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A B S T R A C T   

Recruiting periapical stem cells into the root canal and inducing their odontogenic differentiation are both vital 
for pulp regeneration. This study was aimed at developing a kind of bioactive composite scaffolds (G/PSC 
scaffolds) by combining the pH-neutral bioactive glass named PSC and gelatin. The incorporation of PSC 
endowed the scaffolds with bioactivity and enhanced its resistance to enzymatic hydrolysis in vitro while 
maintaining its high water absorption capacity. The G/PSC scaffold with a PSC content of 0.5 mg/mL in 3% 
gelatin solution showed the best overall performance, released large amounts of silicate ions and maintained a 
neutral pH after soaking in simulated body fluid (SBF). Human bone marrow mesenchymal stem cells 
(hBMMSCs) developed good cell morphology with affluent pseudopods on the G/PSC scaffold and infiltrated 
fairly deep into it. Additionally, hBMMSCs showed increased proliferation and mRNA expression levels of dentin 
sialophosphoprotein (DSPP), dentin matrix protein 1 (DMP-1), alkaline phosphatase (ALP), collagen type I (Col- 
I), osteocalcin (OCN), and runt-related transcription factor 2 (Runx2). The present results demonstrated that the 
G/PSC scaffold significantly promoted hBMMSC chemotaxis, proliferation and odontogenic differentiation. 
Therefore, the G/PSC scaffold is a promising material for pulp regeneration.   

1. Introduction 

Pulp regeneration is the ideal therapy for endodontic diseases but is 
hard to realize. A suitable source of mesenchymal stem cells (MSCs) is 
the most determining factor in pulp regeneration. Odontogenic stem 
cells involved in pulp regeneration mainly include dental pulp stem cells 
(DPSCs), stem cells from the apical papilla (SCAPs) and periodontal 
ligament stem cells (PDLSCs) [1]. However, endodontic diseases, 
including pulp necrosis and apical lesions, often lead to the destruction 
of pulp and periapical tissues, resulting in the loss of odontogenic stem 
cells. Thus, non-odontogenic stem cells such as bone marrow mesen
chymal stem cells (BMMSCs) may play an important role in pulp 
regeneration. In pulp revascularization, BMMSCs from the jawbone can 
enter the root canal with the evoked blood after mechanical irritation of 

periapical tissue [2,3]. The histologic results had revealed bone-like 
tissues in the root canal after pulp revascularization, suggesting that 
BMMSCs might participate in pulp regeneration [4]. MSCs are pluripo
tent stem cells, whose differentiation may be regulated by the micro
environment. Direct pulp capping in the mouse demonstrated that bone 
marrow-derived cells could differentiate into odontoblast-like cells in 
the pulp damage repair microenvironment and secrete reparative dentin 
matrix in the pulp healing process [5]. As reported previously, the 
combination of BMMSCs and embryonic oral epithelium or oral 
epithelial cells could stimulate an odontogenic response in vitro and form 
a tooth-like structure in vivo [6,7]. Tooth germ cell conditioned medium 
(TGC-CM) could induce odontogenic differentiation of BMMSCs via the 
ERK/MAPK signaling pathway [8]. Hence, BMMSCs have odontogenic 
potential under certain circumstances and may be a source of seed cells 
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for pulp regeneration. However, newborn tissue is bone-like rather than 
dentin-like. A plausible reason might be the lack of appropriate odon
togenic microenvironment. Therefore, creating a microenvironment 
suitable for the odontogenic differentiation of BMMSCs is essential. 

Previous studies have reported that BMMSCs have the potential of 
odontogenic differentiation induced by signals from a suitable micro
environment, such as the embryonic oral epithelium, TGC-CM, natural 
dentin matrix and compressive scaffolds [6–10]. However, the chance of 
obtaining sufficient autologous embryonic oral epithelium, tooth germ 
cells or natural dentin matrix in the repairing site is extremely low. 
Additionally, allogeneic or xenogeneic implantation has more problems, 
including potential immunogenicity and ethical issues. The compressive 
scaffolds can initiate the odontogenic response in BMMSCs [10], sug
gesting that the microenvironment produced by artificial scaffolds could 
also provide induction signals for odontogenic differentiation. However, 
recruiting MSCs into the root canal is also extremely important for pulp 
regeneration besides inducing odontogenic differentiation. Therefore, 
biomaterials that can induce both BMMSC chemotaxis and odontogenic 
differentiation become the primary pursuit in pulp regeneration. 

Gelatin is a natural origin protein with good biodegradability and 
biocompatibility but no immunogenicity [11]. Gelatin scaffolds were 
found to promote the adhesion and growth of human dental pulp cells 
(hDPCs). However, their high degradation rate and absence of odonto
genic induction limited their application in pulp regeneration [12,13]. 
Our previous studies showed that bioactive glass (BG) not only had good 
mineralization and osteogenesis properties but also excellent odonto
genesis and cell chemotaxis performances [14–17]. In particular, the 
pH-neutral bioactive glass named PSC was found to promote the pro
liferation, migration, odontogenic differentiation and mineralization of 
hDPCs and to induce the regeneration of the pulp-dentin complex-like 
structure from pulp tissue in vivo efficiently [18–20]. Therefore, the 
combination of PSC and gelatin may form a suitable material for pulp 
regeneration. In this study, we aimed to prepare gelatin/PSC composite 
scaffolds (G/PSC scaffolds) and evaluate their potential application for 
pulp regeneration in vitro. 

2. Materials and methods 

2.1. Materials 

The pH-neutral bioactive glass which of named PSC were consisted of 
10.8% P2O5–54.2% SiO2–35% CaO, mol%. The PSC particulates (Woo
quick, Taizhou, China) were ground in an agate mortar, and a 1250- 
mesh sieve was used to obtain fine particles with a size ≤ 10 μm 

(Fig. S1). Gelatin (from porcine skin; Type A; ~300 g Bloom) was pur
chased from Sigma-Aldrich (Sigma-Aldrich, USA). Water (18.2 MΩ) was 
obtained using an ultrapure water system (Millipore, USA). Mesen
chymal Stem Cell Medium (MSCM), fetal bovine serum (FBS), Penicillin- 
Streptomycin solution and Mesenchymal Stem Cell Growth Supplement 
(MSCGS) were purchased from ScienCell Research Laboratories (San 
Diego CA, USA). Trypsin-EDTA (0.25%) and phosphate-buffered saline 
(PBS) were acquired from Gibco (Grand Island, USA). 

2.2. Preparation of scaffolds 

The G/PSC composite scaffolds were prepared by combining casting 
and freeze drying. The preparation process is illustrated in Fig. 1. 
Briefly, gelatin was added to water and kept at 50 ◦C under stirring for 3 
h to obtain a 3 wt% gelatin solution. Next, different amounts of PSC 
powders (0.1, 0.5, 1.0 and 5.0 mg/mL) were added to the above gelatin 
solution under stirring. The resultant mixtures were casted into plastic 
molds and subsequently frozen at − 20 ◦C overnight. Next, the gelatin/ 
PSC composites were cross-linked with 0.5 wt% glutaraldehyde solution 
(GA) for 24 h. After crosslinking, the reaction was stopped by 0.1 M 
glycine, and the obtained composites were washed with water three 
times. Finally, the G/PSC composite scaffolds were freeze dried for 72 h. 
The G scaffold was prepared using the same procedure in the absence of 
PSC. 

2.3. Characterization of scaffolds 

Appearance of scaffolds: The surface morphology and structure of the 
scaffolds were observed by scanning electron microscopy (SEM). 
Rhodamine B dye (0.01%) was used to label the PSC particles [21], and 
then Zeiss LSM-710 confocal laser-scanning microscopy (CLSM) was 
used to observe the distribution of PSC particles. 

Bioactivity test: The scaffolds (1 mg/mL) were soaked in simulated 
body fluid (SBF) at 37 ◦C for 3 days to test the bioactivity. The 
morphology and crystal type of deposits on the pore wall of the scaffolds 
were characterized by SEM and X-ray diffraction (XRD). The parameters 
of XRD measurements were Cu Kα radiation (λ = 1.54 Å), 40 kV and 200 
mA, and the data were collected at 2θ from 15◦ to 65◦ by 4◦/min. 

Ion concentration and pH: The scaffolds (1 mg/mL) were soaked in 
SBF. After 24 h, the concentrations of Si, Ca and P elements in the SBF 
were detected by inductively coupled plasma mass spectrometry (ICP- 
MS, iCAP Q, Thermo, USA). The pH value in SBF was monitored regu
larly using a pH meter (SevenCompact, METTLER TOLEDO, 
Switzerland). 

Fig. 1. The preparation of G and G/PSC scaffolds.  
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Water absorption rate: All scaffolds (d = 8.0 mm, h = 8.0 mm) were 
immersed in 20 mL of SBF for 24 h. The weights of the scaffolds before 
and after SBF soaking were weighed using an analytical balance 
(ME104T/02; METTLER TOLEDO, Switzerland). The water absorption 
rate was calculated using the following formula (Eq. (1)). 

Water absorption rate (%)= (wafter − wbefore)∕wbefore × 100% (1) 

Mechanical test: Compression tests of the scaffolds (d = 8.0 mm, h =
8.0 mm) after immersion in SBF were performed using an INSTRON 
3367 machine (Norwood, MA, USA). The condition of compression was 
fixed at 100 N, and a crosshead speed of 0.5 mm/min with a maximum 
compressive strain was set at 30%. The modulus was calculated as the 
slope of the linear part in the stress-strain curve, and the averages and 
standard deviations were reported (n = 3). 

In vitro degradation evaluation: The scaffolds (1 mg/mL) were 
immersed in SBF containing 1 mg/mL of lysozyme at 37 ◦C. At different 
time intervals (0, 1, 4, 7 and 10 days), the samples were collected by 
centrifugation at 5000 rpm and freeze dried for 24 h. The initial mass 
(m0) and residual mass (m1) were measured, and then the percentages of 
m1 to m0 were used to represent the degradation behavior of the scaf
folds (Eq. (2)). The averages and standard deviations were reported (n =
3). 

Residual mass (%)=m1/m0 × 100% (2)  

2.4. Cell adhesion, growth and proliferation on scaffolds 

Human bone marrow mesenchymal stem cells (hBMMSCs) were 
obtained from ScienCell Research Laboratories. The cells were cultured 
in MSCM supplemented with 5% (v/v) FBS, 1% (v/v) MSCGS, 100 U/mL 
of penicillin and 100 mg/mL of streptomycin. The cells were maintained 
at 37 ◦C in 5% CO2. hBMMSCs at passages between 3 and 8 were used for 
experiments. 

The scaffolds were sterilized with ethylene oxide and soaked in 
MSCM at 37 ◦C overnight before seeding cells. After drying the water 
from the scaffolds with filter paper, 40 μL of the cell suspension (1 × 106 

cells/mL) was carefully dripped to the center of the scaffolds, which 
were then cultured in an incubator at 37 ◦C for 4 h to allow cell 
attachment on the scaffolds. The non-adherent cells were eluted by 
MSCM, and then the scaffolds with hBMMSCs were transferred to new 
plates for further experiments. The culture medium was changed every 2 
days. 

Cell adhesion: To evaluate hBMMSC adhesion on the scaffolds, scaf
folds with hBMMSCs were fixed in 2.5% GA for 30 min after 1 day of 
culture and dehydrated by gradient ethanol (50%, 75%, 90%, 95% and 
100%) and hexamethyl disilylamine (HMDS) for SEM observation. 

Cell growth and proliferation: At 2 and 7 days of culture, scaffolds with 
hBMMSCs were fixed in 4% paraformaldehyde for 30 min and stained 
with 4, 6-diamidino-2-phenylindole (DAPI; Invitrogen, Eugene, OR, 
USA) for 10 min at room temperature; additionally, the number of cells 
was observed by CLSM. 

The cell proliferation ability in the scaffolds was evaluated using Cell 
Counting Kit-8 (CCK-8, Dojindo Laboratories, Kyushu Island, Japan) 
according to the manufacturer’s instructions. At 1, 4, 7 and 14 days of 
culture, the cells seeded on the scaffolds were treated with 10% CCK-8 
reagent medium solution and incubated at 37 ◦C in 5% CO2 for 2 h. 
The optical density (OD) value was measured at 450 nm with a reference 
wavelength of 630 nm. Three individual experiments were performed, 
and each sample was conducted in triplicate. 

Cell infiltration: Cell growth in the inside of the scaffolds was 
observed via histological sections. At 1 and 14 days of culture, the 
samples were fixed in 2.5% GA for 30 min at room temperature, dehy
drated and embedded in paraffin. The sections (5 μm) were stained with 
hematoxylin-eosin (H&E) to observe the growth of cells inside the 
scaffolds. 

2.5. Cell migration 

The cell migration of hBMMSCs was evaluated by Transwell cham
bers with an 8 μm pore (Becton Dickinson and Company, USA). The 
scaffolds were soaked in MSCM containing 0.1% FBS at the lower 
compartment of the chambers. The cells (5 × 104 cells/well) were 
seeded into the upper compartment. After incubation for 24 h, the 
membranes of the chambers were fixed with 4% paraformaldehyde for 
30 min at room temperature. The cells in the upper chamber were gently 
wiped with a cotton swab. The cells migrating to the lower side of the 
membranes were stained with 0.1% crystal violet for 5 min and counted 
under a microscope in six random nonoverlapping fields. All the ex
periments were independently repeated three times. 

2.6. Odontogenic-related gene expression of hBMMSCs by real-time 
reverse transcription–polymerase chain reaction (real-time RT–PCR) 

The total RNA of each group was extracted using the RNAeasy™ 
Animal RNA Isolation Kit with Spin Column (Beyotime Bio, China) ac
cording to the manufacturer’s instructions and then was reverse tran
scribed into cDNA using the 5 × PrimeScript RT Master Mix (TaKaRa 
Bio, Otsu, Japan) at 37 ◦C for 15 min and 85 ◦C for 5 s. Real-time 
RT–PCR was performed using SYBR Green Master Rox (Roche Di
agnostics Ltd, Mannheim, Germany) with a 7500 ABI Real-Time PCR 
System (Applied Biosystems, Foster City, USA). The primer sets used to 
detect dentin sialophosphoprotein (DSPP), dentin matrix protein 1 
(DMP-1), alkaline phosphatase (ALP), collagen type I (Col-I), osteocalcin 
(OCN), runt-related transcription factor 2 (Runx2) and 18S ribosomal 
RNA (18S rRNA) are shown in Table 1. The relative gene expression was 
calculated using the 2-ΔΔCt method, and the 18S rRNA gene was used as 
the housekeeping gene. The results were calculated from three inde
pendent experiments. 

2.7. Statistics 

Quantitative results were expressed as the means ± standard devi
ation (SD). One-way analysis of variance (one-way ANOVA) and Bon
ferroni correction were performed with SPSS 25.0 software, and a p- 
Value less than 0.05 was considered statistically significant. 

3. Results 

3.1. Appearance of scaffolds 

The morphology and microstructure of the G/PSC scaffolds are 
shown in Fig. 2A–I. All the scaffolds were pale yellow discs with a 
diameter of 8 mm and a thickness of 1 mm (Fig. 2A1-E1). The SEM 
images of all scaffolds showed an interconnected porous structure with 

Table 1 
Forward and reverse primers for reverse-transcription polymerase chain 
reaction.  

Gene Sequences (5′-3′) 

DMP-1 Forward: CTCCGAGTTGGACGATGAGG 
Reverse: TCATGCCTGCACTGTTCATTC 

DSPP Forward: ATATTGAGGGCTGGAATGGGGA 
Reverse: TTTGTGGCTCCAGCATTGTCA 

ALP Forward: AGCACTCCCACTTCATCTGGAA 
Reverse: GAGACCCAATAGGTAGTCCACATTG 

Col-I Forward: CGAAGACATCCCACCAATCAC 
Reverse: TGTCGCAGACGCAGAT 

OCN Forward: AGGGCAGCGAGGTAGTGA 
Reverse: CCTGAAAGCCGATGTGGT 

Runx2 Forward: ACCCAGAAGGCACAGACAGAAG 
Reverse: AGGAATGCGCCCTAAATCACT 

18S rRNA Forward: GTAACCCGTTGAACCCCATT 
Reverse: CCATCCAATCGGTAGTAGCG  
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Fig. 2. The characteristic and screening of bioactive glass PSC concentration in G/PSC scaffolds. Photographs, SEM micrographs and confocal images of (A1-A4) G 
scaffold, (B1–B4, F) G/PSC-0.1 scaffold, (C1–C4, G) G/PSC-0.5 scaffold, (D1-D4, H) G/PSC-1 scaffold and (E1-E4, I) G/PSC-5 scaffold before and after immersion in 
SBF for 3 days. Arrows indicated PSC particles (red). PSC in confocal image sets were stained with Rhodamine B (red). (J) XRD patterns of G and G/PSC scaffolds 
before and after immersion in SBF for 3 days. (K) Confocal images of hBMMSCs cultured on different scaffolds after 2 and 7 days. Cell nucleus in image sets were 
stained with DAPI (blue). (L) Transwell cell migration assay (*p < 0.05 vs. NC, #p < 0.05 vs. G). HA, hydroxyapatite; NC, negative control. 
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pore sizes in the range of 50–150 μm (Fig. 2A2-E2). The pore wall of the 
G scaffold had a smooth surface, whereas the G/PSC scaffolds exhibited 
PSC particles of approximately 1–10 μm interspersed on the surface of 
pore walls (Fig. 2A3-E3). CLSM images showed that the PSC particles 
with red fluorescence were evenly distributed in the G/PSC scaffolds 
(Fig. 2F–I). 

3.2. Effect of the PSC concentration in composite scaffolds on the 
biological property 

Bioactivity of scaffolds: The bioactivity of the scaffolds was detected 
by observing the formation of hydroxyapatite (HA) after immersion in 
SBF at 37 ◦C for 3 days. The pore wall of the G scaffold was still smooth 
(Fig. 2A4). With the increasing PSC content, the mineral deposits on 
pore walls gradually become denser (Fig. 2B4-E4). The XRD spectra 
revealed that no HA formed in the G and G/PSC-0.1 scaffolds. However, 
with increasing PSC content, diffraction peaks of HA (26◦, 32◦, 34◦, 40◦, 
46◦, 49◦, 53◦ and 64◦) became more evident (Fig. 2J). The results 
illustrated that G/PSC scaffolds with PSC contents of 0.5, 1.0, and 5.0 
mg/mL possessed solid bioactivity. 

Cell growth on scaffolds: DAPI staining of the hBMMSC nucleus was 
used to observe the cell numbers on the scaffolds by CLSM. As shown in 
Fig. 2K, on both days 2 and 7, the cell numbers on the G/PSC-0.5 scaffold 
were higher than those of the G scaffold, and the numbers on the G/PSC- 
1 scaffold were nearly as many as those on the G scaffold. However, the 
cell numbers on the G/PSC-5 scaffold were less than those on the G 
scaffold on both days 2 and 7, especially on 7 days. These results indicate 
that only the G/PSC scaffold with a PSC content of 0.5 mg/mL promotes 
cell growth. 

Cell chemotaxis of scaffolds: As shown in Fig. 2L, cells migrated 
through the polycarbonate membrane under scaffold attraction. 
Compared with negative control and G scaffold groups, the G/PSC 
scaffold with a PSC content of 0.5 mg/mL significantly promoted 
hBMMSC migration (p < 0.05), whereas other scaffolds did not exhibit 
obvious cell chemotaxis. 

Overall, considering the results of bioactivity, cell growth and cell 
migration, the G/PSC scaffold with a PSC content of 0.5 mg per mL of 3% 

gelatin solution was selected for further experiments. 

3.3. Physicochemical properties of scaffolds 

Ion release from scaffolds: Soluble Si, Ca and P ions released from G 
and G/PSC scaffold immersion in SBF for 24 h were measured by ICP-MS 
and the results are shown in Fig. 3A. Compared with the G scaffold, Si 
ion (1.48 ± 0.12 μg/mL) released from the G/PSC scaffold was signifi
cantly higher (p < 0.05), the P ion (27.84 ± 0.11 μg/mL) was signifi
cantly lower (p < 0.05), and the Ca ion (17.39 ± 0.44 μg/mL) showed no 
significant difference (p > 0.05). 

Effect of scaffolds on the pH value: The pH values of SBF during G and 
G/PSC scaffold immersion for 72 h are shown in Fig. 3B. At 0–24 h, the 
pH values of the G and G/PSC scaffolds increased slowly and reached 
7.50 ± 0.01 and 7.51 ± 0.01 at 24 h, respectively. At 24–72 h, the pH 
values of the two groups remained stable and nearly neutral. 

Water absorption rate of scaffolds: The water absorption rates of the G 
and G/PSC scaffolds are shown in Fig. 3C. The water absorption rates of 
the G and G/PSC scaffolds were 11.6 ± 1.4 and 11.8 ± 0.7, respectively. 
After soaking in SBF for 24 h, no significant difference was found be
tween the groups (p > 0.05). 

Compression modulus of the scaffolds: The compression moduli of the 
G and G/PSC scaffolds were examined, as shown in Fig. 3D. The 
compression moduli of the G and G/PSC scaffolds were 60 ± 10 kPa and 
56 ± 9 kPa, respectively, with no significant difference between them (p 
> 0.05). 

In vivo degradation of the scaffolds: The in vitro degradation profiles of 
the G and G/PSC scaffolds are shown in Fig. 3E. In the early stages (1–4 
days), the degradation of the scaffolds was negligible. On the 4th day, 
the residual masses of the G and G/PSC scaffolds were still 93.8 ± 1.4% 
and 94.4 ± 1.3%, respectively, with no significant difference between 
them (p > 0.05). In the later period (4–10 days), the degradation of the G 
scaffold was dramatically accelerated and that of the G/PSC scaffolds 
also increased but was much lower than that of the G scaffold. On the 7th 
day, the residual masses of the G and G/PSC scaffolds were 65.3 ± 6.0% 
and 88.1 ± 2.4%, respectively, with a significant difference between 
them (p < 0.05). On the 10th day, the residual mass of the G scaffold was 

Fig. 3. Physicochemical properties of the G and G/PSC scaffolds. (A) Concentration of Si, Ca and P ions in SBF after scaffolds immersion for 24 h (*p < 0.05 vs. G). 
(B) The pH values of SBF after the scaffolds immersion for 72 h. (C) The water absorption rates and (D) compressive moduli of G and G/PSC scaffolds. (E) Residual 
masses of G and G/PSC scaffolds with time incubated in SBF containing 1 mg/mL lysozyme (*p < 0.05 vs. G). 
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only 27.6 ± 1.8% while that of the G/PSC scaffold was still 68.1 ± 4.1%, 
with a significant difference between them (p < 0.05). 

3.4. Growth and proliferation of hBMMSCs on the scaffolds 

Cell adhesion: As shown in Fig. 4I, hBMMSCs adhered to the pore wall 
of the G and G/PSC scaffolds. hBMMSCs protruded many pseudopods 
elongating along the arc of the pore wall or spanning between the pores 
to closely combine with the matrix of scaffolds with a fusiform or 
polygon spreading shape. Notably, the number of pseudopods of 
hBMMSCs on the G/PSC scaffold was greater than that on the G scaffold. 

Cell infiltration: H&E staining was performed to further characterize 
the growth of the infiltrated hBMMSCs inside the scaffolds. As shown in 
Fig. 4A–D, no obvious cell infiltration was observed after 1 day. When 
cultured in vitro for 14 days, hBMMSCs had infiltrated into the inner 
region of the G and G/PSC scaffolds along the interconnected pores and 
reached a depth approximately 600 μm in both scaffolds (Fig. 4E–H). 
The whole or part of the cell structure, including blue-stained nuclear 
and pink-stained cytoplasm, could be seen in these two scaffolds 
(Fig. 4F, H). 

Cell proliferation: The CCK-8 assay was performed to observe the 
number of hBMMSCs on the G and G/PSC scaffolds. During the 14 days 
of cell culture, hBMMSCs continued to proliferate on the G and G/PSC 
scaffolds (Fig. 4J). The number of cells on the G/PSC scaffold was 
significantly higher than that of the G scaffold from 4 to 14 days (p <
0.05), indicating that the G/PSC scaffold could promote hBMMSC pro
liferation compared with the G scaffold. 

3.5. Stimulation of the odontogenic differentiation of hBMMSCs by the 
scaffolds 

Real-time RT–PCR was carried out to analyze odontogenic-related 
gene expression of hBMMSCs cultured on the G and G/PSC scaffolds 
after 4 and 14 days. The mRNA expression levels of DSPP, OCN, ALP, 
Runx2, and Col-I were significantly up-regulated by the G/PSC scaffold 
compared with those on the G scaffold after both 4 and 14 days (Fig. 5A, 
C-F). DMP-1 expression was also upregulated by the G/PSC scaffold, but 
not the G scaffold, after 14 days of culture (Fig. 5B). Additionally, the 
expression levels of both DSPP and DMP-1 in hBMMSCs on the G/PSC 
scaffold increased by more than 6-fold compared with that on the G 
scaffold group after 14 days. These results demonstrate that the G/PSC 
scaffold could induce hBMMSCs to undergo odontogenic differentiation. 

4. Discussion 

Both dentin and bone are highly mineralized tissues with similar 
chemical compositions and formation mechanisms. Many genes related 
to mineralization are highly expressed during the odonto/osteogenic 
differentiation of MSCs, such as ALP, Col-I, OCN and Runx2 [22–26]. 
DSPP and DMP-1 are abundantly expressed in dentin but is hardly 
expressed in bone and are generally considered as the specific markers 
for odontogenic differentiation [27,28]. The results of this study showed 
that the migration, proliferation and expression of the 
odontogenic-specific marker genes DSPP and DMP-1 of hBMMSCs on the 
G/PSC scaffold were significantly promoted, indicating that hBMMSCs 

Fig. 4. The growth of hBMMSCs on the G and G/PSC scaffolds. H&E staining images of hBMMSCs cultured on (A, E) G and (C, G) G/PSC scaffolds for 1 and 14 days; 
(B) is the magnification of (A), (D) is the magnification of (C), (F) is the magnification of (E), (H) is the magnification of (G). The (I) cell morphology and (J) 
proliferation of hBMMSCs on G and G/PSC scaffolds (*p < 0.05 vs. G). H&E, hematoxylin-eosin. 
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had undergone odontogenic differentiation on the newly prepared 
scaffolds. MSCs can differentiate into diverse lineages, and their differ
entiations are highly dependent on their microenvironments in situ 
[29]. The scaffolds not only support cellular adhesion and growth but 
also provide the microenvironment for the differentiation of MSCs [30]. 
Cells could respond to the physicochemical stimulations of the scaffolds 
by adjusting their behaviors, including cell adhesion, migration, pro
liferation and differentiation. 

PSC is an important component of the G/PSC scaffold, which could 
provide the microenvironment to induce hBMMSCs to undergo odon
togenic differentiation. Our previous studies demonstrated that BG 
promotes the proliferation, differentiation and mineralization of hDPCs 
and could also induces dental pulp tissue to form a dentin-pulp complex- 
like structure in vivo [14,15,20]. Kim et al. [31] also revealed that the 
addition of BG into polycaprolactone-gelatin scaffolds could upregulate 
the expression of the genes DSPP, DMP-1, ALP, OCN and Runx2 of 
hDPCs. Previous studies have found that the effects of BG on cells are 
dose-dependent and might be related to the concentrations of soluble Si, 
Ca and P ions. If the BG content is too low, exhibiting bioactivity through 
HA formation is difficult [32]. However, excessive BG leads to cell 
cytotoxicity due to the ion burst release [15,33]. Xing et al. [34] 
concluded that Si ion at 1.30–5.18 μg/mL in the medium significantly 
promoted BMMSC proliferation; however, the proliferation was inhibi
ted at a higher concentration of Si ion. BG-coated dentin slices at 0.5 
mg/mL showed a significant enhancement effect on the early adhesion 
and migration of BMMSCs [17]. In the present study, the Si ion con
centration released from the G/PSC scaffold was 1.48 ± 0.12 μg/mL, and 
the results confirmed that it significantly promoted hBMMSC prolifer
ation and migration. Additionally, on the G/PSC scaffold, hBMMSCs had 
more protruding pseudopodia, consistent with previous findings [35, 
36]. It should be noted that this study only tested the effects of the PSC 

content on cell proliferation and migration of hBMMSCs but not cell 
differentiation. 

The physical properties of the scaffold, such as pore size and stiffness, 
play important roles in regulating cellular behaviors. Concerning pore 
size, Jiang et al. [37] investigated the mechano-responsiveness of fi
broblasts to scaffolds with different pore sizes (30 μm and 80 μm). They 
found that fibroblasts were sensitive to pore size, and the 80 μm pore 
was more helpful to cell adhesion and migration on the scaffold. Lee 
et al. [38] prepared multiphase scaffolds with different pore sizes using 
3D printing technology, and the results revealed that the 100 μm pore 
induced DPSCs to differentiate into odontoblasts, while DPSCs on the 
300 μm pore area were prone to differentiate into the osteogenic lineage. 
Regarding the mechanical property, Qu et al. [39] explored the effects of 
stiffness (0.23–24.25 kPa) of gelatin scaffolds on the biological behav
iors of DPSCs. Their experiments showed that the scaffold with a 
compression modulus of 24.25 kPa was favored for the odontogenic 
differentiation of DPSCs. Another study demonstrated that a stiffer 
polydimethylsiloxane matrix membrane (54–135 kPa) could accelerate 
the odontogenic differentiation of DPSCs [40]. The pore size and me
chanical property could be regulated by controlling the composition and 
preparation conditions [41–43]. To facilitate the odontogenic differen
tiation of MSCs, the pore size and stiffness of the scaffolds are subtly 
designed. In this study, the concentration of gelatin was 3 wt% in the 
starting solution, the freezing temperature was − 20 ◦C. GA is widely 
used as a crosslinking agent, and the change of GA’s concentration could 
be used to modulate the physicochemical properties of biomaterials. It 
was reported that gelatin crosslinked with 0.5% (w/v) GA had a mod
erate crosslinking degree and mechanical properties, at the meanwhile 
no obvious cytotoxicity was detected [44–46]. Therefore, in this study, 
we adopted the concentration of 0.5% (w/v) GA as the crosslinking 
agent. In order to further improve the biocompatibility of the gelatin 

Fig. 5. Odontogenic-related genes expression in hBMMSCs cultured on the G and G/PSC scaffolds for 4 and 14 days (*p < 0.05 vs. G). DSPP, dentin sialophos
phoprotein; DMP-1, dentin matrix protein 1; ALP, alkaline phosphatase; OCN, osteocalcin; Runx2, runt-related transcription factor 2; Col-I, collagen type I. 
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scaffolds crosslinked by GA, a glycine solution containing free amine 
groups was used to wash the scaffolds [47]. The results have shown that 
G and G/PSC scaffolds prepared in present study had few cytotoxicity, 
with a pore size of approximately 100 μm and a compression modulus of 
50–60 kPa, which created a conducive microenvironment for odonto
genic differentiation. The results displayed that DMP-1 expression in 
hBMMSCs was not only significantly increased on the G/PSC scaffold but 
could also be detected on the G scaffold. Previous studies confirmed that 
BMMSCs cannot express the odontogenic-specific gene DMP-1 without 
induction [7,48]. Thus, the current results preliminarily indicated that 
the G/PSC scaffold prepared by the combination of PSC BG and appro
priate physical properties possessed the abilities of chemotaxis and 
odontogenic differentiation of BMMSCs. Pulp regeneration will be 
affected by the growth factors released from dentin [49,50], which may 
further promote the odontogenic differentiation of BMMSCs on the 
scaffold used in situ. 

5. Conclusions 

The G/PSC scaffold prepared by PSC content of 0.5 mg/mL in 3% 
gelatin solution has shown good mineralization activity, cell biocom
patibility, and possessed well-defined pores (~100 μm) and befitting 
stiffness (50–60 kPa) for pulp regeneration. Through releasing ions and 
HA formation, PSC endowed the scaffold with bioactivity, which 
significantly promoted the chemotaxis, adhesion, proliferation and 
odontogenic differentiation of hBMMSCs. The present results suggest 
that the G/PSC scaffold could provide an appropriate odontogenic 
microenvironment. Therefore, whether the G/PSC scaffold has potential 
for pulp regeneration is worthy of further investigation. 
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