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Introduction: Cell-based tissue engineering is a promising method for dentin-pulp complex 
(DPC) regeneration. The challenges associated with DPC regeneration include the generation of 
a suitable microenvironment that facilitates the complete odontogenic differentiation of dental pulp 
stem cells (DPSCs) and the rapid induction of angiogenesis. Thus, the survival and subsequent 
differentiation of DPSCs are limited. Extracellular matrix (ECM)-like biomimetic hydrogels 
composed of self-assembling peptides (SAPs) were developed to provide an appropriate micro-
environment for DPSCs. For functional DPC regeneration, the most important considerations are to 
provide an environment that promotes the adequate attachment of DPSCs and rapid vascularization 
of the regenerating pulp. Morphogenic signals in the form of growth factors (GFs) have been 
incorporated into SAPs to promote productive DPSC behaviors. However, the use of GFs has 
several drawbacks. We envision using a scaffold with SAPs coupled with long-term factors to 
increase DPSC attachment and vascularization as a method to address this challenge.
Methods: In this study, we developed synthetic material for an SAP-based scaffold with RGD- 
and vascular endothelial growth factor (VEGF)-mimetic peptide epitopes with the dual functions of 
dentin and pulp regeneration. DPSCs and human umbilical vein endothelial cells (HUVECs) were 
used to evaluate the biological effects of SAP-based scaffolds. Furthermore, the pulpotomized 
molar rat model was employed to test the reparative and regenerative effects of SAP-based 
scaffolds.
Results: This scaffold simultaneously presented RGD- and VEGF-mimetic peptide epitopes 
and provided a 3D microenvironment for DPSCs. DPSCs grown on this composite scaffold 
exhibited significantly improved survival and angiogenic and odontogenic differentiation in 
the multifunctionalized group in vitro. Histological and functional evaluations of a partially 
pulpotomized rat model revealed that the multifunctionalized scaffold was superior to other 
options with respect to stimulating pulp recovery and dentin regeneration in vivo.
Conclusion: Based on our data obtained with the functionalized SAP scaffold, a 3D 
microenvironment that supports stem cell adhesion and angiogenesis was generated that 
has great potential for dental pulp tissue engineering and regeneration.
Keywords: dentin-pulp complex regeneration, dental pulp stem cells, self-assembling 
peptides, cell adhesion, angiogenesis, multifunctionalization

Introduction
Cell-based tissue engineering is a promising method for dentin-pulp complex (DPC) 
regeneration that utilizes a combination of stem cells, scaffolds and growth factors 
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(GFs).1,2 Stem cell niches are 3-D microenvironments com-
posed of crosslinked networks of extracellular matrix (ECM) 
proteins, oxygen, nutrients and GFs.3,4 However, two notable 
limitations in the current DPC regeneration protocol have 
been identified. (1) The newly formed “dentin-like” bridge is 
usually fragmented and permeable, resulting in bacterial 
recontamination. This limitation originates from the fact 
that currently available biomaterials are unable to provide 
adequate attachment and induce mineralization in dental pulp 
stem cells (DPSCs). (2) The second limitation is pulp tissue 
necrosis due to the compromised blood supply in the exposed 
axial wall. This limitation derives from the lack of effective 
and quick vascularization for DPSCs in the dental pulp. One 
approach to overcome this problem is to functionalize scaf-
folds that induce cell adhesion, promote cell survival, and 
provide morphogenic signals for angiogenesis and odonto-
genesis to DPSCs.4,5 ECM not only provides structural sup-
port but also regulates cellular functions, such as cell 
adhesion, proliferation and differentiation. Moreover, the 
ECM modulates the signal transduction pathways activated 
by various bioactive molecules, such as GFs and cytokines. 
Because of its versatile properties, ECM-like scaffolds have 
been widely explored for applications in tissue engineering 
and regenerative medicine. Subsequent research has 
explored numerous strategies to develop and synthesize 
ECM-like biomimetic materials to provide an appropriate 
microenvironment for DPSCs.6–8 For this purpose, ECM- 
like biomimetic scaffolds must be developed and synthesized 
to provide an appropriate microenvironment for DPSC 
engraftment and/or host-cell ingrowth.

Recently, self-assembling peptides (SAPs) have been 
shown to be unique biomaterials for 3D cell culture and 
excellent candidate scaffolds for both soft and mineralized 
dental tissues in tissue engineering.9,10 SAPs are an exam-
ple of a smart material that can be modified to create 
customized matrices with structures very similar to natural 
ECM.11 The SAP RADA16 (Ac-RADARADARADA 
RADA-NH2, RAD), which is one type of injectable SAP, 
has been increasingly investigated as a tailorable biomi-
metic material for facilitating tissue engineering.12,13 In 
addition, multifunctionalized scaffolds for multiple targets 
have been obtained by combining multiple functional 
motifs with identical self-assembling backbone sequences 
prior to self-assembly.14–18 Since these hydrogel systems 
are highly biocompatible, many of these approaches aim to 
incorporate morphogenetic proteins (such as fibroblast 
growth factor-2, vascular endothelial growth factor 
(VEGF), transforming growth factor-β, and bone 

morphogenetic proteins, among others) into SAPs to 
guide DPSC responses.19–22 Notably, these signals are 
typically proteins with a short half-life, and the controlled 
release and degradation of these proteins remains a -
challenge.23 Thus, the emphasis has shifted to biomaterials 
that are able to be coupled with GFs to achieve long- term 
effects.

Previous studies have identified the most important 
properties that should be considered in developing SAPs 
are to provide for the adequate attachment of DPSCs and 
rapid vascularization of the regenerating pulp.4,5,24 We 
envision an ideal scaffold with SAPs coupled with long- 
term factors to increase DPSC attachment and vasculariza-
tion as a method to address this challenge. In particular, 
various bioactive short peptide motifs function as analogs 
of soluble GFs.18 The designer SAP PRG was developed 
to provide binding motifs for integrins by directly coupling 
a 2-unit RGD binding sequence to RAD.17 The functiona-
lized SAP RAD/PRG has been proven to promote the 
adhesion, proliferation and differentiation of MC3T3-E1 
cells,17 degenerated nucleus pulposus cells25 and period-
ontal ligament fibroblasts.26 KLT, a motif that reproduces 
amino acids 17–25 in the helical region of VEGF that 
binds to RAD, binds to and activates VEGF 
receptors.27,28 The functionalized SAP RAD/KLT has 
been shown to exert distinct angiogenic activities in vitro 
and in vivo.27,28 Moreover, RAD maintains the viability of 
and supports the odontoblastic differentiation of dental 
pulp-derived stem cells.29,30 Based on these results, PRG 
and KLT are ideal substrates for DPC regeneration, which 
requires both the cell adhesion capability and angiogen-
esis. Therefore, we hypothesized that SAPs that incorpo-
rate these two unique functional motifs, PRG and KLT, 
will form an ideal scaffold to promote the long-term sur-
vival of DPSCs and concurrently achieve adequate attach-
ment, rapid vascularization and appropriate mineralization 
during DPC regeneration.

In the present study, we designed a simple single-step 
strategy and procedure to incorporate cell adhesion- 
promoting and angiogenic motifs into an RAD scaffold, 
thereby addressing the central considerations by not only 
providing an injectable and 3D nanofibrous structure but 
also promoting cell adhesion, angiogenesis and mineraliza-
tion. Thus, the aims of this study were: (1) to design and 
synthesize a multifunctional RAD/PRG/KLT SAP scaffold 
with the appropriate 3D structure and desirable cell adhesion 
and angiogenesis characteristics, (2) to assess the survival 
and differentiation of DPSCs within this scaffold, and (3) to 
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investigate the application of this scaffold in promoting DPC 
regeneration in partially pulpotomized rat molars in vivo.

Materials and Methods
Peptide Synthesis and Sample Preparation
The RAD solution (1% w/v, 10 mg mL−1) was purchased as 
PuraMatrixTM from BD Biosciences (Bedford, MA). The two 
functional peptides PRG and KLT were custom-synthesized 
by ChinaPeptides Co., Ltd (purity >95%, Shanghai, China). 
The peptide sequences and descriptions are listed in Table 1. 
The proportions chosen for the peptides were determined 
according to the results of previous studies.15,16 The self- 
assembling peptide solutions were prepared according to 
a previously reported protocol.31–33 Briefly, the peptide pow-
ders were dissolved in distilled water at a concentration of 1% 
(w/v), sonicated for 30 min and filter-sterilized with an 
Acrodisc Syringe Filter (0.2 μm HT Tuffrun membrane, 
Pall Corp., Ann Arbor, MI) prior to use. The functional 
peptide solutions were mixed with 1% RAD solution at 
a volume ratio of 1:1 to obtain the functionalized peptide 
mixtures (RAD/PRG and RAD/KLT). Then, the RAD/PRG 
and RAD/KLT solutions were mixed at a ratio of 1:1 to form 
the combined solution, namely, RAD/PRG/KLT. Figure 1A 
shows the amino acid sequences and molecular models of 
RAD, PRG and KLT; Figure 1B shows the proposed mole-
cular models for RAD/PRG and RAD/KLT. Figure 1C shows 
a schematic illustrating the nanofibrous RAD/PRG/KLT scaf-
fold hydrogel. The typical AFM morphology of the RAD/ 
PRG/KLT solution and SEM morphology of the RAD/PRG/ 
KLT scaffold hydrogel are also presented in Figure 1D.

Circular Dichroism (CD) Spectroscopy
CD spectra were collected using a MOS-500 spectrometer 
(Bio-Logic, France). A quartz cuvette with a 1 mm path 
length was used for the measurements. Far-UV CD spectra 
were recorded from 185 to 265 nm. The samples were 
diluted to a working concentration of 0.01% w/v. Then, the 
samples were incubated at room temperature overnight 
and the spectra were recorded 3 times.

Fourier Transform Infrared (FTIR) 
Spectroscopy
A Nicolet iS50 FTIR spectrometer (Thermo Fisher, 
Madison, USA) was used to obtain the FTIR spectra. 
The concentrations of RAD/PRG, RAD/KLT, and the 
RAD/PRG/KLT combination were 2% (w/v). The samples 
were prepared in D2O at least 12 hours before the mea-
surement. The spectra were collected at wavelengths ran-
ging from 1700–1600 cm−1 at a 1 cm−1 resolution and 
smoothed using the Savitsky-Golay function after buffer 
subtraction. The spectra were recorded as the absorbance 
values at each data point in triplicate.

Atomic Force Microscopy (AFM)
AFM imaging was performed on an atomic force microscope 
(Bruker Dimension ICON, Billerica, MA, USA) in tapping 
mode. All of the peptide solutions (RAD/PRG, RAD/KLT, 
and RAD/PRG/KLT) were diluted to a working concentra-
tion of 0.01% (w/v). Then, 5 μL of each diluted sample were 
added dropwise to a freshly cleaved mica surface, air-dried 
and subjected to the AFM analysis. Images of the samples 
were acquired using a silicon scanning probe with 
a resonance frequency of 75 kHz, a spring constant of 2.8 
N/m, a tip curvature radius of 10 nm and a length of 225 μm.

Preparation of DPSCs
Local ethical approval was granted by the Medical Ethics 
Committee, Faculty of Dentistry, Tongji University, 
Shanghai, China. hDPSCs were isolated from extracted pre-
molars and third molars without caries or periodontal dis-
eases. Informed consent was obtained from patients aged 
18–25 years. Human umbilical vein endothelial cells 
(HUVECs) were obtained from the Chinese Academy of 
Sciences (category number: EAhy926). Rat DPSCs 
(rDPSCs) were isolated from the lower incisors of 3-week- 
old male Sprague-Dawley rats (weighing 90–110 g).

The “stemness” of the freshly isolated DPSCs was 
assessed by performing a flow cytometry analysis of the 

Table 1 Functionalized SAP Scaffolds Used in This Study

Name Sequences Description

RAD Ac-(RADA)4-NH2 Self-assembling peptide

PRG18 Ac-(RADA)4GPRGDSGYRGDS-NH2 RGD-mimicking 

peptide: 2-unit RGD 

motifs

KLT26 Ac-(RADA)4G4KLTWQELYQLKYKGI- 

NH2

VEGF-mimicking 

peptide: reproducing 

the 17–25 helix region 

of VEGF

RAD/PRG 

RAD/KLT

– 

–

50%RAD+50%PRG 

50%RAD+50%KLT

RAD/ 

PRG/KLT

– 50%RAD+25%RAD/ 

PRG+25%RAD/KLT
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expression of the mesenchymal stem cell markers CD34- 
PE, CD105-APC (BD Bioscience), CD45-PE and CD90- 
PE (R&D Systems). Furthermore, the multilineage 
differentiation capacity of the DPSCs was confirmed by 
performing alizarin red S, alcian blue and oil red 
O staining to identify the osteogenic, chondrogenic, and 
adipogenic differentiation properties, respectively, using 
previously described methods.34

Hydrogel Formation
Transwell inserts (Millipore, MA) were used for peptide gel 
formation. Briefly, the inserts were placed in a 24-well cul-
ture plate with 400 μL of cell culture medium (alpha- 
modified Eagle’s medium (α-MEM)) in each well. Then, 
100 μL of the functional SAP solution were added to the 
insert, and 400 mL of culture medium were gently loaded 
onto the solution, followed by an incubation of the plate at 37 
°C for 1 hour to allow gelation. Subsequently, the medium 
was carefully aspirated and then changed twice to remove 
any free acid residues remaining from peptide synthesis.

3D Cell Culture in Self-Assembling 
Peptide Scaffolds
hDPSCs were encapsulated in SAP-based hydrogels at 
a concentration of 0.25% (w/v) as previously reported.15 

Briefly, after digestion in the culture dish and centrifuga-
tion, the hDPSCs were suspended in 10% (w/v) sucrose at 
twice the final desired cell density (2×106 cells/mL). The 
peptide solution was prepared by diluting the stock with 
sterile 20% sucrose to generate a 2× concentration of 
peptide in 10% sucrose. Subsequently, 50 μL of the 2× 
cell suspension and 50 μL of the 2× peptide solution were 
mixed and then carefully added to the Transwell inserts. 
Gelation was initiated by gently adding culture medium on 
top of the mixture. The culture medium was changed at 
least twice to equilibrate the pH. hDPSCs cultured in 
tissue culture plates (TCPs) were used as controls.

Scanning Electron Microscopy (SEM)
After gelation, peptide hydrogels (alone or with cells 
seeded inside) were fixed with 2.5% glutaraldehyde, 

Figure 1 Molecular model and schematic illustration of the functionalized peptide scaffold RAD/PRG/KLT. (A) Amino acid sequences and molecular models of RAD, PRG 
and KLT. (B) Proposed molecular models for RAD/PRG and RAD/KLT. (C) Schematic illustration of the RAD/PRG/KLT hydrogel. (D) The typical AFM morphology of the 
RAD/PRG/KLT solution and SEM morphology of the RAD/PRG/KLT gel are presented.
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dehydrated with successive ethanol washes, and dried 
using a CO2 critical point dryer (Samdri-PVT-3D; 
Tousimis, Rockville, MD, U.S.A.). Then, the samples 
were coated with platinum and images were captured 
using SEM (JEOL) at a voltage of 20 kV.

Rheology
The rheological measurements of the peptide samples were 
performed using a RheoStress AR G2 instrument (TA 
Instruments, Inc., U.S.A.). One milliliter of each 1% (w/v) 
peptide solution (RAD/PRG, RAD/KLT, and RAD/PRG/ 
KLT) was mixed with 500 μL of α-MEM at a volume ratio 
of 2:1. The sample was incubated for 3 min and then loaded 
onto the lower plate of the rheometer (α-MEM was added to 
induce the peptide in solution to form hydrogel). During this 
process, strain sweeps between the storage (elastic) modulus 
(G′) and loss (viscous) modulus (G″) of the peptides were 
recorded at frequencies ranging from 0.1 rad/s to 100 rad/s 
and a constant shear stress of 1 Pa at 37 °C. Data acquisition 
was repeated in triplicate.

Cell Adhesion and Morphology
The attachment of the cells to scaffolds and cell morphology 
were observed using immunofluorescence staining (IF) or 
SEM (described above). SAP-based hydrogels were pre-
pared as described above. DPSCs were seeded on the surface 
of hydrogels (2 × 104 cells per well, n=3). After 3 days, the 
cells were fixed with 4% paraformaldehyde (PFA) for 15 
min and permeabilized with 0.1% Triton X-100 for 5 min at 
room temperature. Fluorescent phalloidin and DAPI (Sigma) 
were used to label F-actin and nuclei, respectively. The 
images were captured using a Leica TCS SP5 II confocal 
microscope (Leica Microsystems, Wetzlar, Germany).

Cell Viability Assay
hDPSCs were encapsulated in SAP-based hydrogels as 
described above. In accordance with the manufacturer’s 
instructions, a live/dead viability/cytotoxicity assay kit 
(Invitrogen) was used to stain hDPSCs that had been cultured 
for 3 days. Fluorescence was analyzed using a Leica TCS 
SP5 II confocal microscope (Leica Microsystems).

Cell Proliferation Assay
The proliferation of hDPSCs on various hydrogels was 
evaluated. hDPSCs were encapsulated in SAP-based 
hydrogels in a 96-well plate as described above. After 1, 
4 and 7 days, the number of cells was evaluated using cell 
counting kit-8 reagents (CCK-8, Dojindo, Japan). The 

absorbance was measured at 450 nm using a microplate 
reader (Bio-Tek, Hercules).

Odontogenic Differentiation Assay and 
ALP Staining
The odontogenic differentiation of encapsulated hDPSCs 
(described above) was induced using culture medium sup-
plemented with 10 mM sodium β-glycerophosphate (Sigma- 
Aldrich), 10 nM dexamethasone (Sigma-Aldrich) and 50 μg/ 
mL ascorbic acid (Sigma-Aldrich) for 21 days.

The hDPSCs/hydrogels were fixed, stained with the 
Alkaline Phosphatase Color Development Kit (Beyotime 
Biotechnology) and then analyzed using an inverted 
microscope (Nikon Eclipse 80i).

Enzyme-Linked Immunosorbent Assay 
(ELISA)
hDPSCs were encapsulated in SAP-based hydrogels in 48- 
well plates as described above. After 1, 3, 7 and 14 days, 
the culture medium was collected, and the total amount of 
VEGF that had been secreted by the hDPSCs in the hydro-
gels was analyzed by using ELISA kits according to the 
manufacturer’s protocols (R&D System).

Quantitative Real-Time PCR (RT-qPCR) 
Analysis of Gene Expression
hDPSCs were encapsulated in SAP-based hydrogels in 48- 
well plates as described above. After odontogenic differen-
tiation as described above, the hDPSCs/hydrogels were 
disrupted mechanically and collected for an analysis of 
odontogenesis-related gene expression. After 14 days of 
culture, the hDPSCs/hydrogels were disrupted mechani-
cally and collected for the analysis of angiogenesis-related 
gene expression. The total RNA was extracted using TRIzol 
reagent (Invitrogen) according to the manufacturer’s 
instructions. Then, cDNAs were reverse transcribed from 
the total RNA using a reverse transcriptase (Roche). After 
the cDNAs were acquired, the expression levels of odonto-
genesis-related genes (ALP, DMP1 and DSPP) and angio-
genesis-related genes (VEGFA, vWF, CD31 and Ang-1) 
were analyzed using RT-qPCR, with the GAPDH house-
keeping gene serving as a control. The primers (Sango 
Biotech, Shanghai, China) used to amplify all genes are 
shown in Table 2. A FastStart Essential DNA Green 
Master kit (Roche) and a Light Cycler 96 instrument 
(Roche) were used for the RT-qPCR analysis.
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Angiogenesis-Inducing Activity of 
hDPSCs/SAP-Conditioned Medium (CM)
The proliferation, migration and tube formation of HUVECs 
cultured with CM were examined to determine the ability of 
the SAPs to induce proangiogenic capability of hDPSCs. CM 
was prepared from 50% culture medium mixed with 50% 
supernatant harvested from hDPSCs/SAP 3D cultures, as 
described above, on the 7th day. Both CM prepared from the 
supernatant of hDPSCs that had been 2D-cultured in TCPs and 
α-MEM cell culture medium served as controls. After 1, 4, and 
7 days of culture with CM, the proliferation of HUVECs was 
analyzed with the CCK-8 reagent (Dojindo, Japan).

Cell migration was analyzed using scratch and 
Transwell assays. After a scratch was generated in 
a confluent monolayer, HUVECs were incubated with 
CM for 6 hours and the migration rate of the cells was 
calculated as the fold change in the area relative to the 
initial area. Seven hundred fifty microliters of CM were 
added to the wells, and HUVECs (2×104 cells) in 200 μL 
of culture medium were seeded into the inserts. After 
a 12 hour incubation, the cells that had passed through 
the insert membranes were fixed, stained and analyzed.

Matrigel matrix (50 μL, BD Biosciences) was poured 
into the wells of a 96-well culture plate and allowed to 

solidify (37 °C, 30 min). HUVECs (3×104 cells/well) were 
seeded on the gel and cultured with CM. After a 6 hour 
incubation, tube formation was observed and quantified.

Experimental Animals and Partially 
Pulpotomized Molar Models
Thirty-five 8-week-old male Sprague-Dawley rats (weighing 
230–260 g) were used in this experiment. They were purchased 
from the Central Lab of Tongji University Laboratory Animal 
Center (Shanghai, China) and maintained in a conventional 
environment in the Tongji University Animal Facility accord-
ing to institutional guidelines. All the experimental procedures 
were approved by the Animal Welfare Committee of Tongji 
University (TJLAC-017-043).

The rats were anesthetized with pentobarbital sodium 
(100 mg/kg) via an intraperitoneal injection. The rats were 
randomly divided into 7 groups (n = 5 animals per group). In 
groups 1 through 6, the dental pulp under the occlusal surface 
of the left upper first molar was exposed and partially pulpo-
tomized using a no. 1/4 round bur under a guide plate, fol-
lowed by irrigation and drying. Then, the residual pulp was 
implanted with one of the mixtures described in Table 3. The 
cavities were sealed with mineral trioxide aggregate (MTA) 
(Henry Schein) and self-adhesive flowable resin composite 

Table 2 Primers for RT-qPCR

Genes Forward Primer 5′-3′ Reverse Primer 5′-3′

Human GAPDH GAAGGTCGGAGTCAACGG GGAAGATGGTGATGGGATT
Human ALP ATG GTG GAC TGC TCA CAA C GAC GTA GTT CTG CTC GTG GA

Human DMP1 TTCCTCTTTGAGAACATCAACCTG ACTCACTGCTCTCCAAGGGT

Human DSPP AAAGTGGTGTCCTGGTGCAT CCTGGATGCCATTTGCTGTG
Human VEGF AGGGCAGAATCATCACGAAGT AGGGTCTCGATTGGATGGC

Human CD31 CCAAGCCCGAACTGGAATCT CACTGTCCGACTTTGAGGCT

Human Ang-1 TCGTGAGAGTACGACAGACCA TCTCCGACTTCATGTTTTCCAC
Human vWF GAGCTGCGAGGAGAGGAATC AGTCTTCAGGGTCAACGCAG

Table 3 Rat Groups and the Materials Implanted on Residual Pulp in the Different Groups

Group Number Group Name Description

10% Sucrose (μL) rDPSCs Peptide Solution (μL)

1 Sucrose 1 0 0
2 Sucrose+ rDPSC 1 2.0×104 0

3 RAD+ rDPSC 0.5 2.0×104 0.5 RAD

4 RAD/PRG+ rDPSC 0.5 2.0×104 0.5 RAD/PRG
5 RAD/KLT+ rDPSC 0.5 2.0×104 0.5 RAD/KLT

6 RAD/PRG/KLT+ rDPSC 0.5 2.0×104 0.5 RAD/PRG/KLT

7 Normal control 0 0 0
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(Dyad Flow, KaVo) according to the manufacturers’ instruc-
tions. The rats in group 7, which did not undergo any opera-
tion, were used as the normal control group. Twenty-eight 
days after the dental procedures, the animals were anesthe-
tized, perfused and immersed in 4% paraformaldehyde.

Histological Analysis
After fixation, the maxillae were dissected and demineralized 
in 10% ethylenediaminetetraacetic acid (EDTA) for 8 weeks. 
Then, the specimens were processed, embedded in paraffin, 
and sectioned into 4 μm sections. Hematoxylin and eosin 
(H&E) staining was performed using standard protocols. The 
criteria used to assess the specimens were consistent with the 
method described by Koliniotou-Koumpia and Tziafas.35 

Scores were recorded for inflammatory cell infiltration, tissue 
necrosis, and the thickness of hard tissue formation. In addi-
tion, the differences of ratios of the coronal pulp, the thick-
ness and the porosity of dental bridges among groups were 
compared and analyzed.

Immunohistochemical (IHC) Staining
IHC staining was performed as previously described.36 

Briefly, after endogenous peroxidase activity had been 
blocked, sections were blocked with serum and then incubated 
with a primary antibody against DMP1-C-8G10.3 (1:300; gift 
from Dr. Chunlin Qin, TA&M University, College of 
Dentistry) or CD31 (1:500; Abcam) according to the manu-
facturers’ recommendations. Following an incubation with 
biotin-labeled secondary antibodies (1:1000, Abcam), strepta-
vidin-peroxidase and a DAB Detection Kit (Streptavidin- 
Biotin, MXB) were used for visualization. Sections were 
mounted and imaged with a Nikon Eclipse 80i microscope.

Statistical Analysis
Data were statistically analyzed using SPSS 20 software 
and are presented as means ± standard errors of the means 
(SEM). Between-group comparisons were analyzed using 
one-way analysis of variance (ANOVA) with Tukey’s test. 
P<0.05 was accepted as statistically significant.

Results
Structural and Mechanical Properties of 
the SAPs
The secondary structures and morphology of the SAPs 
were assessed in this study. CD and FITR spectroscopy 
were used to determine the secondary structures of the 
SAPs. Spectra typical of β-sheet structures were obtained 

for all peptide solutions, with a positive maximum band at 
195 nm and a negative maximum band at 216 nm. The 
intensities of the CD spectra of the RAD/PRG/KLT solu-
tions were decreased compared with the RAD, RAD/PRG 
and RAD/KLT solutions (Figure 2A). The secondary struc-
tures were further investigated using FTIR spectroscopy. 
The most informative region regarding the secondary 
structure of proteins was the amide I region between 
wavenumbers 1700 and 1600 cm−1. Consistent with the 
CD results, the strong absorption peaks at approximately 
1635 cm−1 in the RAD/PRG/KLT spectra were decreased 
compared with the RAD, RAD/PRG and RAD/KLT spec-
tra (Figure 2B).

AFM was employed to observe the surface structures of 
the SAPs. The self-assembly process successfully occurred in 
the functional peptide mixtures (Figure 2C). The average 
diameters of the nanofibers assembled from RAD, RAD/ 
PRG, RAD/KLT and RAD/PRG/KLT were 13.1 ± 1.2, 17.0 
± 2.3, 16.3 ± 1.4 and 17.9 ± 1.3 nm, respectively, consistent 
with the number of amino acids in the peptides. The diameters 
of nanofibers assembled from the functionalized peptide mix-
tures were thicker than pure RAD (Figure 2D). After adding 
cell culture medium (α-MEM), the SAP-based solutions self- 
assembled to form transparent hydrogels (Figure 2E). SEM 
images also confirmed that all peptides formed nanofibers, 
and the nanofibers further interweaved to form porous struc-
tures (Figure 2F).

Furthermore, a rotational rheometer was used to investi-
gate the mechanical properties of the SAP-based hydrogels. 
The frequency sweep results (Figure 2G) obtained at 37 °C 
revealed a similar viscoelasticity of the 4 hydrogels (includ-
ing the storage modulus G′ and the loss modulus G″), and 
both G′ and G″ were independent of the shear rate frequency. 
The 4 samples exhibited G′ >G″ (Figure 2H), indicating that 
the SAPs had certain elastic properties despite their good 
fluidity, and further suggesting that the addition of the func-
tionalized motifs did not interfere with the gel-forming abil-
ity of RAD. In addition, the values of G′ and G″ for RAD/ 
PRG/KLT were greater than the other 3 functionalized SAPs 
in the range of the shear rate frequencies (Figure 2I), whereas 
the values for G′ and G″ of the 3 functionalized SAPs were 
similar, indicating that the stiffness of the RAD/PRG/KLT 
hydrogels was greater than the other 3 peptide hydrogels.

Effects of the SAPs on hDPSCs
Once the functionalized SAPs were successfully self- 
assembled, we explored the bioactivity of these SAPs in the 
presence of hDPSCs. Prior to this experiment, we 
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characterized the “stemness” of the freshly isolated cells. The 
results of the flow cytometry showed positivity for CD105 and 
CD90 and negativity for CD34 and CD45, which confirmed 

the mesenchymal stem cell lineage of the isolated cells 
(Figure S1). In addition, these cells underwent osteogenic, 
adipogenic and chondrogenic differentiation after culture 

Figure 2 Microstructural, morphological and rheological studies of the SAPs. (A) CD spectra of the SAPs. (B) FTIR spectra of the SAPs. (C) AFM images of the SAPs. (D) 
Average fiber width of the SAPs. (E) The SAPs self-assembled to form hydrogels in vitro. (F) SEM images of the SAPs. (G) Rheological analysis of the SAPs. (H) G′ and G″ of 
the SAPs. (I) Differences of G′ and G″ among the SAPs. Values are represented as means ± SD. The following symbols indicate significant differences (P < 0.05): *Compared 
to RAD; &Compared to RAD/PRG/KLT. ***P < 0.001.
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with the relevant induction media for a period of 3 weeks 
(Figure S1).

First, we evaluated the biocompatibility of the functio-
nalized SAPs. The viability of hDPSCs in 3D-culture in 
the SAP hydrogel scaffolds was determined using the live/ 
dead cell viability assay. As shown in Figure 3A, the 
survival rate of hDPSCs cultured in each of the 3D SAP 
hydrogel scaffolds was greater than 90% after 7 days. 
Thus, the addition of functional motifs to the RAD back-
bone did not increase the cytotoxicity toward the hDPSCs 
compared to pure RAD (Figure 3B, P > 0.05).

Next, the attachment of the hDPSCs to scaffolds, 
which is essential for their subsequent survival and differ-
entiation, was assessed. The hDPSCs were uniformly 
encapsulated in hydrogels and displayed similar morphol-
ogies in the RAD and functionalized SAP hydrogels 
(Figure 3C). Specifically, the hDPSCs spread throughout 
the hydrogels at all depths, suggesting that the hydrogel 
scaffolds provided a suitable 3D culture environment for 
hDPSCs in all groups. The spread morphology of a single 
cell is displayed in the inserted image (Figure 3C). In 
addition, SEM images showed that the hDPSCs were 
embedded in the scaffolds and tightly attached to the 
nanofibers via many extended pseudopodia after 3 days 
of 3D culture in SAP hydrogel scaffolds (Figure 3D).

Then, the proliferation of the hDPSCs cultured in 3D 
scaffolds was quantitatively detected. As shown in Figure 3E, 
the number of cells in each scaffold increased over time. The 
proliferation rate of hDPSCs cultured in functionalized SAP 
scaffolds was obviously higher than cells cultured in the RAD 
scaffold after 7 days (P<0.0001). Moreover, the number of 
hDPSCs cultured in RAD/PRG and RAD/PRG/KLT hydro-
gels was significantly greater than the number of cells cultured 
in RAD/KLT hydrogels (P<0.05). However, an obvious dif-
ference was not observed between the RAD/PRG and RAD/ 
PRG/KLT groups (P>0.05).

Finally, the odontoblastic differentiation and proangio-
genic capability of hDPSCs cultured in 3D scaffolds was 
detected. Odontoblastic differentiation was observed by per-
forming ALP staining of the mineral nodules (Figure 3F) and 
examining the expression of odontogenesis-related genes 
on day 14 after induction. ALP-positive areas of hDPSCs 
cultured in the 3D RAD/PRG/KLT scaffold were signifi-
cantly larger than the other groups (Figure 3G). The RT- 
qPCR results showed significantly increased expression of 
ALP, DMP1 and DSPP in the hDPSCs from the RAD/PRG/ 
KLT group at 14 days (P<0.05) (Figure 3H).

The proangiogenic capability of hDPSCs was partially 
determined by assessing angiogenesis-related gene expres-
sion and the ability of the hDPSC/SAP construct to secrete 
VEGF. The RT-qPCR results showed significantly increased 
expression of VEGF, CD31, Ang-1 and vWF in hDPSCs 
from the RAD/KLT and RAD/PRG/KLT groups at 14 days 
(P<0.05), but no obvious differences were detected between 
the two groups (P>0.05) (Figure 3I). The ELISA results 
revealed a significantly greater amount of VEGF that was 
secreted by hDPSCs in the RAD/KLT and RAD/PRG/KLT 
groups (P<0.05), but no obvious differences were detected 
between these two groups (P>0.05) (Figure 3J). The gene 
and protein levels were similar.

Effects of hDPSCs/SAPs on HUVECs
Endothelial cells are cell types essential for angiogenesis. The 
proliferation (Figure 4A), horizontal (Figure 4B) and vertical 
migration (Figure 4D) and tube formation (Figure 4F) of 
HUVECs cultured with hDPSC/SAP-CM were studied to 
further evaluate the proangiogenic capability of hDPSCs cul-
tured in 3D scaffolds. HUVECs cultured with the CM of RAD/ 
PRG/KLT+hDPSCs significantly differed from HUVECs from 
the other groups (Figure 4A, C, E, and G) (P<0.05). The results 
of all the assays described above were consistent.

Histological and IHC Staining After 
Transplantation
A partially pulpotomized rat molar model was used to inves-
tigate the effects of SAPs on regeneration, and the histology 
was evaluated using H&E staining (Figure 5A–G). After 28 
days, a normal organization of radicular pulp tissue without 
tissue necrosis was observed in all groups. Substantial inflam-
matory cell infiltration was observed in the sucrose group, 
whereas few inflammatory cells infiltrated in the other groups. 
Notably, the inflammatory cells were confined to a region just 
below the reparative dental bridges in the RAD/PRG/KLT 
+rDPSC group but were scattered in the other groups. The 
formation of dentin bridges varied among the groups. The 
dentin bridges in the sucrose group showed bone-like tissues, 
whereas sealing of the exposure site was not observed in the 
sucrose+rDPSC group. The RAD+rDPSC group showed scat-
tered and sparse calcification without dentin bridges. In the 
RAD/PRG+rDPSC and RAD/KLT+rDPSC groups, the 
bridge-like structures were incomplete, and the pulp tissue 
was connected to the outside. In particular, intact dentin 
bridges and well-aligned odontoblast-like cell layers were 
observed in the RAD/PRG/KLT+rDPSC group.
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The ratios of the coronal pulp, the thickness and the porosity 
of the regenerated dental bridges were measured to further 
quantify the histology of the regenerative tissues. A higher 

ratio of the coronal pulp was observed in the RAD/PRG/KLT 
group than in the other groups (Figure 5H), and greater thick-
ness of the dental bridges in functionalized SAP groups, but no 

Figure 3 Effects of the SAPs on hDPSCs. (A) Live/dead cell viability assay of hDPSCs 3D-cultured in SAPs for 7 days. (B) Quantification of the survival rates. (C) 
Fluorescence microscopic images of hDPSCs 3D-cultured in SAP hydrogels; green shows F-actin and blue shows nuclei. (D) SEM image of hDPSCs 3D-cultured in the SAPs. 
(E) CCK-8-based quantification of the proliferation rates of hDPSCs 3D cultured in SAPs for 1, 4, and 7 days. (F) Mineralized nodule formation of hDPSCs 3D cultured in 
the SAPs for 14 days shown using ALP staining. (G) Quantification of ALP staining. (H) Quantification of the levels of gene expression in hDPSCs 3D-cultured in the SAPs 
after 14 days of odontogenic induction using RT-qPCR. (I) Quantification of the levels of gene expression in hDPSCs 3D-cultured in the SAPs for 14 days using RT-qPCR. (J) 
VEGF-secretory abilities of hDPSCs 3D-cultured in SAPs for 1, 3, 7, and 14 days; as determined using ELISA assays. The following symbols indicate significant differences 
(P < 0.05): *Compared to RAD; &Compared to RAD/PRG/KLT.
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Figure 4 Effects of hDPSCs/SAPs on HUVECs. (A) CCK-8-based quantification of the proliferation rates of HUVECs that were 3D-cultured the SAP scaffolds for 1, 4, and 7 
days. (B) Horizontal migration of HUVECs. (C) Quantification of the horizontal migration of HUVECs in CM. (D) Vertical migration of HUVECs. (E) Quantification of the 
vertical migration of HUVECs to CM. (F) Tube formation of HUVECs. (G) Quantification of tube formation. The following symbols indicate significant differences (P < 0.05): 
@Compared to α-MEM; #Compared to TCP; *Compared to RAD; &Compared to RAD/PRG/KLT.
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obvious differences were detected between these functionalized 
SAP groups (P>0.05) (Figure 5I). While the porosity of dental 
bridges was lower in RAD/PRG/KLT group than in the other 
groups (P<0.05) (Figure 5J).

In the sucrose+rDPSC group, IHC staining for DMP1 or 
CD31 was not observed. The IHC staining intensities of 
DMP1 and CD31 were significantly stronger around the 
newly formed hard tissue area in the RAD/PRG/KLT 

Figure 5 Effects of rDPSCs/SAPs in a partially pulpotomized rat molar model. (A1–G1) Sagittal views of a rat upper first molar 28 days after treatment. (A2–G2) High- 
magnification views of the boxed areas in panels A1-G1. (A3–G3) IHC staining of DMP1 in groups (A1–G1). (A4–G4) IHC staining of CD31 in groups (A1–G1). (H) 
Quantification of the ratio of coronal pulp. (I) Quantification of the thickness of dental bridges. (J) Quantification of the porosity of dental bridges. (K) Staining intensity of 
the IHC sample for DMP1. (L) Staining intensity of the IHC sample for CD31. Bars = 100 μm. *P < 0.05; **P < 0.01; ***P< 0.001; ****P< 0.0001. 
Abbreviations: BD, bone-like dentin; Dis, distal side; Mes, mesial side; OD, odontoblast-like cells; P, pulp; PD, predentin; RD, reparative dentin.
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+rDPSC group than in the RAD+rDPSC, RAD/PRG+rDPSC 
and RAD/KLT+rDPSC groups (P<0.01) (Figure 5H and I).

Discussion
In this study, we hypothesized that SAP-based biomimetic 
scaffolds created using a single-step preparation that not 
only exhibited injectability and a 3D nanofibrous structure 
but also promoted adequate attachment and angiogenesis 
would be a good choice for dental pulp tissue engineering 
during DPC regeneration.37 Here, we designed a simple 
single-step strategy and one-pot synthesis procedure that 
addressed all of these considerations. We then examined 
whether a combination of a cell adhesion-promoting SAP 
(RAD/PRG) and an angiogenic SAP (RAD/KLT) success-
fully modulated both odontogenesis and vascularization 
during DPC regeneration. Based on our findings, the 
RAD hydrogel modified with PRG and KLT significantly 
improved the proliferation rate and VEGF-secreting cap-
ability of hDPSCs. Furthermore, the CM from RAD/PRG/ 
KLT resulted in an increased cell proliferation rate and 
enhanced tube formation in HUVECs. Moreover, animal 
studies using a partially pulpotomized rat molar model 
revealed that the RAD/PRG/KLT scaffold effectively 
induced the formation of DPC analogous to the natural 
tooth structure.

This article represents the first report evaluating 
a multifunctionalized SAP scaffold for DPC regeneration. 
Our SAP-based scaffold system is injectable, provides 
a 3D cell culture environment for DPSCs, mimics the 
ECM of dental pulp, and combines multiple functional 
motifs and the slow release of GFs. Our study is the first 
to apply a scaffold with a cell adhesion-inducing motif and 
vascularization motif together to induce pulp regeneration. 
Other studies have focused on integrin-specific hydrogels 
functionalized with VEGF for vascularization,38,39 FGF-2 
and VEGF functionalization of hydrogels to modulate 
angiogenesis.40 In our study, these two motifs concurrently 
promoted adequate attachment, rapid vascularization and 
appropriate mineralization during DPC regeneration.

Biomimetic scaffolds have been developed to regulate the 
local microenvironment and promote stem cell survival and 
differentiation in tissue engineering.41 Among these scaffolds, 
the hydrogel not only exhibits good biocompatibility, biode-
gradability and the ability to offer 3D porous network, but also 
is able to carry various kinds of bioactive agents.42 From 
a translational perspective, synthetic materials for SAP- 
based scaffolds composed of natural amino acids are able to 
be mechanically tuned and biologically functionalized to 

protect transplanted DPSCs and to promote their attachment, 
proliferation, and differentiation.14,43 Based on accumulating 
evidence, the ideal scaffold should be injectable to allow it to 
conform to the variable shapes of pulp chambers.29 Uniquely, 
RAD is a SAP hydrogel composed of a 16 residue peptide in 
aqueous solutions that rapidly produces novel supramolecular 
architectures with structures similar to the natural ECM. It is 
potentially able to be poured into a pulp chamber, and cells 
subsequently migrate and proliferate within the peptide hydro-
gel. Furthermore, when RAD was initially used in stem cell- 
based regenerative endodontics, DPSCs in RAD exhibited 
cytoplasmic elongation and expressed DMP-1 and DSPP.29 

In addition, constructs with stem cells plus RAD significantly 
accelerate the formation of dentin bridges,44 pulp-like tissues 
with odontoblasts30 and capillaries.45 Moreover, 
a combination of VEGF-overexpressing and SDF-1α- 
overexpressing DPSCs encapsulated in RAD increases the 
area of vascularized and regenerating dental pulp in vivo.22 

A construct built using newborn mouse molar crowns with 
RAD without the use of exogenous GFs led to the formation 
of viable vascularized tissue and odontoblast-like cells.46 Last 
but not least, in recent years, SAP-based hydrogels have been 
subjected to clinical trials or have reached the clinical 
market.47,48 According to the studies referenced above, RAD 
has been used successfully in regenerative endodontics as 
a liquid that is injected and conforms to the variable shapes 
of pulp chambers. These studies prompted us to exploit RAD 
as a backbone for designing an ideal scaffold for DPC 
regeneration.

The second structure tested using CD and FTIR and the 
microstructure observed using AFM suggested that the 
functionalized motifs were incorporated into the backbone 
RAD quite well in the functionalized peptide mixtures. 
These results were further verified by an SEM analysis 
after DPSC encapsulation and gelation of the SAPs. 
Additionally, these nanofibrous 3D structures were signifi-
cantly smaller than hDPSCs and provide an ECM-like 
microenvironment for these cells. Furthermore, the single- 
step cell encapsulation and bioactive peptide tethering 
strategy enabled the rapid, efficient and reproducible pro-
duction of cell-hydrogel constructs. Notably, this versatile 
strategy eliminated the poisonous chemical functionaliza-
tion and purification steps that are required in other tether-
ing protocols. As shown in our study, the SAP-based 
platform—RAD/PRG/KLT hydrogel supported DPSC dif-
ferentiation toward odontogenic and angiogenic pheno-
types in the 3D culture environment, even in the absence 
of additional adhesion proteins and GFs, except for those 
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functional motifs in the cell media. In this study, our SAP- 
based platform served as the 3D culture environment for 
DPSCs, and the functional motifs present on the nanofiber 
surfaces surrounded DPSCs in all dimensions, thus provid-
ing an appropriate environment that was similar to native 
dental pulp. Specifically, the functional motif PRG mimics 
the fibronectin in the ECM and targets integrins on 
DPSCs, while the functional motif KLT simulates the 
growth factor VEGF and targets VEGFR on DPSCs.

The SAP-based scaffold has been applied in regenera-
tive medicine, such as spinal cord regeneration, bone 
regeneration, and the formation of blood vessels in arterial 
disease and cardiovascular diseases. It has been functiona-
lized with multiple bioactive peptides according to the 
regeneration requirements of the target tissue. A class of 
functionalized peptides designed for the 3D culture of 
mouse adult neural stem cells was prepared by linking 
different bioactive motifs to RADA16-I. A scaffold con-
taining the bone marrow homing motifs BMHP1 and 
BMHP2 significantly promotes neural cell survival with-
out assistance of additional soluble GFs.49 The proangio-
genic potential of the RAD/PRG and RAD/KLT nanofiber 
scaffolds was established by Liu et al The scaffolds sig-
nificantly promoted endothelial cell growth, migration and 
tubulogenesis in vitro.50 Horii et al designed three peptide 
scaffolds derived from osteogenic growth peptide (ALK), 
the cell adhesion domain of osteopontin (DGR) and 2-unit 
RGD motifs (PRG) for osteoblasts.17 These peptide scaf-
folds promoted the proliferation, differentiation and migra-
tion of the mouse pre-osteoblast MC3T3-E1. In the present 
study, we observed a significant increase in the prolifera-
tion rate of the RAD/PRG/KLT group. A potential expla-
nation for this finding is the presence of the PRG 
sequences, which are cell-binding domains recognized by 
approximately half of the more than 20 known α/β integ-
rins and promote the proliferation of many cell types.51,52 

Consistent with our results, studies of the role of PRG in 
RAD have reported that inclusion of the osteopontin cell 
adhesion motif PGR and the osteogenic growth peptide 
ALK in RAD mixtures stimulate cell migration and pro-
mote proliferation and osteogenic differentiation.17 Similar 
results were obtained in terms of bone-healing ability and 
periodontal ligament tissue regeneration. PRG and other 
peptides induced good cell adhesion, proliferation and 
differentiation.26,53

RAD/PRG/KLT clearly plays a consistent role of pro-
moting proliferation and vascularization during odonto-
genesis. This finding is consistent with the results of 

other studies showing that both PRG and KLT promote 
proliferation and osteogenic differentiation during osteo-
genesis. The angiogenic activity of the two functional 
motifs, PRG and KLT, in RAD was systematically studied 
using the chicken embryo chorioallantoic membrane assay, 
and the results suggested that the functionalized peptide 
scaffolds had satisfactory angiogenic properties.54 RAD 
peptide scaffolds functionalized with RAD/PRG or RAD/ 
KLT improved the localization, survival and therapeutic 
effects of bone marrow-derived stromal cells and showed 
promising potential for the treatment of acute myocardial 
infarction.55 Both the RAD/KLT and RAD/PRG/KLT scaf-
folds showed statistically significant increases in VEGF 
concentrations and HUVEC activity compared to pure 
RAD scaffolds alone. The variations between scaffolds 
increased 7 days later, suggesting that the effect of func-
tional scaffolds appears to be more important in the later 
stage of differentiation. According to previous studies, 
DPSCs have the capacity to differentiate into the endothe-
lial cell lineage. On the other hand, DPSCs also possess 
a proangiogenic property because they secrete VEGF and 
other pro-angiogenic factors.56 In future studies, we should 
employ additional markers and methods to support the 
former conclusion.

Notably, our animal studies identified the RAD/PRG/ 
KLT hydrogel as exerting a superior effect on the forma-
tion of DPC with a structure analogous to natural teeth. 
Transplantation of a combination of culture-expanded 
rDPSCs in the RAD/PRG/KLT hydrogel resulted in 
a significantly increased number of intact dentin bridges 
and well-aligned odontoblast-like cell layers over the 
course of a 28-day observation period. Notably, the dentin 
bridge formed with an appropriate thickness and the “pulp 
horn” architecture similar to natural teeth, which reserves 
sufficient space for the regeneration of pulp tissue. 
A potential explanation for this result is that our design 
combining the PRG and KLT motifs in RAD achieved an 
orderly and coordinated symbiosis of pulp tissue regenera-
tion, vascularization and mineralization.

Further in vivo studies of large animal models, such as 
pigs or dogs, are needed to support our results. The deliv-
ery of anti-inflammatory drugs using the SAP scaffold 
should be considered and requires further investigation.

Conclusions
In conclusion, RAD/PRG/KLT can promote the survival and 
differentiation of DPSCs to promote DPC regeneration in 
partially pulpotomized rat molars over the course of a 28- 
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day period. Our findings demonstrate the significance of 
creating a microenvironment that supports stem cell adhe-
sion and angiogenesis, which contributes to the creation of 
an optimal environment for dental pulp regeneration.
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