height =

Scheme 1. Schematic illustration of 3D matrix stiffness regulating the paracrine and regenerative functions of HDPSCs and promoting the regeneration of the
pulpodentin complex. Created in BioRender.com.
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10mm) and irradiated as described above. All samples were measured at
a compression rate of 1 mm/min until the sample strain reached 20 %.
Young’s modulus was obtained by partial linear regression of the stress-
strain curves.

1H NMR and FTIR analysis. Gelatin and GelMA were analyzed by
FTIR (Nicolet is50, Thermo, USA) and NMR (AVANCE III 400, Bruker,
Switzerland) in ATR mode. According to the NMR results, the degree of
substitution of MA is calculated using the following formula:

Mechacrylation degree(%)=
Number of methacrylate groups

Number of amine group on unreacted polymers
× 100

Sirius red staining. The hydrogel was cut into slices with a thickness
of 20 μm by using a cry microtome, washed with running water for three
times, and naturally dried at room temperature. The gelatin was stained
by adding Sirius scarlet dye (Solarbio, China) for 8min, and observed
under the optical microscope.

Degradation test. To measure the enzymatic degradation proper-
ties, the prepared High/Medium/Low GelMA hydrogel (n = 3 for each
group) were immersed in 500 μL PBS containing 1U mL− 1 collagenase
type II at 37 ◦C. At a predefined time, the samples were removed and
washed with DI water to eliminate residual salts. After frozen and dried
thoroughly, the weight of each sample was measured as W2, and the dry
mass initially was W1. The degradation percent was calculated using the
following equation: Degradation Percent = (W1-W2)/W1 × 100 %.

2.2. Cell culture

All cell types were cultured at 37 ◦C in a humidified atmosphere with
5 % CO2. Resuscitated HDPSCs (Tongpai Biotechnology, China) were
cultured in a-modified essential medium (a-MEM) (Gibco, China)
without ascorbic acid, supplemented with 10% fetal bovine serum (FBS)
(Gibco, USA) and 1 % penicillin-streptomycin (Penicillin-Streptomycin,
P/S, Solarbio, China) in a humidified incubator at 37 ◦C with 5%CO2.
The medium was changed every 2 days. Immortalized human dermal
fibroblasts (HSF, iCell Bioscience Inc, Shanghai, China) were cultured in
Dulbecco’s Modified Eagles’ Medium (DMEM)/F-12 Medium (Gibco,
Carlsbad, CA) with a supplementary of 10 % FBS and 1 % P/S. Human
umbilical vein endothelial cells (HUVECs, Tongpai Biotechnology,
China) were cultured in high-glucose DMEM supplemented with 10 %
FBS and 1 % P/S. Human THP-1 cells (iCell Bioscience Inc, Shanghai,
China) were cultured in RPMI 1640 Medium (Gibco, Carlsbad, CA) with
a supplementary of 10 % FBS and 1 % P/S. 100 ng/mL phorbol 12-myr-
istate-13 acetate (PMA, Sigma, St. Louis, MO) was used to initiate the
differentiation of THP-1 cells into THP-1 macrophages for 48h. The
medium was changed every 2–3 days.

2.3. Seeding of HDPSCs within GelMA hydrogels

The cells cultured to P3 were digested with trypsin and collected by
centrifugation, and resuspended in the hydrogel precursor solution after
sterile filtration (0.22um filter membrane), and the cell density in the
suspension was 1 × 106 cell/mL. The hydrogel suspension was placed in
a cell culture dish and irradiated under 405 nm visible blue light for
20–30s, and HDPSCs were evenly embedded in the inductive gel. After
the colloid was formed, DMEM complete medium was added, and
cultured at 37 ◦C and 5%CO2, and the medium was replaced every 2
days.

2.4. Biocompatibility testing

Cell proliferation. Cell proliferation was assessed by CCK-8
(Solarbio, China). To investigate the direct inductive effect of stiffness
on HDPSCs, HDPSCs were 3D-embedded in inductive gels and cultured
with fresh growth medium for 1, 4, and 7 days. At the indicated time

points, they were washed three times with PBS and incubated in medium
containing 10 % (v/v) CCK-8 for 1 h. After incubation at 37 ◦C for 1 h,
the supernatant (100 μL) was removed from the wells and transferred to
a new 96-well plate. The absorbance at 450 nm was measured using a
microplate reader.

Cell viability. Cell viability was assessed by Live/Dead staining
(Bestbio, China). In exploring the direct induction effect of stiffness on
HDPSCs, HDPSCs were 3D-embedded in inductive gels and cultured
with fresh growth medium for 1, 4, and 7 days. At the designated time
points, they were washed three times with PBS at room temperature for
5 min each time. They were first incubated with diluted AM (labeled live
cells, green) for 30 min, washed three times with PBS, 5 min each time,
and then incubated with diluted PI (labeled dead cells, red) for 5 min,
washed three times with PBS, 5 min each time. The images were
observed and photographed using a laser confocal microscope. Excita-
tion wave AM: Ex/Em490/515 nm; PI: Ex/Em535/617 nm).

2.5. Cytomorphology

Inverted microscope observation. HDPSCs were seeded in the
inductive gel according to the above method, cultured in growth me-
dium for 3 days, washed three times with PBS, and the morphology and
distribution of cells inside the gel were observed under an inverted
microscope.

F-actin staining. 2 × 105 HDPSCs were cultured in inductive gels of
different stiffness for 3 days. Cell nucleus and F-actin were visualized by
staining with 0.5 μg/mL 4’,6-diamidino-2-phenylindole (DAPI, Sigma-
Aldrich, USA) for 5 min and phalloidin (A12379, Thermo Fisher Scien-
tific, USA, 1:400) for 1 h at room temperature. The samples were washed
three times with phosphate buffered saline (PBS, Servicebio, China).
Then, the samples were observed using a confocal laser scanning mi-
croscope (FV3000, Olympus, Japan).

2.6. Odontogenic and angiogenesis induction of differentiation

Odontogenic induction of differentiation. Odontogenic-induced
differentiation of HDPSCs was performed in medium supplemented
with 10 mM sodium β-glycerophosphate (Sigma–Aldrich, China), 10 nM
dexamethasone (Sigma–Aldrich, China) and 50 μg/mL ascorbic acid
(Sigma–Aldrich, China).

Angiogenesis induction of differentiation. The angiogenesis in-
duction medium was EBM-2 medium (Lonza, USA) supplemented with
5 ng/mL VEGF, 5 ng/mL EGF, 5 ng/mL FGF, 15 ng/mL IGF-1, 10 mM
glutamine, 0.75 units/mL heparin, 1 μg/mL hydrocortisone, 50 μg/mL
ascorbic acid and 2%FBS. The medium was changed every 2 days and
the test was performed after 14 consecutive days.

ALP quantitative experiment. In order to determine the viability of
odontogenic differentiation, the supernatants extracted at 7 and 14 days
of induction were quantified for ALP content by following the alkaline
phosphatase detection kit (disodium phenyl phosphate microplate
method).

Quantitative reverse transcription-polymerase Chain Reaction
(RT-qPCR). On days 7 and 14 of growth, hydrogels were lysed using
GelMA lysing solution (EFL, China), and cells were taken out to examine
the expression of genes related to odontogenic differentiation and
endothelial differentiation. Total RNA was extracted by column
extraction (M5 Universal RNA Mini Kit, Mei5bio, China) according to
the instructions in the operating manual. The first-strand complemen-
tary DNA (cDNA) was synthesized by reverse transcription using M5
Super qPCR RT Kit and gDNA Remover Synthesis Kit (Mei5bio, China).
qPCR was then performed using an RT-qPCR system (Thermo Fisher
Scientific), and the results were corrected using an internal reference
gene. The primer sequences specific to the target gene and the internal
reference gene used for RT-qPCR are listed in Table S1.

Immunofluorescence staining. Immunofluorescence staining was
performed to observe odontogenic and angiogenesis. HDPSCs were
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embedded in inductive gels at a density of 2 × 105 cells/mL, cultured in
the odontogenic induction medium for 14 days, and stained for dentin
sialoprotein phosphoprotein (DSPP). Cultured in the angiogenesis in-
duction medium for 14 days, and stained for CD31. After washing, fix-
ation, permeabilization and blocking, DSPP (rabbit source, 1:100,
ABclonal) or CD31 (rabbit source, 1:100, Abcam) was used as the pri-
mary antibody, Alexa Fluor 488was used as the secondary antibody, and
DAPI was used to counterstain the cell nucleus.

2.7. Pure 3D stiffness induction of differentiation

3D Stiffness induction of differentiation. Cells of HDPSCs were
embedded in inductive gels at a density of 1 × 106 cells/mL, cultured in
the absence of induction medium for 7 and 14days, and observed of the
effect of 3D matrix directly inducing HDPSCs differentiation.

ALP staining. HDPSCs were embedded in inductive gels for 7 days.
The qualitative ALP assay examined the odontogenic differentiation of
HDPSCs using the pluripotent stem cell alkaline phosphatase chromo-
genic kit (Beyotime, China). The sample was observed and imaged using
an optical inverted microscope. The average gray value of ALP staining
(Int Den/Area) was measured using ImageJ software. Finally, the rela-
tive staining intensity relative to the low stiffness group was calculated.

ALP quantitative experiment. The method was the same as
described above.

Conditioned medium(CM)collection from HDPSCs. To collect the
paracrine products of HDPSCs in the inductive gel, HDPSCs were
embedded in the inductive gel for 3 days, and the culture supernatant
was collected and centrifuged at 2000 rpm for 10 min to remove dead
cells and cell debris. The supernatant of the centrifugation solution was
collected and stored at 4 ◦C before use. When used for cell culture, CM
was mixed with complete growth medium at a ratio of 1:1.

Transwell migration assay. Because it was impossible to observe
the migration of cells embedded in hydrogels, the previous method was
used to collect CM to observe the cell migration ability [26]. 1 × 104

HDPSCs were inoculated into the upper compartment of the 24-well
transwell plate. 300ul serum-free medium was added to the upper
chamber and 500ul complete growth medium containing different CM
was added to the lower chamber. 24 h later, the cell migration was
observed.

Scratch test. Cell migration was assessed by scratch test. HDPSCs
were seeded into 6-well plates and cultured to 90 % confluence with
fresh growth medium. A 200ul pipette tip was used to scratch the center
of the confluent cell monolayer and the floating cells were removed by
rinsing twice with PBS. Subsequently, the cells were treated with growth
medium containing different CMs for 0–36 h. Images were collected at
0 and 24 h by inverted microscopy. The healing area of the scratch
wound and the initial scratch wound area were quantified using ImageJ
software, and then the relative migration area to 0 h was determined.
Finally, the relative migration area was calculated.

RT-qPCR. On days 7 and 14 of growth, hydrogels were lysed using
GelMA lysing solution (EFL, China), and cells were taken out to examine
the expression of genes related to odontogenic differentiation and
endothelial differentiation. The method was the same as described
above.

Immunofluorescence staining. Immunofluorescence staining was
performed to observe odontogenic and angiogenesis. HDPSCs were
embedded in inductive gels at a density of 2 × 105 cells/mL, without
induction medium for 14 days, and stained for DSPP ang CD31. The
method was the same as described above.

2.8. RNA-seq and bioinformatics analysis

Cells of HDPSCs were embedded in different inducible gels and
added to grow fresh growth media (n = 3 independent EU per group).
After 7 days of culture, cells were collected. Total RNA was extracted by
trizol reagent. The sequencing library was constructed and the gene

expression level was normalized by calculating Fragments Per Kilobase
of exon model per Million mapped fragments (FPKM). For hierarchical
cluster analysis and heat map generation, gene expression values are
standardized by Z-scores between samples. After matching the identified
genes, differentially expressed genes (DEG) with P value < 0.05 were
identified, and further bioinformatic analysis was performed using gene
ontology (GO) enrichment, Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment and gene set enrichment analysis (GSEA).

2.9. Cell behavior under the action of paracrine factors (HUVECs, THP-1
macrophages and HSF)

In exploring the indirect induction effect of stiffness on apical peri-
cytes through the paracrine products of HDPSCs, HUVECs, THP-1
macrophages and HSF were seeded into 24-well plates and cultured in
growth medium containing CMs for 1 and 3 days.

Cell proliferation. Cell proliferation was assessed by CCK-8. The
method was the same as described above.

Cell viability. Cell viability was assessed by Live staining. The
method was the same as described above.

Transwell migration assay. 1 × 104 HUVECs cells were inoculated
into the upper compartment of the 24-well transwell plate. 300ul serum-
free medium was added to the upper chamber and 500ul complete
growth medium containing different CM was added to the lower
chamber. 24 h later, the cell migration was observed.

Scratch test. HUVECs and HSF migration was assessed by scratch
test. The method was the same as described above.

Flow cytometry. Following a 48-h incubation period with PMA, the
THP-1 cells were separated by centrifugation, subjected to two rounds of
cold PBS washing, and stained using anti-CD11b antibodies (Invitrogen,
USA) labeled with PE. Utilizing flow cytometry (Agilent, USA), the
proportion of macrophages was determined.

RT-qPCR. On days 3 of growth, HUVECs were taken out to examine
the expression of genes related to endothelial differentiation. On days 1
and 3 of growth, THP-1 macrophages were taken out to examine the
expression of genes related to macrophage polarization. Themethod was
the same as described above.

Immunofluorescence staining. HUVECs cells were seeded in 24-
well plates at a density of 1 × 104 cells/mL, cultured with different
CMs from HDPSCs for 3 days, and stained for CD31. THP-1 macrophages
cells were seeded in 24-well plates at a density of 1 × 104 cells/mL,
cultured with different CMs from HDPSCs for 3 days, and stained for
CD86 and CD206. HSF cells were seeded in 24-well plates at a density of
1 × 104 cells/mL, cultured with different CMs from HDPSCs for 3 days,
and stained for VEGF. The method was the same as described above.

2.10. In vivo experiment

Preparation of treated dentinmatrixes (TDM). TDMwas prepared
using a more mature method that has been published [27]. After being
reviewed and approved by Shanxi Stomatology Ethics Committee (the
ethical approval number: 2024SLL040) and with the informed consent
of the patient, we collected complete single canal premolars that needed
to be removed for clinical orthodontic treatment, requiring complete
roots without caries, cracks and filling bodies. The freshly extracted
single tooth was repeatedly rinsed with PBS buffer and immersed in PBS
solution with 1 % double antibody (stored at − 20 ◦C for later use). The
crown (enamel dentin boundary) and root tip (2 mm) of the isolated
teeth were truncated with a high-speed dental turbine, the pulp was
removed completely with a pulp pulling needle, the remaining peri-
odontal tissue was scraped with a sterile surgical blade, and the internal
pulp and part of the dentin, as well as the external periodontal mem-
brane and cementumwere removed. The shape was further trimmed and
short dentine segments with a length of 4~5 mmwere made to meet the
transplantation requirements. A nickel-titanium rotary instrument pre-
pared the root canal to Protaper25#, alternating a large dose of 5.25%

X. Li et al. Materials Today Bio 31 (2025) 101591 

4 



NaClO with 17%EDTA for each instrument change. The resulting human
dentin matrix was then soaked in deionized water for 5 h and me-
chanically cleaned with an ultrasonic cleaning machine for 20 min every
hour. The deionized water was changed every hour. The cleaned dentin
scaffold material was placed in 100 mL wide-mouthed bottle containing
EDTA of different concentrations, and the wide-mouthed bottle was
placed on a magnetic stirrer for stirring demineralization in the
following order: the RS were immersed in EDTA (17 %) for 5 min, fol-
lowed by a 10 min rinse in deionized water, and a final 10 min soak in
EDTA (5 %) before another 10 min rinse in deionized water, finally
obtained TDM. TDM was immersed in sterile PBS containing penicillin
(100 U mL− 1) and streptomycin (100 μg mL− 1) for 3 days and rinsed in
sterile deionized water for 10min. Finally, TDMwere stored in DMEM at
4 ◦C.

Subcutaneous implantation in nude mice. Eighteen treated tooth
root segments were selected and randomly divided into three groups,
with 6 samples in each group. The groups were Blank, Medium and
Tripartite. Nine healthy male BALB/c Nude mice aged 6–8 weeks were
selected and randomly divided into three groups, with 3 mice in each
group. After the BALB/c Nude mice were anesthetized by isoflurane
inhalation, the back of the mice was cleaned with iodine wipes. Under
sterile conditions, a longitudinal incision of about 1 cm in length was
made in the middle and lower part of the back of the nude mice. The
subcutaneous tissue on both sides of the incision was bluntly separated,
and the samples were implanted, one on each side of each nude mouse.
The incision was sutured and the complex was disinfected with iodine.
Toxic skin. After surgery, the nude mice were closely observed until they
woke up and breathed normally, and then they were returned to the
animal cage for continued feeding (Fig. S6). Eight weeks after trans-
plantation, the implanted samples were removed and immersed in 4 %
paraformaldehyde for 48 h. The samples were then demineralized in 10
% EDTA solution for 4 weeks, and the demineralization solution was
changed every three days. After demineralization was completed, the
samples were dehydrated, embedded and sliced. Each specimen was
longitudinally sliced into paraffin sections with a thickness of 5 μm, and
histological analysis was performed by hematoxylin-eosin (HE) staining,
Masson trichrome staining, and immunohistochemistry.

Hemolysis test. To evaluate the blood compatibility of the hydrogel,
fresh blood from BALB/nude mice and sodium citrate (3.8 wt%) were
mixed in a ratio of 9:1 and diluted with saline (volume ratio of 4:5). The
samples were soaked in 10 mL saline test tubes and kept at 37 ◦C for 30
min. Then, 0.2 mL of diluted blood was added to each test tube, and the
mixture was incubated at 37 ◦C for 60 min 10 mL of saline solution was
used as a negative control, and 10 mL of deionized water was used as a
positive control. Then, centrifugation was performed at 3000 rpm for 5
min. The optical density (OD) of the clear supernatant was detected at a
wavelength of 542 nm using a spectrophotometer. The hemolysis rate
was expressed as a percentage and calculated using the following
formula:

HR= [ODt − ODn]/ [ODp − ODn] × 100%

where HR was the haemolysis ratio (%); ODt was the OD value of the
tested group; ODn was the OD value of the negative control; ODp was
the OD value of the positive control.

HE staining. Allowed observation of cellular morphology of new
tissues and internal organs by light microscopy. HE staining was per-
formed using a biological tissue intelligent automatic staining machine.
The staining steps were to place the slices in xylene and ethanol for
dehydration and dewaxing, and then stain the slices with hematoxylin
and eosin staining solution. Then rinsed, dehydrated and permeabilized,
and finally sealed with gum and observed under a microscope.

Masson staining. The tissue sections were fixed on glass slides, the
nuclei were stained with hematoxylin to make them blue, and then the
collagen fibers were stained with acid fuchsin to make them red. Finally,
the sections were dehydrated, made transparent, and sealed.

Histological analysis. The slices were soaked in xylene solution and
ethanol solutions of different concentrations for different periods of
time. After completion, the slices were heated in a microwave oven to
repair the antigens. Next, the slices were soaked in 3 % hydrogen
peroxide and then cleaned. Goat serum was dripped on each slice for
antigen blocking. After blocking, the diluted primary antibody was
dripped, and then the slices were placed in a wet box at 4 ◦C overnight.
After that, the primary antibody was rinsed with PBS, and then the
secondary antibody was dripped, incubated at 37 ◦C for 30 min, and
then DAB solution was dripped for color development and hematoxylin
staining was used to counterstain the cell nucleus. Routine dehydration
and sealing operations were performed, and then the antibody expres-
sion was observed under a microscope.

2.11. Statistical analysis

In this study, a minimum of three independent replicates were set up
for each experimental group to ensure the reliability and repeatability of
the data. The results were presented as mean ± standard deviation
(Mean ± SD). Statistical differences between experimental groups were
assessed using one-way analysis of variance (ANOVA) with GraphPad
Prism 9.0 software. A p-value <0.05 was considered statistically
significant.

3. Results

3.1. Preparation and characterization of hydrogels with various stiffness

We prepared GelMA by reacting gelatin and MA, as shown in Fig. 1A,
to study how matrix stiffness affects the behavior of HDPSCs. Previous
studies had shown that using gelatin as a research platform for three-
dimensional matrix stiffness can effectively exclude the profound ef-
fects of matrix viscoelasticity, RGD density, and network permeability
on cell behavior [17]. Different concentrations of gelatin could provide a
high degree of freedom in controlling matrix stiffness. The chemical
structures of gelatin and GelMA were analyzed by FTIR and 1H NMR. As
shown in Fig. 1B, the characteristic peak of amide was observed at 1620
cm− 1. The stretching vibration peak of the -OH group or the stretching
vibration peak of NsHwas simultaneously observed at 3270 cm− 1. At the
same time, the peaks at 1535 cm− 1 and 1440 cm− 1, respectively, the
peak at 2920 cm− 1 was the bending vibration of N-H and C-H, and the
peak at 2920 cm− 1 was the stretching vibration of C-H. These results
indicated that the peaks in the FTIR spectrum correspond to the char-
acteristic functional groups of GelMA [28]. In addition, the 1H NMR
spectrum should be used to confirm the modification of gelatin by MA.
As shown in Fig. 1C, due to the numerous amino acids and peptides
found in both gelatin and GelMA, complex 1H NMR spectra were seen.
Notably, the methacrylate of gelatin was successfully achieved, which
was confirmed by the appearance of methyl (δ = 1.9 ppm) and vinyl
proton (δ = 5.4/5.7 ppm) signals and the decrease in the intensity of
lysine signal (δ = 2.99 ppm). According to the 1H NMR results, the de-
gree of methacrylate was about 61.68 %. Fig. 1D was a representative
image of the prepared GelMA, which is spongy after freeze-drying. Next,
the compression modulus of each group was measured by a universal
mechanical tester (Fig. 1E). The results were shown in Fig. 1F. With the
increase of GelMA content and the extension of irradiation time, the
stiffness of the hydrogel increased from 0.22 kPa to 60.34 kPa (Fig. 1G).
Studie has shown that the compression modulus of physiological pulp is
5.5± 2.8 kPa [29]. Therefore, this study selected compression moduli of
0.79 kPa (low stiffness), 6.37 kPa (medium stiffness) and 24.12 kPa
(high stiffness) as stiffness gradient induced gels (Fig. 1H). The frozen
sections can restore the real pore structure of the hydrogel to the greatest
extent by instantaneous freezing fixation [30]. As illustrated in Fig. 1H,
the gradient stiffness-inductive hydrogel exhibited a highly porous
structure, which facilitated the essential nutrient exchange for cells.
Additionally, the degradation behavior is a critical property of tissue

X. Li et al. Materials Today Bio 31 (2025) 101591 

5 



Fig. 1. Characterization of gels with different stiffness. A) Preparation scheme of GelMA hydrogel crosslinked by visible light. B) FTIR analysis of chemical structures
of gelatin and GelMA. C) 1H NMR(D2O) spectra of gelatin and GelMA. D) Sponge GelMA after freeze-drying. E) Measurement method of gel compression mechanics.
F) Typical compressive stress-strain curve, C and T represent GelMA content and crosslinking time, respectively. G) GelMA composition, crosslinking time and
average stiffness of each group. H) Above: representative macro images of gels with different stiffness. Below: representative frozen section images of gels with
different stiffness. Scale bar = 100 μm. I) Degradation percent of GelMA. J) Cell viability was measured by CCK-8 method (n = 3). K) Live/dead staining of HDPSCs
inoculated in hydrogel showed that the cells in each group were evenly distributed. There were few dead cells. Results are presented as mean ± SD (standard
deviation). Statistical significance: *P < 0.05, **P < 0.01, ***P < 0.001. One-way ANOVA followed by Tukey’s post hoc tests.
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engineering materials. The biodegradability of hydrogels with high,
medium, and low stiffness is illustrated in Fig. 1I. GelMA was fully
degraded within 36 h when incubated with collagenase II. In order to
study the cell compatibility of hydrogels with various matrix stiffness,
HDPSCs were embedded in hydrogels with different stiffness for 1, 4 and
7 days. Live-dead double staining technique was used to observe cell
proliferation and morphology under a laser confocal microscope. The
live/dead staining results showed that all HDPSCs cells were stretched in
the gel, survived well and were evenly distributed, and the cells in the
copolymer gel proliferated significantly over time (Fig. 1K). The cells in
the high stiffness group hydrogel were slightly sparse, but the CCK-8
results on the 1st, 4th and 7th days showed that the cells in all hydro-
gel groups maintained high metabolic activity (Fig. 1J).

3.2. Matrix stiffness affected the shape of HDPSCs

Three days after cell seeding, HDPSCs migrated within GelMA of
different stiffnesses and appeared in different morphologies. Direct
observation of HDPSCs encapsulated in matrix revealed that the cells in
the low stiffness showed obvious elongated shape, and the connections
between cells were tightly intertwined into a network. While the cells in
the high stiffness were spherical, with cells dispersed independently of
each other (Fig. 2A). The results of phalloidin staining were further
confirmed (Fig. 2A), the HDPSCs in the low stiffness had slender cell
bodies, many and long pseudopods. When the cells are embedded in a
medium stiffness matrix, the cells were still slender, but the number of
pseudopods was reduced and the length was shortened. When the cells

were embedded in a high stiffness matrix, the cells were overall spher-
ical, the cell body was round and extended, and the pseudopodia were
very small. This was significantly different from the morphology of
HDPSCs cultured on 2D under different stiffnesses. The HDPSCs on the
hard matrix showed cell spreading and increased pseudopodia, while
the HDPSCs on the soft matrix remained cells separated from each other
[31]. This further proved diverse behavior of HDPSCs in 2D and 3D and
indicated the necessity to investigate HDPSCs functions in 3D which is of
more relevant in clinical applications. Quantitative analysis of cell area
(S) showed that HDPSCs in low stiffness had a higher area (S =

3153.6745 ± 123.3633 μm2) than HDPSCs in medium and high stiffness
(Fig. 2B). In addition, the aspect ratio (γ) of HDPSCs in low stiffness was
4.5 ± 0.2, which was significantly higher than that of medium stiffness
(γ = 3.7 ± 0.1) and high stiffness (γ = 1.7 ± 0.1) (Fig. 2C). These results
confirmed the mechanical transduction of HDPSCs on matrix stiffness
and GelMA hydrogels developed here can be utilized as a good model as
mechanical cues to study the effect of stiffness on HDPSCs behavior and
its paracrine effects.

3.3. Stiffness directly regulated the differentiation of HDPSCs

3D matrix stiffness synergized lineage specification of HDPSCs.
In order to explore whether the 3D matrix stiffness affected the differ-
entiation of HDPSCs under chemical induction conditions. Ensured that
all groups were in the chemical induction environment of osteogenic
induction solution, HDPSCs were embedded in hydrogels with different
matrix stiffness and cultured for 7 days and 14 days, and then detected

Fig. 2. The morphology of HDPSCs in GelMA matrices of different stiffness. A) The morphology of HDPSCs cultured in 3D hydrogel for 3 days. And F-actin
immunofluorescence staining (red) and DAPI immunofluorescence staining (blue) of HDPSCs coated with different GelMA substrates (scale = 100 μm, n = 4).
Quantification of the projected B) cell area and C) cell aspect ratio. Results are presented as mean ± SD. Statistical significance: *P < 0.05, **P < 0.01, ***p < 0.001,
****p < 0.0001. Tukey back testing was used after one-way analysis of variance. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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the expression of odontoblast markers. The results of the quantitative
ALP showed that there were significant differences in the expression of
ALP in each group. The high stiffness had the highest alkaline phos-
phorus enzyme activity on days 7 and 14 (Fig. 3A). Similarly, the
HDPSCs, cultured in high stiffness, had the highest mRNA expression
levels of DSPP and dentin matrix acidic phosphoprotein 1(DMP-1) (P <
0.05) (Fig. 3B and C). We observed the immunofluorescence staining of
odontogenic marker DSPP in hydrogel-cultured HDPSCs after 7 days.
Under the same chemical induction conditions, the odontogenic differ-
entiation of the high stiffness was enhanced, compared with the other
two groups (Fig. 3D and E). These results showed that, three-
dimensional matrix stiffness played an important role in the chemical
induction process of odontoblast, while high stiffness played a syner-
gistic role in the chemical induction process of odontoblast. In dental
pulp regeneration, vascular regeneration was another important indi-
cator to measure the regeneration effect [32]. HDPSCs were subjected to
vascular chemical induction at the same time, and all groups could ex-
press vascular markers. However, the three-dimensional matrix stiffness
significantly affected the expression of vascular markers in HDPSCs.
After 14 days of induction, the mRNA expression level of CD31 and
α-SMA was significantly higher than that in the low stiffness and high
stiffness groups (Fig. 3F and G). The CD31 protein expression level also
had the same trend after culturing HDPSCs for 14 days. The immuno-
fluorescence quantitative results showed that CD31 protein expression
level in the medium stiffness group was significantly higher than the
other two groups (Fig. 3H and I). All above results showed that medium
stiffness cooperated with chemical induction reagents to promote the
angiogenesis of HDPSCs. In summary, the "correct" 3D matrix stiffness
could cooperate with chemical induction reagents to promote better
differentiation effect of HDPSCs.

3D matrix stiffness directed lineage specification of HDPSCs.
Studies had shown that matrix stiffness guides lineage specification of
stem cells [28,33]. Matrix stiffness influences stem cell lineage specifi-
cation via focal adhesion-actin-myosin contraction, even in the absence
of chemical inducers [33]. We evaluated the effect of hydrogel stiffness
alone on the differentiation of HDPSCs. HDPSCs were respectively
embedded in different stiffnesses for lineage induction, without adding
any chemical inducer to evaluate the effect of matrix stiffness on the
differentiation of HDPSCs into dentin and endothelium. The production
of alkaline phosphatase marked the beginning of the mineralization
process. Crucially, it was beneficial to the formation of tertiary dentin
[34]. As shown in Fig. 4A, the high stiffness had the deepest alkaline
phosphatase staining. ALP semi-quantitative results (Fig. 4B) and ALP
quantitative experiments (Fig. 4C) both showed that the expression of
alkaline phosphatase in the high stiffness was significantly higher than
that in the low stiffness. To further explore the effect of 3D matrix
stiffness on the differentiation of HDPSCs into odontoblasts, RT-qPCR
was used to analyze odontoblast markers genes DSPP and DMP-1
(Fig. 4D and E). The results showed that the expression of the two
detected tooth-related genes in each group showed an overall upward
trend. The mRNA expression level of the high stiffness was significantly
higher than the other two groups at 14 days. However, when matrix
stiffness was induced for 7 days, there was no significant difference in
the mRNA expression between the groups. This might be because pure
matrix stiffness required a long enough induction time to guide the
lineage specification of HDPSCs [33]. After 14 days of culture, the DSPP
protein expression level of HDPSCs showed that the high stiffness was
significantly higher than the other two groups (Fig. 4F and G), and the
trend of the results was consistent with mRNA. Further, we explored the
vascular differentiation of HDPSCs. The increase in cell migration ability
was usually related to angiogenesis. First, we tested the migration ability
of HDPSCs in the three-dimensional matrix stiffness. Compared with the
high stiffness, the transwell of the low and medium stiffness showed the
migration number of HDPSCs increased. And the medium stiffness was
significantly higher than the high one (Fig. 5C and E). The scratch assay
also confirmed that the migration number of HDPSCs in the medium

stiffness had the highest closure rate (Fig. 5A and B). And then, we
detected the expression levels of angiogenesis-related genes CD31 and
α-SMA. The RT-qPCR results showed that at 7 and 14 days, the medium
stiffness had the highest expression levels (Fig. 5F and G). Similarly, at
the protein level, we used immunofluorescence staining to detect the
expression of the endothelial cell surface marker CD31 at 14 days. As
shown in Fig. 5D and H, there was almost no expression of fluorescent
markers in the high stiffness, while the expression of CD31 in the me-
dium stiffness increased significantly. This suggested that medium
stiffness had the highest possibility of vascular differentiation. It pro-
vided the possibility for dental pulp regeneration in vivo. Above all, the
three-dimensional matrix stiffness played an important role in regu-
lating the differentiation of HDPSCs. Three-dimensional matrix stiffness
could direct lineage specification of HDPSCs.

3.4. Widespread transcriptomic alterations triggered by 3D matrix
stiffness

HDPSCs induced by different three-dimensional matrix stiffness
showed significant differentiation differences. In this study, RNA-seq
was used to conduct in-depth analysis of the transcription profiles of
HDPSCs under high, medium, and low stiffness, in order to explore the
influence of 3D matrix stiffness on the transcription regulation of
HDPSCs. In the experiment, HDPSCs were cultured in different matrix
stiffness for 7 days, and the gene expression level was standardized using
Fragments Per Kilobase of exon model per Million mapped fragments
(FPKM) method. Supervised partial least squares discriminant analysis
(Plsda) was used to evaluate the correlation between the samples. And
the results showed that the inter-group samples showed a clear tendency
to disperse, while the intra-group samples were basically clustered
(Fig. S1). Further pair-to-pair comparative analysis revealed differen-
tially expressed genes (DEGs) in HDPSCs treated with different matrix
stiffness. Specifically, compared with the low stiffness group, 223 genes
were up-regulated and 518 genes were down-regulated in the high
stiffness group (Fig. 6A). Compared with the high stiffness group, 507
genes were significantly up-regulated and 417 genes were significantly
down-regulated (Fig. 7A). The differences between the medium stiffness
and high stiffness were relatively small, with only 72 genes up-regulated
and 160 genes down-regulated (Fig. S2). These results suggested that
changes in three-dimensional matrix stiffness significantly affected the
cellular response of HDPSCs.
In vitro experiments on odontogenic related indicators, the differ-

ence between high stiffness and low stiffness was the most significant.
Therefore, this study further analyzed the differential gene expression
between the two groups to explore the effect of 3Dmatrix stiffness on the
expression of odontoblast-related genes. Similarly, in vitro experiments
on angiogenesis related indicators, the difference between the medium
and high stiffness groups was the most significant, which was consistent
with the expression trend of DEGs. Therefore, the present study also
analyzed the differential gene expression between the two groups to
explore the effect of three-dimensional matrix stiffness on the expression
of genes associated with angiogenesis.
The ability of HDPSCs to differentiate into odontoblast cells was a

key indicator of pulpodentin complex regeneration. In this study, the
gene expression levels of HDPSCs in high stiffness and low stiffness
groups were analyzed. Pair-to-pair comparisons showed that the low
stiffness group had 2845 unique DEGs, while the high stiffness group
had 2809 unique DEGs (Fig. 6B). Cluster heat map analysis was used to
visualize the odontogenic associated DEGs within each group (Fig. S3A).
Gene ontology (GO) annotation and functional analysis suggested that,
compared to the control group, the upregulated DEGs in the high stiff-
ness group exhibited significantly increased expression, particularly
genes related to collagen fibril organization, extracellular matrix orga-
nization, odontogenesis, and bone mineralization (Fig. 6C), which
further verified the results of this study. In addition, genes related to
bone mineralization, regulation of cytoskeletal tissue, standard Wnt
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Fig. 3. 3D matrix stiffness synergized lineage specification of HDPSCs. 3D stiffness in combination with osteogenic induction medium in odontogenic differentiation
of HDPSCs. A) Alkaline phosphatase activity in HDPSCs cultured with different matrix stiffness gel for 7 and 14 days (n = 3). The relative gene expression levels of B)
DSPP and C) DMP-1 of HDPSCs (n = 4). D-F) Representative images and quantitative analysis of IF staining for DSPP in HDPSCs treated with different stiffness for 14
days. (n = 3 randomly-selected microscopic images). Scale bars = 20 μm. 3D stiffness in combination with angiogenesis induction medium in angiogenesis dif-
ferentiation of HDPSCs. F-G) The relative gene expression levels of CD31 and α-SMA of HDPSCs (n = 4). H-I) Representative images and quantitative analysis of IF
staining for CD31 in HDPSCs treated with different stiffness for 14 days. (n = 4 randomly-selected microscopic images). Scale bars = 100 μm. Results are presented as
mean ± SD. Statistical significance: *P < 0.05, **P < 0.01, ***p < 0.001, ****p < 0.0001. Tukey back testing was used after one-way analysis of variance.
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signaling pathways, and regeneration were up-regulated in the high
stiffness group. Interestingly, BP enrichment results showed the
expression of differential genes related to extracellular structure and
collagen metabolism, as well as the expression of a large number of
genes related to alcohol biosynthetic process suggesting that three-
dimensional matrix stiffness might promote the odontogenic differen-
tiation of HDPSCs by affecting lipid metabolism (Fig. S3B). Kurotaki
et al. [35] and Ye et al. [36] both proposed the role of lipid metabolism
in dentin formation. Gene set enrichment analysis (GSEA) showed that
multiple pathways related to cholesterol metabolism were enriched in

the high stiffness group compared to the low stiffness group (Fig. S3C-D
and S4). KEGG pathway enrichment analysis revealed the function of
DEGs (Fig. 6D). The results showed that the high stiffness may promote
the dentin differentiation of HDPSCs through Wnt signaling pathway or
FoxO signaling pathway. The role of Wnt pathway in dentin formation
has attracted wide attention [37,38], We further explored the role of the
Wnt pathway in this process. Differentially enriched genes in the Wnt
pathway (Fig. 6E), and the Wnt pathway was explored using
protein-protein interactions (Fig. 6F), and the results showed that JUN
played an important role. JUN is an important regulator of osteoblast

Fig. 4. 3D matrix stiffness directed lineage specification of HDPSCs. A) ALP staining images of HDPSCs embedded in different matrix stiffness at 7 days. B) Semi-
quantitative analysis of ALP staining (n = 4). C) ALP activity of HDPSCs cultured in gel with different matrix stiffness for 7 and 14 days (n = 3). D-E) The relative gene
expression levels of DMP-1 and DSPP of HDPSCs (n = 3). F-G) Representative images and quantitative analysis of IF staining for DSPP in HDPSCs treated with
different stiffness for 14 days. (n = 4 randomly selected microscope images). Results are presented as mean ± SD. Statistical significance: *P < 0.05, **P < 0.01, ***p
< 0.001, ****p < 0.0001. Tukey back testing was used after one-way analysis of variance.
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differentiation, which can activate bone homeostasis [39,40]. There-
fore, we speculated that matrix stiffness activated lipid/alcohol meta-
bolism through Wnt pathway, thereby activating bone metabolism. The
key genes in Wnt pathway were verified by RT-qPCR, and the results
showed that Wnt and β-catenin were highly expressed in high stiffness
group (Fig. 6G and H). These results indicated that Wnt pathway might
play an important role in odontogenesis induced by stiffness. However,
it still needs a lot of follow-ups work to verify.
Further, this study explored the protentional mechanism of 3D ma-

trix stiffness promoting vascular differentiation of HDPSCs. Pair-to-pair
comparisons showed 2547 unique genes in the medium stiffness group
and 2983 unique genes in the high stiffness group (Fig. 7B). Cluster heat

map analysis visualized angiogenesis associated DEGs within each
group, with significant differences between the medium and high stiff-
ness groups (Fig. S5A). Compared with the control group, HDPSCs in the
medium stiffness group significantly upregulated the expression of genes
associated with circulatory process, angiogenesis, germinating angio-
genesis, and negative regulation of endothelial cell proliferation
(Fig. 7C). BP enrichment results also showed that differential genes
related to circulatory system processes, regulation of vasoconstriction,
blood circulation, and positive regulation of blood circulation were
significantly enriched (Fig. S5B). In addition, KEGG pathway enrich-
ment analysis revealed the function of DEGs (Fig. 7D). The analysis re-
sults indicated that the medium stiffness group may promote vascular

Fig. 5. 3D matrix stiffness directed lineage specification of HDPSCs. A-B) Scratch test image and quantitative analysis of HDPSCs cultured in CMs with different
matrix stiffness for 24h (n = 4). C) and E) Transwell image and quantitative analysis of HDPSCs cultured in CMs with different matrix stiffness for 24h (n = 4). F-G)
The relative gene expression levels of CD31 and α-SMA of HDPSCs (n = 3). H) and D) Representative images and quantitative analysis of IF staining for CD31 in
HDPSCs treated with different stiffness for 14 days. (n = 4 randomly selected microscope images). Results are presented as mean ± SD. Statistical significance: *P <
0.05, **P < 0.01, ***p < 0.001, ****p < 0.0001. Tukey back testing was used after one-way analysis of variance.

X. Li et al. Materials Today Bio 31 (2025) 101591 

11 



differentiation of HDPSCs by up-regulating PI3K-Akt signaling pathway,
MAPK signaling pathway, TGF-beta signaling pathway and other path-
ways. The GSEA diagram also showed that compared with the control
group, the three-dimensional matrix stiffness in the medium stiffness
group might play a role by activating the PI3K-Akt signaling pathway
and TGF-beta signaling pathway (Fig. S5C). We further explored the role
of the PI3K-Akt pathway in this process. Differentially enriched genes in
the PI3K-Akt pathway (Fig. 7E), and the PI3K-Akt pathway was explored
using protein-protein interactions (Fig. 7F), and the results showed that
PDGFA played an important role. PDGFA has the function of promoting
angiogenesis [41]. The key genes in PI3K-Akt pathway were verified by
RT-qPCR, and the results showed that PI3K and Akt were highly
expressed in medium stiffness group (Fig. 7G and H). These results
indicated that PI3K-Akt pathway might play an important role in
vascular differentiation induced by matrix stiffness.

3.5. Paracrine signals of HDPSCs triggered by stiffness regulate periapical
resident cell behaviors

In the field of tissue engineering and regenerative medicine, the
paracrine function of stem cells, that was, their ability to secrete
bioactive molecules, was increasingly becoming the focus of research
[42,43]. These bioactive molecules, including cytokines, growth factors,
enzymes, as well as ECM components, played a vital role in tissue repair
and regeneration through paracrine signaling [44]. The aim of this study
was to evaluate how 3D matrix stiffness affected the fate of periapical
cells by regulating paracrine signaling of HDPSCs.
Using RNA sequencing, we identified the expression levels of genes

encoding secreted proteins. A list of genes encoding secreted proteins
was obtained from the Human Protein Atlas database. In this sequencing
project, we matched 3865 genes encoding secreted proteins. A cluster

heat map analysis was performed on the parts of these genes with sig-
nificant expression differences. And the results showed that three-
dimensional matrix stiffness significantly affected the secreted prote-
ome genes of HDPSCs (Fig. 8A). Further GO analysis revealed the
functions of these DEGs at three levels: BP, CC and MF. Particularly
among the top 10 biological processes, we observed significant differ-
ences related to proteins, tissue humoral immune responses, and
extracellular matrix (Fig. 8B). These factors were involved in various
biological processes that regulated tissue repair and regeneration,
including positive regulation of endothelial cells, extracellular structure
organization, extracellular matrix organization, collagen metabolic
processes, defense responses to other organism, humoral immune re-
sponses, etc. (Fig. 8C).
In summary, three-dimensional matrix stiffness might play an

important role in the proliferation and differentiation of periapical
resident cells, including endothelial cells, immune cells, and fibroblasts,
through paracrine signaling. In order to further investigate this phe-
nomenon, we studied the effects of paracrine factors of HDPSCs cultured
under different three-dimensional matrix stiffness conditions on the cell
behavior of periapical resident cells. To this end, we collected CM of
HDPSCs cultured under low, medium, and high stiffness conditions and
applied them to HUVECs, THP-1 macrophages and HSF cultures to assess
the effects of these presecretory factors on cell behavior.

3.5.1. Paracrine signals of HDPSCs triggered by stiffness regulate HUVECs
behaviors
Angiogenesis was a key activity during tissue healing, because it

provided blood vessels that provides oxygen and nutrients to cells in
damaged tissue [45]. The premise of pulp regeneration was that there
are vessels, but the root tip was narrow, preventing the growth of vessels
[46]. It had been shown that dental stem cells were not only directly

Fig. 6. RNA-seq revealed extensive transcriptomic changes of HDPSCs induced by three-dimensional matrix stiffness. A) Volcano maps of gene expression levels
between High and Low groups. B) Co-express Venn diagram of Low group and High group. C) REVIGO analysis clustering all GO terms of BP into a broader category
(High vs Low). D) KEGG analysis of differential genes in HDPSCs (High vs Low). E) Heatmap of Wnt signaling pathway. F) Protein–protein interaction network of Wnt
signaling pathway related genes. G-H) The relative gene expression levels of Wnt and β-catenin of HDPSCs (n = 4). Results are presented as mean ± SD. Statistical
significance: *P < 0.05, **P < 0.01, ***p < 0.001, ****p < 0.0001. Tukey back testing was used after one-way analysis of variance.
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involved in angiogenesis through differentiation into endothelial cells,
but also stimulate angiogenesis through paracrine angiogenesis factors
[47]. We hypothesized that paracrine factors of HDPSCs embedded in
three-dimensional matrix stiffness could promote periapical vascular
growth. CCK-8 showed that the cell proliferation of HUVECs was
significantly increased after 3 days of treatment with HDPSCs paracrine
factor. And the HUVECs proliferation in the low stiffness and medium
stiffness groups was significantly higher than that in the high stiffness (P
< 0.001) (Fig. 8D). After 1 and 3 days of culture, the viability of cells in
each group were confirmed by live staining, which was consistent with
the trend of CCK-8 (Fig. 8E). In order to evaluate the effect of paracrine
factors on the HUVECs migration, transwell assay was performed.
transwell chamber was used to evaluate the attractiveness of paracrine
factors of HDPSCs to cells in different matrix stiffness. We counted the
number of cells that migrated to the transwell membrane. The number of
cell stiffness in the low stiffness (82.25 ± 7.15) and medium stiffness
(69.50 ± 16.14) was significantly more than that in the high stiffness
(43.50 ± 4.60) (P < 0.05) (Fig. 8F and G). After verifying that low
stiffness and medium stiffness were more acceptable to HUVECs cells,
we performed scar test to verify the migration and repair ability of
paracrine factors. HUVECs migration was assessed at 6 and 24 h. The
result and statistics of cell stiffness are shown in Fig. 8H and K. In
general, the cells in the low stiffness CM were the fastest. After 6 h, low
stiffness was significantly higher than high stiffness (P < 0.01), and the
trend remained the same 24 h later. RT-qPCR was used to detect the
expression of vascular markers, including vWF, CD31 and VEGFR2. As

shown in Fig. 8L–N, all angiogenesis genes increased significantly in the
low stiffness. After 3 days of culture of HUVECs with paracrine factors,
the expression of vascular markers in cells was tested. The protein
expression of CD31 was detected, as shown in Fig. 8I and O, the
expression of HUVECs in the low stiffness group was significantly higher
than that in the medium and high stiffness groups (P < 0.001). The re-
sults were consistent with the trend of RT-qPCR. In conclusion, para-
crine factors in the low stiffness group were the best for the vascular
stiffness of HUVECs.

3.5.2. Paracrine signals of HDPSCs triggered by stiffness regulate THP-1
macrophages behaviors
In periapical inflammatory, macrophages have been shown to be the

major immune active cells [48]. Inflammation was an early response
mediated by various immune cells during apical healing to eliminate
cellular debris, foreign bodies, and bacteria [49]. Macrophages were one
of the first immune cell types to arrive at the inflammation and mediate
an acute proinflammatory response for several days. Subsequently, the
proinflammatory (M1) macrophage phenotype switched to an
anti-inflammatory (M2) phenotype, which could promote inflammation
resolution, tissue remodeling, and neovascularization, thereby acceler-
ating tissue healing [50]. However, malfunction of macrophage
phenotype switching could lead to chronic inflammation in some dis-
eases, such as diabetes, thereby inhibiting tissue healing [45]. Due to the
immunomodulatory effects of 3D matrix stiffness on HDPSCs, we
investigated the effects of their paracrine products on macrophage

Fig. 7. RNA-seq revealed extensive transcriptomic changes of HDPSCs induced by three-dimensional matrix stiffness. A) Volcano maps of gene expression levels in
Medium and High groups. B) Co-express Venn diagram of Medium and High group. C) REVIGO analysis clustering all GO terms of BP into a broader category
(Medium VS High). D) KEGG analysis of differential genes in HDPSCs (Medium VS High). E) Heat map of PI3K-Akt signaling pathway. F) Protein–protein interaction
network of PI3K-Akt signaling pathway related genes. G-H) The relative gene expression levels of PI3K and Akt of HDPSCs (n = 4). Results are presented as mean ±
SD. Statistical significance: *P < 0.05, **P < 0.01, ***p < 0.001, ****p < 0.0001. Tukey back testing was used after one-way analysis of variance.
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polarization by IF staining and RT-qPCR. Macrophages were identified
by detecting the macrophage surface marker CD11b by flow cytometry.
The results showed that PMA successfully induced THP-1 monocytes
into THP-1 macrophages (Fig. 9A and B). Differential receptor expres-
sion was the key feature of polarized macrophages [51]. Laser confocal
microscopy was performed to image the polarization expression markers
of THP-1 macrophages. The M1 phenotype was characterized by
increased expression of CD86, while M2 phenotype usually expressed
CD206. As shown in Fig. 9C and D, the expression of CD86 in THP-1
macrophages (considered to be M0 phenotype) treated with paracrine
factors in the low stiffness group was significantly lower than other
groups (P < 0.0001), and the expression of CD206 was significantly
higher than that in the medium and high stiffness group (P < 0.0001),
indicating that the paracrine factors in the low stiffness could induce M0
macrophages to M2 phenotype. After verifying the cell phenotypic
proteins, we performed RT-qPCR on all groups, mainly detecting the
mRNA that could secrete pro-inflammatory specific antibodies (iNOS,
IL-6) and anti-inflammatory specific antibodies (Arg-1, IL-4). The results
showed that the CM by low stiffness matrix induced THP-1 macrophages
to secrete more anti-inflammatory cytokines and showed better immu-
noregulation (Fig. 9G and H). On the contrary, the secretion of
pro-inflammatory cytokines in THP-1 macrophages induced by CM with
high stiffness matrix was significantly higher (Fig. 9E and F). Overall,
HDPSCs in low stiffness matrix induced higher levels of
anti-inflammatory macrophages.

3.5.3. Paracrine signals of HDPSCs triggered by stiffness regulate HSF
behaviors
Fibroblasts were mesenchymal cells with multiple functions,

including ECM deposition, regulation of epithelial differentiation and
immune regulation, and were involved in tissue remodeling and healing
[52]. At the end of the inflammatory phase, fibroblasts migrated to the
damaged area, proliferates, mediates fibrin clot degradation and ECM
deposition, and ultimately initiates the proliferation phase of tissue
healing [53]. In order to evaluate the potential of paracrine signaling of
HDPSCs in tissue repair under the influence of 3D matrix stiffness, we
studied their effects on HSF behavior. CCK-8 assay showed that para-
crine factors could promote the proliferation of HSF Indiscriminately
(Fig. 9I). In addition, we only used live staining solution to detect cell
viability. The results showed that HSF in each group showed bright
green, evenly distributed and stretched in shape (Fig. 9J). Subsequently,
we evaluated the effects of different CMs on HSF migration using scratch
assay. Representative images and quantitative analysis showed that
compared with paracrine factors in the high stiffness group, paracrine
signals induced by low stiffness significantly promoted the migration of
fibroblasts (Fig. 9L and M). VEGF was a highly specific pro-vascular
endothelial cell growth factor that promoted increased vascular
permeability, extracellular matrix degeneration, vascular endothelial
cell migration, proliferation and blood vessel formation. The expression
of VEGF-A increased during the proliferation phase of healing [54]. We
detected the protein expression of VEGF in HSF. As shown in Fig. 9K and
N, the paracrine signaling induced by low stiffness significantly pro-
moted the protein expression of VEGF (P < 0.001), indicating that the
paracrine signaling of HDPSCs induced by low stiffness could enhance
the angiogenic potential of HSF. In short, these findings indicated that

paracrine factors of HDPSCs induced by low stiffness matrix could
promote fibroblast proliferation, viability, and migration. Among them,
paracrine signaling stimulated by low stiffness could enhance the
angiogenic potential of fibroblasts, which is beneficial to the periapical
tissue healing and regeneration.
In summary, we found an interesting conclusion that pulpodentin

complex regeneration could not be supported by a single stiffness alone,
but required the synergistic effect of different stiffnesses, which was
consistent with the view of Yu et al. [31]. High stiffness (about 24.12
kPa) was conducive to inducing HDPSCs to differentiate into odonto-
blasts and promoted hard tissue regeneration; medium stiffness (about
6.37 kPa), close to the stiffness of physiological pulp, was conducive to
inducing HDPSCs to differentiate into endothelial cells and promote
angiogenesis; low stiffness (about 0.79 kPa) was conducive to inducing
the paracrine signaling of HDPSCs to promote periapical tissue regen-
eration, including promoting the angiogenic ability of HUVECs, pro-
moting the transformation of THP-1 macrophages to anti-inflammatory
direction, and promoting the proliferation, vitality, migration and
angiogenic potential of HSF. Combining the advantages of
three-dimensional matrix stiffness, we proposed “Tri-Phase Biome-
chanical Structure” to promote pulp regeneration (Fig. 10C). The crown
was the high stiffness matrix to induce crown sealing; the middle of the
root canal was the medium stiffness matrix to promote pulp tissue
regeneration that matched the physiological pulp; the apical was the low
stiffness matrix to promote the ingrown of periapical tissue through the
paracrine effect of HDPSCs.

3.6. Tri-phase biomechanical structure promoted complete pulpodentin
complex regeneration in vivo

Modeling process. In order to verify that Tri-Phase Biomechanical
Structure hydrogel could be effectively used for potential dental pulp
regeneration in vivo, we used a nude mouse subcutaneous trans-
plantation model (Fig. 10A). In this study, BALB/c nude mice were
selected as an in vivo model to avoid immune rejection of the transplant.
To simulate the root environment, the root was shaped into a cylindrical
shape with a height of about 5–8 mm, and then treated with a series of
chemical reagents to prepare TDM. The sterilized TDM was placed in
complete culture medium and incubated overnight. The culture medium
was observed to be clear and sterile under a microscope. HDPSCs were
pre-seeded in three hydrogels with low, medium and high stiffness, and
then materials were injected into the TDM in different ways according to
the different structures (Fig. 10C). The first group was “Blank”, which
was TDM without injection of any material. The second group was
"Medium", that HDPSCs were embedded in the medium stiffness
hydrogel and injected into the TDM. The third group was "Tripartite".
The Tri-Phase structure was tripartite in TDM. HDPSCs was pre-
embedded in hydrogels of three stiffnesses, and then low stiffness
hydrogels were injected into the root apex, medium stiffness hydrogels
were injected into the middle of the root canal, and high stiffness
hydrogels were injected into the crown of the root canal. Subsequently,
they were immediately implanted subcutaneously in immunodeficient
mice (Fig. S6). The wound healed well after surgery, and the appearance
of the healed skin was close to normal. (Fig. 10B). Eight weeks after
surgery, new tissue-like structures were observed in all implanted TDMs,

Fig. 8. 3D matrix stiffness stimulated paracrine signals of HDPSCs in vitro to regulate angiogenesis in HUVECs. A) Heat map of cluster analysis. B) GO analysis to
analyze the function of DEG at three levels: biological process (BP), cell component (CC), and molecular function (MF).C) REVIGO analysis clustered all GO terms of
BP into broader categories. D) The proliferation of HUVECs treated with different CMs for 1 and 3 days was measured by CCK-8 (n = 4). E) The cell viability of
HUVECs treated with different CMs for 1 and 3 days was observed by Live/Dead staining. F-G) Representative images and quantitative analysis of transwell for
HUVECs after 24h treatment by different CMs (n = 4). H) The representative images of HUVECs migration at 0, 6 and 24h under different CMs treatment were
observed by scratch assay J) Scratch assay to observe HUVECs migration at 6h under different CMs treatments (n = 4). K) Scratch assay to observe HUVECs migration
at 24h under different CMs treatments (n = 4). I) Representative images of IF staining for CD31 of HUVECs treated with different CMs for 3 days. Scale = 100 μm. O)
Quantitative results of IF staining for CD31of HUVECs treated with different CMs for 3 days (n = 4 randomly selected microscope images). L-N) The relative gene
expression levels of vWF, CD31 and VEGFR2 in HUVECs treated with different CMs for 3 days (n = 4). The data were expressed as mean ± SD. Statistical significance:
*P < 0.05, **P < 0.01, ***p < 0.001, ****P < 0.0001. Tukey back testing was used after one-way analysis of variance.
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Fig. 9. 3D matrix stiffness stimulated paracrine signals of HDPSCs in vitro to regulate cell behavior of THP-1 macrophages and HSF. A-B) The expression of CD11b on
THP-1 cells differed significantly between the control and PMA group (biological repeats). C-D) Representative images and quantitative analysis of CD86 and CD206
IF staining of macrophages treated with different CMs for 3 days (n = 3 randomly selected microscope images). E-H) The relative gene expression levels of iNOS, IL-6,
Arg-1 and IL-4 in THP-1 macrophages treated with different CMs at 1 and 3 days (n = 4). I) Proliferation of HSF cells treated with different CM for 1 and 3 days was
determined by CCK-8 (n = 6). J) The cell viability of HSF treated with different CMs at 1 and 3 days was observed by Live/Dead staining. L-M) Representative images
and quantitative analysis of cell migration of HSF cells treated with different CMs at 0 and 12 h were observed by scratch assay (n = 3 randomly selected microscope
images). K and N) Representative images and quantitative analysis of IF staining for VEGF under different CMs treatment for 3 days (n = 6 randomly selected
microscope images). The data were expressed as mean ± SD. Statistical significance: *P < 0.05, **P < 0.01, ***p < 0.001, ****P < 0.0001. Tukey back testing was
used after one-way analysis of variance.
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Fig. 10. Tri-Phase Biomechanical Structure promoted regeneration of dentinopulp complex in vivo. A) TDM implanted with Tri-Phase Biomechanical Structure
hydrogel under the skin of the BALB/c nude mice. The Tri-Phase structure with HDPSCs was tripartite in TDM. The crown of the root canal was high stiffness
hydrogel, the middle part of the root canal was medium stiffness hydrogel, and the root apex was low stiffness hydrogel. B) Wound healing at different time points. C)
Injectable Models. D) Representative images after 8 weeks of subcutaneous transplanted TDM in the Blank, Medium, and Tripartite groups. E) HE staining images at 8
weeks. F) Representative micrographs of regenerated medullary tissue in TDM of Blank, Medium and Tripartite groups after Masson tricolor staining, with scale bars
of 500 μm and 200 μm. G-H) Semi-quantitative analysis of collagen volume fraction in pulp-like tissue. The data were expressed as mean ± SD. Statistical signif-
icance: *P < 0.05, **P < 0.01, ***p < 0.001, ****P < 0.0001. Tukey back testing was used after one-way analysis of variance.
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even in the control group (Fig. 10D). The blood vessels grew around the
root apex in the Medium and Tripartite groups, and the tripartite group
had significantly richer vascular tissue ingrown.

Biosafety assessment. Although the excellent biocompatibility of
GelMA hydrogels with different physiological dynamics had been veri-
fied in vitro, safety needed to be established in vivo to assess its non-
toxic effects on animals. Therefore, HE staining was performed on
different visceral sections at 8 weeks. HE staining showed that there
were no significant differences in various organs among groups, which
proved that the hydrogel had no obvious toxicity to nude mice
(Fig. S7A). Secondly, hydrogel extracts with different matrix stiffness
were mixed with blood cells of nude mice to determine their hemolysis.
Under natural light, there was no obvious hemolysis phenomenon in the
EP tubes of all hydrogels. The hemolysis rate was calculated by testing
the absorbance at 545 nm, and the results showed the hemolysis rate of
all hydrogel stiffness groups was extremely low (less than 5 %)
(Fig. S7B). In summary, it was proved that gelatin hydrogels with
different stiffness had good biocompatibility in nude mice, which could
be used for subsequent in vivo application research.

HE staining. As shown in Fig. 10E, all groups were filled with new
tissues. But compared with Tripartite group, Blank group and Medium
group was obviously empty in the middle part of the root canal, while
nearly no tissues were observed. The Blank group had obvious vacuolar
structure in the root canal with a large amount of adipose tissue, and
only a small amount of blood vessels was found (shown by red circles in
Fig. 10E). The dental pulp-like tissues in the Medium group were
distributed at both ends of the root canal and was composed of blood
vessels and fibers. Dental pulp-like tissues in the Tripartite group filled
the whole root canal, and a large number of new mineralized tissues
were formed in the crown side (shown by black triangle in Fig. 10E),
surrounded by neat odontoblast-like cells (shown by black arrow in
Fig. 10E). The mineralized area was about 0.9 mm2, accounting for
about 32 % of the cavity area of the crown side. This was due to the
induction of HDPSCs in high stiffness. There were a large number of
fibrous tissues and blood vessels in the middle of the root canal. On the
interface between the regenerated soft tissue and the dentin, linear cells
were concentrated in the inner edge of the dentin. And protrusion could
be seen penetrating into the dentin tubules (shown by the black arrow in
Fig. 10E). Abundant fibers (indicated by white arrows in Fig. 10E) and
blood vessels were seen in the apex of the root from the outer perimeter
and fused with the new pulp-like tissue. This might be due to paracrine
effects of HDPSCs induced by low stiffness. The above results were
consistent with the trend of cell experiment.

Masson staining. As collagen fibers were the most important dental
pulp matrix, it was important to evaluate the formation of collagen fi-
bers to evaluate the maturity of pulp tissue [55]. In Masson staining,
light green or aniline blue had a larger molecular weight, so after
staining, the muscle fibers appeared red, while the collagen fibers
appeared green or blue. At low magnification, more connective tissue
and fiber healing were observed in the Tripartite group than in the Blank
and Medium groups, suggesting that hydrogels with multiple stiffness
synergies were more conducive to the formation of defective soft tissues
and collagen fibers (Fig. 10F and G). Further, we analyzed the fiber
formation of the new pulp tissue in different regions of the Tripartite
group. The results showed that a large number of collagen fibers were
formed in all regions, and collagen fibers accounted for more than 70 %
of the new tissues (Fig. 7F and H), among which the collagen fibers in
the middle of the root canal were significantly higher than those at both
ends of the root canal.

Immunohistochemistry. The expression level of DSPP was closely
related to the differentiation of odontoblast cells and was a key matrix
protein secreted by odontoblast cells. And it was essential for dentin
mineralization [56]. Therefore, we performed immunohistochemical
staining of DSPP protein in sections. The results showed that DSPP
positive staining was found all around the dentin wall (Fig. 11A), and
the expression level of DSPP staining in Tripartite group was

significantly higher than that in Medium group (Fig. 11B). Further
analysis of DSPP staining in different areas of the Tripartite group
showed that deep staining of DSPP protein appeared in the cells around
the newly mineralized tissue of the crown part. And it was significantly
higher than that in the middle of the root canal and the tip of the root
(Fig. 11C), indicating that high stiffness was significantly promoted the
mineralization of HDPSCs. At the same time, immunohistochemical
staining of CD31 protein was performed (Fig. 11F), and the results
showed that there were significantly more vessels in the Tripartite
group, followed by the medium group (Fig. 11D). In the Tripartite
group, vascular in the middle and apex of the root canal was signifi-
cantly greater than that in the crown (Fig. 11E). Combined with the
empty in the middle of the Medium group, we guessed that most blood
vessels in the middle of the root canal were derived from HDPSCs, that
was, medium stiffness significantly promoted the angiogenesis of
HDPSCs. At the same time, the apical blood vessels grew in from the
surrounding tissues and merged with the pulp tissue in the middle of the
root canal (Figs. 7F and 8A), indicating that the paracrine factor of
HDPSCs in low stiffness was significant.

4. Discussion

In this study, we investigated the effects of matrix stiffness on the
differentiation and paracrine functions of HDPSCs in vitro. Additionally,
we successfully developed a hydrogel with a “Tri-Phase Biomechanical
Structure” for the regeneration of the pulpodentin complex in vivo,
aiming to fully leverage the role of the three-dimensional mechanical
environment. The Tri-Phase Biomechanical Structure was inspired by
physiological tooth structure, comprising a hard crown tissue, a soft
pulp tissue in the middle of root canal and vascular fiber tissue in the
apical part connected periapical tissue. When bacteria invaded, the hard
tissue of the crown is initially compromised, collapsing under the acidic
secretions of bacteria. Following the destruction of dentin, bacteria
infiltrate the soft pulp tissue and eventually compromise the periapical
tissue via blood vessels and other channels [57,58]. Therefore, in the
process of repair, we used the “Tri-Phase Biomechanical Structure”
hydrogel to restore the structures damaged by bacteria one by one.
Several scholars have tried to achieve complex regeneration of both

soft and hard tissue through different structural approaches. Jin et al.
employed the sandwich structure composed of HDPSCs sheet/treated
dentin matrix (TDM)/Matrigel interlayer for root regeneration [59]. The
results showed that TDM promoted the regeneration of soft tissue, such
as periodontal connective tissue, and hard tissue, such as dentin at the
same time. Additionally, Matrigel promoted the regeneration of soft
tissues such as dental pulp cell-like cells and vascular structures in pulp
cavity. Similarly, Tian et al. used sandwich structure composite mate-
rials (gelatin electrospun tablets (APES)/TDM/DPEM) to promote the
regeneration of periodontal tissue and pulp [60]. By simulating the
extracellular matrix microenvironment of stem cells, APES had direc-
tional fiber orientation, which could guide cell proliferation. Mean-
while, DPEM retained the original fiber structure and ECM protein, both
of which promoted the odontogenic differentiation of dental stem cells.
Soft tissues such as blood vessels were also generated on the inside of
TDM, and periodontal ligament-like soft tissues were generated on the
outside of TDM. Bertassonic et al. used pre-vascularized structure for the
pulp-like tissue structure of full teeth, and used sacrificial fibers to
reserve endothelial colonies in the middle of root canals to form
microchannels of cells. The periphery was filled with GelMA hydrogel,
forming a concentric structure, which simply and effectively promoted
the immediate vascularized pulp regeneration [61]. All above studies
showed that complex pulp regeneration needed to provide suitable
microenvironment for different components to promote the complex
regeneration. On the basis of this view, the Tri-Phase Biomechanical
Structure proposed in this study was a further study of above research.
This structure was simple, and it was a more suitable clinical method to
realize the regeneration of pulpodentin complex.
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Fig. 11. Immunohistochemistry of pulp-like tissue. A) DSPP immunohistochemical staining images of pulp-like tissue. The nucleus was stained blue. The brown part
indicated DSPP positive. (Notes:P: pulp tissue, D: dentin, black arrow indicates odontoblastic cells, black triangle indicates new mineralized tissue, red circle indicates
new blood vessels, white arrow indicates the growth direction of root tip tissue, white dotted lines indicate the root canal divisions; the scale bar were 100 μm) B-C)
DSPP positive cells were quantitatively analyzed. D-E) Quantitative analysis of CD31 positive cells. F) CD31 immunohistochemical staining images in pulp tissue. The
nucleus was stained blue. The brown part indicated CD31 positive. (Note: The black arrow indicated new blood vessels, and the black triangle indicated new
mineralized tissue; The scale bars was 100 μm). The data were expressed as mean ± SD. Statistical significance: *P < 0.05, **P < 0.01, ***p < 0.001, ****P < 0.0001.
Tukey back testing was used after one-way analysis of variance. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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The precise regulation of human dental pulp stem cells was great
significance for dental pulp regeneration. In 2015, Yu et al. pioneered
the introduction of stiffness as a critical factor in the field of dental pulp
regeneration, and determined that scaffold stiffness was a key bio-
physical cue in regulating DPSC differentiation [31]. In this study, we
further demonstrated that three-dimensional matrix stiffness was a key
biophysical cue regulating HDPSCs differentiation and paracrine
signaling. Specifically, a high stiffness of 24.12 kPa was found to pro-
moted the odontogenic differentiation of HDPSCs and the formation of
crown stiffness, providing a closed and sterile environment for pulp
regeneration. Low stiffness (0.79 kPa) exerted on periapical resident
cells by paracrine factors from HDPSCs. It promoted the ingrowth of
periapical blood vessels and provided nutrients for the regeneration of
root canal tissue in time. Conversely, a low stiffness of 0.79 kPa provided
a physiologic matrix environment for HDPSCs and promoted pulp for-
mation. In vivo experiments showed that the root tips of Tripartite group
were more abundant in blood vessels and fibers than those of Medium
group, and the experimental conclusions in vivo and in vitro were
consistent. At the same time, this study found that the Tripartite group
had more abundant pulp tissue in the middle of the root canal than the
Medium group. The possible reasons are as follow. On the one hand, in
the narrow and elongated root canal, the Medium group faced chal-
lenges in delivering nutrients and oxygen; conversely, the low stiffness
hydrogel used in the Tripartite group facilitated nutrient diffusion to the
middle portion [62]. On the other hand, the sole material employed in
this experiment was gelatin hydrogel, which lacked effective chemical
inductive factors. In the Tripartite group, the low stiffness hydrogel in
the apical region promoted cellular migration from the apex into the
root canal, with cell-cell interactions supporting tissue regeneration in
the middle segment [63,64]. However, the precise mechanisms under-
lying these processes require further investigation.
The differentiation of HDPSCs into odontoblast, induced by high

stiffness, was confirmed through both in vivo and in vitro studies. We
speculated that the cytoskeleton of HDPSCs attached to the high stiffness
matrix contract and transmit signals to the nucleus, thus affecting the
regulation of nuclear transcriptional information. Combined with RNA-
seq results, this process might promote the formation of dentin by lipid
metabolism pathway in the early stage, and achieve dentin minerali-
zation by reactivating osteogenic pathways such as Wnt signaling
pathway in the later stage. The deficiency in this study was that RNA-seq
was performed on HDPSCs only after 7 days of induction. The 7 days
sequencing results had revealed the differential genes related to odon-
togenesis in biological processes such as BP, revealing the early possible
mechanism of 3Dmatrix stiffness induced odontogenic differentiation of
HDPSCs. However, considering that this was only the mechanism
exploration of a single node in the early stage of the experiment, further
exploration of the mechanism of late odontogenic differentiation in 14
or even 21 days is still warranted. The middle part of the root canal was
composed of a medium stiffness matrix, 6.37 kPa, coated with HDPSCs.
The human pulp stiffness measured by Ozcan, B et al. was 5.5 ± 2.8 kPa
[29]. And 6.37 kPa was the matrix stiffness model most consistent with
the physical pulp stiffness in this study. Endothelial differentiation of
HDPSCs cells was confirmed in vitro and in vivo. At this stiffness, cell
morphology stretched. We hypothesize that actin is pulled by extracel-
lular matrix, which affects the transcription and translation of infor-
mation in the nucleus. Combined with RNA-seq results, this process may
be realized by vascular related pathways such as PI3K/Akt. Previous
studies have shown that PI3K/Akt pathway could affect angiogenesis by
regulating the expression of VEGF, eNOS and other factors [65–67].
How 3D matrix stiffness affects endothelial differentiation of HDPSCs
still needs to be verified later. The root tip area was composed of a low
stiffness matrix coated with HDPSCs, and 0.79 Kpa is the lowest stiffness
in this model that can better maintain the hydrogel form. At this stiff-
ness, the cells had good vitality and morphology extension. But the in-
dexes were not optimal in promoting the odontogenic differentiation or
angiogenic differentiation of HDPSCs. This suggests that the precise

regulation of matrix stiffness is needed to regulate the differentiation of
HDPSCs by three-dimensional matrix stiffness. Further, the study was
pleasantly surprised to find that low stiffness matrix of 0.79 Kpa could
act on periapical cells through paracrine action of HDPSCs. The low
stiffness had more effects in promoting the transformation of THP-1
macrophages cells into anti-inflammatory cells, the angiogenesis of
HUVECs cells and differentiation of HSF cells into vascularized fibers.
Due to the narrow pore structure of apical pores, it was crucial to pro-
mote the growth of periapical blood vessels, so we selected the low
stiffness matrix with the best overall effect as the tissue regeneration
material in the apical region. In this work, we clarified the relationship
between 3D matrix stiffness and HDPSCs. And it helped develop a
strategy for promoting pulp regeneration with at Tri-Phase Biome-
chanical Structure based on mechanical forces. However, this study has
certain limitations, particularly in the design of the in vivo experimental
groups. Incorporating a biphasic model would better highlight the
effectiveness of the three-phase biomechanical structure. A more
detailed exploration of the mechanisms by which substrate stiffness
regulates HDPSCs differentiation, along with further in vivo validation,
will be key directions for our future research.

5. Conclusion

In our investigation into the role of three-dimensional matrix stiff-
ness regulating the HDPSCs behavior, we proposed a Tri-Phase Biome-
chanical Structure for the pulpodentin complex regeneration through in
vitro and in vivo research. We found that three-dimensional matrix
stiffness directly guided the lineage specification of HDPSCs. High
stiffness promoted odontoblast differentiation of HDPSCs, and the
stiffness matched with physiological pulp promoted the vascular dif-
ferentiation of HDPSCs, while low stiffness did not have the best effect
on directly promoting HDPSCs differentiation. However, it was worth
noting that low stiffness played a key role in promoting the paracrine
function of HDPSCs, further promoting the inward growth of periapical
blood vessels. The research emphasized the importance and feasibility of
microenvironment matrix stiffness on cell reaction, provided a
comprehensive basis for the optimal design and preparation of bioactive
materials in dental pulp tissue engineering, and had the potential to be
extended to a wider range of scaffold design and application.
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