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Vascularization is a key step to achieve pulp tissue regeneration and in vitro pre-vascularized dental pulp
tissue could be applied as a graft substitute for dental pulp tissue repair. In this study, human dental pulp
stem cells (DPSCs) and human umbilical vein endothelial cells (hUVECs) were co-cultured in 3D Matrigel
and 150 mV/mm electric fields (EFs) were used to promote the construction of pre-vascularized dental
pulp tissue. After optimizing co-cultured ratio of two cell types, immunofluorescence staining, and live/
dead detection were used to investigate the effect of EFs on cell survival, differentiation and vessel
formation in 3D engineered dental pulp tissue. RNA sequencing was used to investigate the potential
molecular mechanisms by which EF regulates vessel formation in 3D engineered dental pulp tissue. Here
we identified that EF-induced pre-vascularized engineered dental pulp tissue not only had odontoblasts,
but also had a rich vascular network, and smooth muscle-like cells appeared around the blood vessels.
The GO enrichment analysis showed that these genes were significantly enriched in regulation of
angiogenesis, cell migration and motility. The most significant term of the KEGG pathway analysis were
NOTCH signaling pathway and Calcium signaling pathway etc. The PPI network revealed that NOTCH1
and IL-6 were central hub genes. Our study indicated that EFs significantly promoted the maturation and
stable of blood vessel in 3D engineered pulp tissue and provided an experimental basis for the appli-
cation of EF in dental pulp angiogenesis and regeneration.

© 2024 The Author(s). Published by Elsevier BV on behalf of The Japanese Society for Regenerative
Medicine. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/lice

nses/by-nc-nd/4.0/).
1. Introduction

Root canal therapy is currently the preferred treatment for
irreversible pulpitis in mature permanent teeth, which mainly in-
volves the removal of infected pulp tissue and the mechanical
filling of inert materials such as gutta tips in the root canal to form a
physical barrier [1]. However, due to the permanent inactivation of
the tooth after root canal treatment, the lack of blood supply and
nerve innervation of the tooth tissue often leads to unacceptable
complications such as tooth fracture and tooth loss. It is widely
accepted that the ideal pulp tissue regeneration should meet the
following requirements: (1) abundant blood vessels in the tissue;
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(2) the regenerated tissue included odontoblast layer and dentin;
(3) functional pulpal nerves [2]. Among these, the rich capillary
network in dental pulp is the structural basis for the nutritional
function and regeneration of dental pulp. Therefore, the rapid for-
mation of a functional vascular network is a decisive factor for pulp
tissue regeneration. In recent years, many studies have proposed
pre-vascular techniques to preform functional vascular networks in
the engineered tissue structure of the dental pulp to ensure the
rapid delivery of adequate blood supply [3] and eventually induce
regeneration of the vascularized dental pulp [4]. Compared with
traditional methods, this method can precisely control the forma-
tion of vascular networks in vitro, accelerate the vascularization
process in vivo, and facilitate large-scale production and clinical
translation [5].

The development of pre-vascular techniques in the field of
dental pulp regeneration originated from attempts to construct
blood vessels with endothelial cells (ECs) [6]. ECs line the inner
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surface of blood vessels and form the inner wall, which is an in-
tegral part of the process of blood vessel formation. ECs, such as
human umbilical vein endothelial cells (hUVECs), human umbilical
artery endothelial cells, humanmicrovascular endothelial cells, and
endothelial progenitor cells, are the most direct cell sources that
minimizes the risk of immune rejection.

On the other hand, human teeth have a unique structure in
which the internal pulp is enclosed by a thick dentin wall and the
pulp tissue is connected to the surrounding tissue. Dental pulp
stem cell (DPSC) is a type of mesenchymal stem cell (MSC) with
great potential for dental pulp repair and regeneration and is ideal
seed cell for the construction of dental pulp tissue in vitro.
Furthermore, in dental pulp tissue, DPSCs are the main microen-
vironmental factors affecting angiogenesis. Studies have shown
that DPSCs promote early vascular network formation by promot-
ing the migration of HUVECs and increasing the expression of
vascular endothelial growth factor (VEGF) [7].

Although several studies have demonstrated successful forma-
tion of microvascular networks in engineered pulp tissues, rapid
formation of a stable mature vascular network which is highly
organized, branched and dense is still far away from clinical
application [1].

Recent studies have shown that electrical stimulation (ES) is ex-
pected to promote angiogenesis. It has been documented that
endogenouselectricfields (EFs)generatedbybloodflowaffectarterial
diameter by increasing endothelial secretion of NO. In addition,
capillary density increased by 25% after 6weeks of treatmentwith ES
[8]. Experiments have shown that ES not only affects the directional
migration, proliferation and elongation of ECs, but also increases the
length of tubular structures and promotes the expression of vascular
endothelial growth factor (VEGF). VEGF expression thereby increased
the rate of blood vessel formation [9,10]. Most importantly, ES also
promotes the differentiation and angiogenesis of MSCs, which may
further promote the vascularization of engineered tissue [11,12].

In this study, DPSCs and hUVECs were co-cultured in 3D
Matrigel and 150 mV/mm electric fields were used to promote the
construction of pre-vascularized dental pulp tissue. After opti-
mizing co-cultured ratio of two cell types, immunofluorescence
staining and live/dead detection were used to investigate the effect
of EFs on cell survival, differentiation and vessel formation in 3D
engineered dental pulp tissue. RNA sequencing was used to
investigate the potential molecular mechanisms by which EF reg-
ulates vessel formation in 3D engineered dental pulp tissue. The
aim of this study is to provide an experimental basis for the
application of ES in dental pulp angiogenesis and regeneration.

2. Methods

2.1. Isolation and expansion of DPSCs

Intact third molars from patients aged 18e22 years were ob-
tained and immersed in 0.01M PBS containing 20% penicillin and
streptomycin and stored in an ice box. After the teethwere split, the
Table 1
List of antibodies for FACS.

Antibody Species Manufacturers/Cat.no

CD105 Mouse eBioscience, 2270778
CD90 Mouse eBioscience, 2279704
CD73 Mouse eBioscience, 2251944
CD19 Mouse eBioscience, 2285417
CD11b Mouse eBioscience, 2338659
HLA-DR Mouse eBioscience, 2213079
IgG1-PE Mouse eBioscience, 2252682
IgG1-FITC Mouse eBioscience, 2273262
IgG2b-FITC Mouse eBioscience, 2204963
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fresh pulp was taken out and put into a small dish. The pulp tissue
was minutely chopped with a double blade method. Then the pulp
tissue was transferred into a 15 mL centrifuge tube, and an
appropriate volume of collagenase type I (3 mg/mL, Solarbio,
C8140) and Dispase II (4 mg/mL, Solarbio, D6431) were added. The
mixture was mixed and digested thoroughly for 60 min. Digestion
was terminated by adding a-MEM medium (GIBCO, 12571063)
containing 10% fetal bovine serum (FBS, Hyclone, SH30406),
centrifuged at 1000 rpm for 5 min, and the supernatant was dis-
carded. Finally, the fragment of pulp tissue was resuspended in the
MSC medium (MSCM, DAKEWE, b114011) containing 10% fetal
bovine serum, and then mechanically separated into single cell
suspensions or cell clusters. Cells were resuspended in MSC Me-
dium and incubated at 37 �C in 5% CO2 incubator. Changing the
medium every 3 days until the cells reached 80% confluence for
subculture. DPSCs isolated from five human donors were charac-
terized and used individually in triplicate experiments.

HUVECs (gift obtained from Dr. Wang) were cultured in endo-
thelial cell medium (10% FBS 1640, Gibco, C11875500BT) at 37 �C
with 5% CO2. Cells from passages 3 to 6 of each cell type were used
in all experiments.

2.2. Identification of DPSCs surface markers by flow cytometry

To identify the MSC characteristics of DPSCs, about 1 � 106/mL
DPSCs per EP tube were collected and assessed by flow cytometric
analysis (BD FACS Calibur flow cytometer). The working concen-
trations of primary antibodies were summarized in Table 1.

2.3. Multilineage differentiation of DPSCs

To induce adipogenic and osteogenic differentiation, 1 � 105

DPSCs per well were seeded in pre-gelatin-coated 24-well plates
and then incubated in adipogenic (DAKEWE, 6114531) and osteo-
genic differentiation-inducing media (DAKEWE, 6114541) respec-
tively for 21 days with regular media changes. After 21 days of
induction in differentiation-inducing media, the cells were fixed
with 4% paraformaldehyde and then stained with oil red O
(DAKEWE, 4060711) or alizarin red (DAKEWE, 4060611) respec-
tively. Followed by using an inverted microscope to photograph.

2.4. Histology and immunochemical staining

For immunochemical staining, the cells were washed 3 times
with PBS then fixed with 4% paraformaldehyde for 20 min at room
temperature. After washing with PBS thrice, 10 min of 0.03% Tri-
toonX-100 and 20 min 5% BSA treatment were carried out in
sequence. All samples were incubated in appropriate proportion of
primary antibodies (Table 2) respectively at 4 �C overnight.
Washing 4 times with PBS, secondary antibody (1:100; Life Tech-
nology, A11010, A11008 and A21143) was then added and incubated
for 60 min at room temperature. All samples were counter stained
with DAPI for 10 min before imaging.
. Homologous control Concentration

IgG1-PE 1:100
IgG1-FITC 1:200
IgG1-FITC 1:50
IgG1-FITC 1:2000
IgG1-FITC 1:200
IgG1-FITC 1:5000
IgG2b-FITC 1:300
e 1:200
e 1:200
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2.5. Optimization of DPSCs/HUVECs co-culture conditions

To analyze the effect of different co-culture ratios of DPSCs and
HUVECs on cell tube formation, DPSCs and HUVECs were plated
into the 50 ml 3D Matrigel matrix in different ratios (DPSCs:
HUVECs, 1:0; 5:1; 3:1; 1:1; 1:3; 1:5; 0:1) and supplemented with
corresponding proportions of two different kinds of cell medium.

To quantify cell tube formation, co-cultured DPSCs/HUVECs at
different cell proportions were placed in 96-well plates, each with
three replicates, and cultured for 2e12 h. Microscopic images were
taken every 2 h at 20 � magnification in five random areas of each
sample. ImageJ software (Angiogenesis Analyzer, National In-
stitutes of Health, https://imagej.nih.gov/ij/) was used to analyze
and measure the relative tube length, branch number and relative
junction area of different groups.

The tube-like structure surrounded by CD31 positive cells was
used for further evaluation of cell tube formation ability. The values
are given as mean ± standard deviation.

2.6. Live/dead staining

A fluorescent live/dead assay kit (calcein-AM/propidium iodide,
Invitrogen, L32250) was used to assess the viability of encapsulated
cells. Samples were incubated for 10 min with calcein-AM (1 mM)
and propidium iodide (1 mg/mL). The samples were rinsed three
times with PBS and then analyzed using a fluorescence microscope
(IX 71, Olympus, Japan). The images were processed using ImageJ to
remove background noise, and the cell count plugin was used to
identify green and red fluorescent cell bodies. Green-fluorescent
cells were considered as alive cells, and red-fluorescent cells were
considered as dead cells. Cell viability was calculated as the per-
centage of living cells relative to the total number of cells.

2.7. Construction of engineered human dental pulp tissue in 3D
Matrigel

DPSCs (P3-P5) and HUVEC cells in logarithmic growth phase
were selected. After centrifugation, the culture mediumwas added
and mixed with a pipette. The cell suspension was thoroughly
mixed with 50 ml pre-cooled Matrigel at a ratio of 1:5 in an ice bath
(The Matrigel should be placed at 4 �C one day in advance). The
Matrigel and the cell mixture were positioned in the middle of the
culture dish as droplets. The plates were then placed in an incu-
bator at 37 �C with 5% CO2 for 15e30 min to allow Matrigel gela-
tinization. Subsequently, culture medium was added to the dish
and the incubation was continued. The culture medium was
changed every three days.

2.8. Electrical stimulation to induce angiogenesis in engineered
human dental pulp tissue

Electrotactic chambers and electrical stimulation protocol were
established as described previously with minor modifications [13].
Briefly, DPSCs and HUVECs were mixed well in 50 ml Matrigel at an
Table 2
List of antibodies for Immunofluorescent chemical staining.

Antibody Species Manufacturers/Cat.no. Concentration

CD90 Mouse Abcam, ab307736 1:200
CD34 Mouse Abcam, ab81289 1:100
CD31 Rabbit Zenbio, 347526 1:200
DSPP Rabbit Bioss, bs-10316R 1:200
aSMA Mouse Bioss, bsm-33187M 1:700
Nestin Mouse Arigobio, ARG52345 1:400
Reelin Rabbit Bioss, bs-1560R 1:200
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optimized ratio on ice, and then the mixture was incubated at 37 �C
to allow gelatinization. The next day, a cover slip was placed over
the culture area, grease sealed both sides of the culture area so that
the culture fluid could only flow through the 3D culture. Direct
current (DC) EFs were applied to the 3D culture in an electrotactic
chamber via 5% FBS agar bridges, and the cultures were treated
with a physiological strength 150 mV/mm DC EFs in the medium.
The co-cultured cells in 3DMatrigel were exposed to EFs for 30 min
per day. Cultures were analyzed at different timepoints by immu-
nocytochemical staining following by confocal imaging.

2.9. RNA extraction and sequencing analysis

Total RNA was extracted on site by the company (Biomarker,
China) performing sequencing. Sequencing and preparation of
Illumina libraries was performed and then sequenced Illumina li-
braries were generated using the Hieff NGS Ultima Dual-mode
mRNA Library Prep Kit (Yeasen Biotechnology (Shanghai) Co., Ltd.,
12309ES08). And index was added to the sequence of each sample.
Libraries were sequenced on an Illumina NovaSeq platform to
generate 150-bp double-terminal sequences. Raw readings were
further processed using the bioinformatics analysis platform BMK
Cloud (www.biocloud.net). Raw data in Fastq format is first pro-
cessed by in-house perl scripts. The Hisat2 tool software was used
to align the valid data to the reference genome sequence. Differ-
ential expression analysis was performed by comparing the EF and
NO EF control groups. P-values were adjusted by the Benjamini &
Hochberg method using the DESeq2 R software package. An
adjusted P value of 0.05 and a Fold Change of 1.5 were used as the
threshold for significant differential expression. For enrichment
analysis of differentially expressed genes, GO and KEGG enrich-
ment analyses were performed by using cluster analysis R package,
and gene length bias was corrected. A corrected p-value of less than
0.05 was considered to be significantly enriched for differentially
expressed genes. The cluster profile package was used to select the
pathways related to angiogenesis for display. To explore potential
interaction relationships between DEGs, proteineprotein interac-
tion (PPI) analysis was also performed based on the STRING data-
base (https://string-db.org/cgi/input.pl). Cytoscape 3.8.2 software
was used to visualize the PPI network. The RNA-seq data in this
study was submitted to Gene Expression Omnibus (GEO) (http://
www.ncbi.nlm.nih.gov/geo/) under accession ID GSE174619.

2.10. RT-qPCR analysis

Total RNA was isolated from MSC and differentiated cells using
TRIzol® reagent (Invitrogen, 15596026CN) after osteogenic and
adipogenic induction. 0.5 mg of purified total RNA was reverse
transcribed into cDNA using HiScript III 1st Strand cDNA Synthesis
Kit (þgDNA wiper) (Vazyme, R323) following the manufacturer's
protocols. qPCR reactions were performed using ChamQ Universal
SYBR qPCR Master Mix (Vazyme, Q711) in Light Cycle 480 II Real-
Time PCR Detection System (Roche) with the conditions presented
in Table 3. GAPDH was used as a reference gene. The primer se-
quences of RUNX2, ALPL, ADIPOQ, PPARG2 and GAPDH are pre-
sented in Table 3. The relative expression of target genes was
determined using the 2-DDCq method and normalized to GAPDH.
All the reactions were performed in triplicate.

2.11. Statistical analysis

All data were analyzed by t-test and one-way ANOVA test to
determine statistical significance and were expressed as
mean ± standard deviation. P < 0.05 was considered as significant
difference.

https://imagej.nih.gov/ij/
http://www.biocloud.net
https://string-db.org/cgi/input.pl
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/


Table 3
Primers used for reverse transcription-quantitative PCR.

Gene Primer sequences (5'/30) Size (bp) Amplified conditions

RUNX2 F:AGGCAGTTCCCAAGCATTTCATC
R:AGTGAGTGGTGGCGGACATAC

133 Stage1：95 �C 30 s (1� )Stage2：95 �C 10s
60 �C 30 s (40�)
Stage3：95 �C 15s
60 �C 60s
95 �C 15 s (1�)

ALPL F:CACCGCCACCGCCTACC
R:CACAGATTTCCCAGCGTCCTTG

148

ADIPOQ F:GCATTCAGTGTGGGATTGGAGAC
R:ATTTACCAGTGGAGCCATCATAGTG

109

PPARG2 F:TGAATCCAGAGTCCGCTGACC
R:CGCCCTCGCCTTTGCTTTG

95

RUNX2 (Runt-related transcription factor 2); ALPL (Alkaline Phosphatase, Liver/Bone/Kidney); ADIPOQ (Adiponectin); PPARG2 (Peroxisome proliferator activated receptor
gamma); F, forward; R, reverse.
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3. Results

3.1. Human DPSCs were isolated from human dental pulp tissue

The pulp tissues were separated from the roots of the teeth
(Fig. 1A), after 96 h of culture, many of the cells migrated out from
the fragment of pulp tissues (Fig. 1B). The DPSCs showed typical
morphological characteristics of MSCs when cultured in 2D, the
cells were spindle-shaped and elongated, arranged in parallel with
each other (Fig. 1C). As shown in Fig. 1D, the CD73, CD90 and CD105
positive cells were 97.78%, 99.85% and 99.24% respectively. On the
contrary, the CD19 and CD11b positive cells were only 0.77% or
0.67% respectively. Immunofluorescence chemical staining further
confirmed that the DPSCs were CD90 positive and CD34 negative
cells (Fig. 1E and F). These results identified that the isolated DPSCs
were positive for mesenchymal markers CD73, CD90 and CD105
while negative for hematopoietic markers the CD19, CD11b and
CD34.

Furthermore, we investigated the ability of DPSCs to differen-
tiate into two lineages. After 21 days of osteogenic induction, the
cells grew in clusters, formed clonal-like protrusions, and showed
large reticular rough surface processes. After alizarin red S staining,
the clonal-like bulge showed typical orange-red calcium deposits
with specific pigmentation (Fig. 1G). When DPSCs were differenti-
ated in adipogenic induction media, small transparent lipid drop-
lets gradually appeared in the cells, and the cell volume gradually
increased. Oil Red O-stained lipid droplets were clearly visible in
the cells, indicating adipogenic differentiation (Fig. 1H). RT-qPCR
results further showed that the osteogenic specific genes RUNX2
(Runt-related transcription factor 2) and ALPL (Alkaline Phospha-
tase, Liver/Bone/Kidney), adipogenic specific genes ADIPOQ (Adi-
ponectin) and PPARG2 (Peroxisome proliferator activated receptor
gamma) were significantly up-regulated during osteogenic and
adipogenic differentiation, respectively (Fig. 1I).
3.2. Different co-culture ratios of DPSCs/HUVECs affect endothelial
cell tube formation in 3D Matrigel matrix

Although it has been shown that 1:1 ratio co-culture of DPSCs
with HUVECs promotes angiogenesis through VEGF secretion. The
cellular growth behavior and cell physiological status in the 3D
microenvironment are quite different from that in the 2D micro-
environment. Therefore, it is necessary to further investigate the
co-culture ratios of DPSCs/HUVECs to construct the vasculature-
riched 3D dental pulp tissue. DPSCs and HUVECs were seeded into
the 3D Matrigel matrix in different proportions (Fig. 2A). After
4e6 h of co-culture, the clear tubular structure could be observed
under the microscope. HUVECs were gradually arranged to form
357
capillary-like structures, and the interconnected capillaries formed
a network structure in the 3DMatrigel (Fig. 2A). After 8 h of culture,
the ImageJ plugin Angiogenesis Analyzer was used to assess various
indicators of the tubular structures formed by HUVEC cells. The
results are shown in Fig. 2B, C, D and E. These results indicated that
the number of junctions, branches, the mean mesh size, and total
branching length are reached 270.83 ± 45.58, 212.53 ± 9.11,
16195.6 ± 2504.25 and 27788.8 ± 2895.91 respectively in the co-
culture ratio of 1:3, significantly more than those of other co-cul-
ture groups.

3.3. Electrical stimulation promoted the vascularization of co-
cultured cells in 3D matrix

3.3.1. Electrical stimulation didn't affect cell survival in 3D matrix
It has beenwell documented that 150 mV/mm EFs are sufficient

to induce the migration, orientation and elongation of epithelial
cell, thus promoting vasculogenesis [14e16]. Herewe seeded DPSCs
and HUVECs into 3DMatrigel matrix at a ratio of 1:3 and stimulated
with 150mv/mm DC current for 30 min per day. Live/Dead assay
showed that there was no significant difference in cell death rate
between EF group and NO EF group. This indicated that the EF in-
tensity of 150 mV/mm had no significant effect on the viability of
the co-cultured cells in 3D matrix (Fig. 3A and B).

3.3.2. Electrical stimulation promoted the formation of vessel
When co-cultured DPSCs/HUVECs were stimulated by 150 mV/

mm EFs, vascular tubes were formed and increased with time. The
investigation of the formation of endothelial tubules and blood
vessel network were carried out at day1, day2 and day3 of culture
respectively. Interestingly, comparing the vessel maturation in EF
group to it in NO EF group, development revealed more complex
engineered vessel-like structures and blood vessel networks with
EF-stimulation, emphasizing the importance of EF-stimulation in
tube formation (Fig. 3C).

ImageJ plugin Angiogenesis Analyzer was used to measure the
relative tubular length of the different groups. Compared with the
group without EF-stimulation, EFs significantly increased the
number of junctions, branches, the mean mesh size, and total
branching length in 3D Matrigel, which were twofold more in EF
group compared with NO EF group (Fig. 3D, E, F and G). It is worth
to note that the number of junctions, branches and the mean mesh
size reached 296 ± 96.82, 241 ± 32.95 and 3275.91 ± 476.02
respectively on the second day of EF-stimulation, while the No EF
stimulation group had these numbers or even less (215.3 ± 82.53,
195 ± 71.47 and 2741.1 ± 836.44 respectively) on the third day. By
day 3, flourishing vessel networks were observed throughout the
construct, with fourfold more junction points compared with day 1



Fig. 1. Identification of mesenchymal stem cell properties of DPSCs. A: The pulp tissues were separated from the roots of the teeth. B and C: The DPSCs showed typical
morphological characteristics of MSCs. D: Specific marker analysis of DPSCs by flow cytometry. E: Anti-CD90 immunofluorescence chemical staining. F: Anti-CD34 immunofluo-
rescence chemical staining. G: Alizarin red staining after osteogenic differentiation of human DPSCs for 21 days. H: Oil red O staining after adipogenic differentiation of human
DPSCs for 21 days. I: Reverse transcription-quantitative PCR analysis of RUNX2, ALPL, ADIPOQ and PPARG2 gene expression in MSCs after 21 days of culture in osteogenic or
adipogenic versus basal conditions. n ¼ 3 (***P < 0.001; ****P < 0.0001). Scale bars represent 50 mm.
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Fig. 2. The effect of co-culture ratios of DPSCs and HUVECs on tube formation in 3D Matrigel. A: Tube-like structures formed by different proportions of cells co-cultured in 3D
Matrigel. Average of the number of junctions (B), branches (C), the mean mesh size (D), and total branching length (E) were analyzed by the ImageJ plugin Angiogenesis Analyzer.
Data are presented as means ± SEM. n � 3 (*P < 0.05). Scale bar represents 100 mm.
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in EF group, indicating that EFs accelerated vessel formation and
maturation in 3D Matrigel.
3.4. Co-cultured DPSCs differentiated into odontoblasts, pericytes or
smooth muscle cells in 3D vascularized tissue

To examine the cellular composition in the vascularized dental
pulp tissues induced by electrical stimulation, immunofluorescence
staining was used to identify the expression of specific biological
markers, including dentin phosphoprotein (DSPP), Nestin, Reelin
and a-SMA. DSPP and Nestin are specific markers of odontoblasts.
Reelin is always expressed in secretory odontoblasts. a-SMA is
expressed in vascular pericytes, myofibroblasts and smooth muscle
cells. The con-focal images showed that both DSPP and a-SMAwere
positively expressed in engineered pulp tissue on day 7 of culture
but the two proteins did not colocalize (Fig. 4A and B). We noticed
that the distribution of a-SMA positive cells were observed along
the vessel border, which explains the presences of vascular peri-
cytes, myofibroblasts or smooth muscle cells in the engineered
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dental tissue. In contrast, Nestin and Reelin expression showed
colocalization in the cells (Fig. 4C). The expression of Nestin or
Reelin was serrated and found in ring-shaped structures.
3.5. Gene ontology functional analysis and the enrichment of KEGG
signaling pathway for EF-regulated vascularization in 3D
engineered dental pulp tissue

To assess the overall gene changes following vascularization in
3D engineered dental pulp tissue, 6 samples were carried out with
EF or NO EF respectively for 7 days and RNA sequencing was per-
formed as described in the methods. After the alignment of RNA-
Seq data to the human genome hg38. A total of 12661 genes were
obtained from the intersection set of control and experimental
results (Fig. 5A). Of these, 189 genes had significant expression
difference, including 64 up-regulated genes and 125 down-regu-
lated genes (Fig. 5B).

ClusterProfiler software performed GO functional enrichment
analysis (Fig. 5C) and KEGG pathway enrichment analysis of the



Fig. 3. Electrical stimulation promoted the vascularization of co-cultured cells. A: live/dead staining cells were observed by fluorescence microscope (green fluorescence
showed live cells, red fluorescence showed dead cells). B: statistical analysis of the average cell viability in EF group and NO EF group. C: Anti-CD31 immunofluorescence staining
showed tubular structures surrounded by CD31-positive cells in EF group and NO EF group. DeG: statistical analysis of number of branches, branches length, mean mesh size and
number of junctions at different time points of culture. Data are presented as means ± SEM. Student T-test and one-way ANOVA, n � 3 (**p < 0.01). Scale bars represent 100 mm.
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differential gene set (Fig. 6). For results of GO functional enrich-
ment, a p-value < 0.05 was used as the threshold for significant
enrichment. The DEGs were classified into three functional groups,
including biological process, cellular component and molecular
function. The top 30 enriched GO biological processes of all DEGs.
The results mainly involved regulation of angiogenesis, response to
wounding, cellular component movement, cell migration and cell
motility.

KEGG pathway enrichment mainly included the following
pathways: NOTCH signaling pathway, Calcium, IL-17, Hedgehog,
360
Estrogen, TNF, MAPK and PI3K-AKT signaling pathway etc (Fig. 6A
and B). Most notable pro-angiogenic genes that shown
increased expression were NOTCH1, HES1, NBPF26, NGFR, MEF2C
etc.

3.6. PPI networks of the DEGs in EF group and NO EF group

It is well known that vascular growth in particular tissue in-
volves a specialized, tissue-specific form of angiogenesis [17], and
PPI network could help us to further extract the hub genes in the



Fig. 4. Immunochemical observations of DSPP, a-SMA, Nestin and Reelin in the dental pulp-like 3D engineered tissue at Day 7 after EF-stimulation. Representative fluo-
rescent images of DPSC/HUVEC 3D cocultures probed for a-SMA (red)/DSPP (green) (A and B) and Nestin (red)/Reelin (green) (C), and nuclei (DAPI, blue), A: scale bar represents
50 mm; B and C: scale bars represent 30 mm.
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process of ES-regulated angiogenesis in 3D Matrigel. In this
research, PPI network of the DEGs related to the regulation of
angiogenesis was constructed (adjusted P < 0.05) by the KEGG
pathway analysis in EF group and NO EF group. In the PPI networks
of 86 DEGs, there were 86 nodes and 264 edges. Among them, 7
genes were extracted: NOTCH1, SNAIL, IL-6, DNER, FOS, SPHK1, and
KCNQ4. NOTCH1 and IL-6 were central hub genes in the network,
with the number of degree (n ¼ 14) (Fig. 7).

4. Discussion

The aim of our study was to define amore efficient and clinically
relevant method for the construction of pre-vascularized human
dental pulp tissue. Although there have been reports that when co-
cultured with HUVEC, DPSC plays a role in angiogenesis by
enhancing HUVEC migration and VEGF secretion [18]. However,
engineered dental pulp tissue vascularization always faces the
difficult problems such as slow speed of vascular network estab-
lishment and poor vascular stability [19].

In this study, the co-cultured DPSCs and HUVECs were used to
construct the pre-vascularized engineered dental pulp tissue. The
engineered dental pulp tissue not only had odontoblasts, but also
had a rich vascular network, and smoothmuscle-like cells appeared
around the blood vessels. And ES significantly increased the num-
ber of connections and total branch length of endothelial network
in the 3D engineered pulp tissue and resulted in improved
angiogenesis.

Pre-vascularized dental pulp tissue requires the co-culture of
DPSCs and HUVECs to form dentin cells and vascular networks.
Therefore, we first screened the co-culture ratio of DPSCs and
HUVECs, and then implanted the cells into 3D Matrigel at the
optimal co-culture ratio of 1:3. The ES intensity of 150 mV/mm,
which has been widely proved to be effective to induce tube
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formation of HUVECs in 2D environment and this intensity did not
cause significant cell death. However, the experimental evidence in
3D environment needs further evaluation, such as cell composition,
vascular maturation of dental pulp tissue and the regulated
mechanism.

The results of immunofluorescence analysis showed that the
pre-vascularized dental pulp tissues contained dentin cells/odon-
toblasts, endothelial cells and pericytes or smooth muscle cells. We
detected the DSPP, Nestin, Reelin and a-SMA positive cell in the 3D
pre-vascularized dental pulp tissues. Differentiated odontoblasts
could not be identified by one unique phenotypic marker, but the
combination of expression of DSPP or Nestin may be valuable for
the assessment of these cells. On the other hand, Reelin is always
expressed in secretory odontoblasts and may be a key molecule in
the relationship between odontoblasts and nerve fibers [20,21]. a-
SMA is a cytoskeletal protein that is also localized in some stem
cells and precursor cells and is considered to be one of the stem cell
markers in dental pulp. a-SMA is also expressed in vascular peri-
cytes, myofibroblasts and smooth muscle cells, and plays a key role
in wound healing and participates in dental pulp healing [22].
During dentin formation, themajority of MSCswere identified to be
located in the perivascular area, which is considered as a stem cell
niche [23], and in this study, a-SMA positive cells were observed in
the perivascular area.

Previous studies have demonstrated that endothelial cells will
self-assemble into vascular networks within hydrogel, but these
networks often regress within a few days in the absence of mural
cells such as fibroblasts, smooth muscle cells, or pericytes. In this
study, we still observed stable vascular-like structures after 7 days
of electrical stimulation, which may be closely related to the for-
mation of a-SMA positive cells around the tube.

How bioelectrical signals are transformed into intracellular
signaling systems that initiate a range of cellular responses has



Fig. 5. GO functional enrichment analysis. A: The volcano plot showing the expression pattern of DEGs in EF and control group. B: Hierarchical clustering analysis of the DEGs in
EF group and NO EF group. Red and blue bar charts represent significantly upregulated and downregulated genes, respectively. C: GO annotation was performed using 189 DEGs in
EF and NO EF group to obtain insights into their biological functions.
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been studied in a variety of cell types. It is generally accepted that
bioelectrical signals can activate ion channels and that some
voltage-sensitive genes or receptors on the cell membrane initiate
downstream signaling pathways, resulting in various biological
responses [24]. For instance, EFs mediated the directional migra-
tion of neural stem cells through the activation of a voltage-sensi-
tive gene Phosphatidylinositol 3-kinase (PI3K) [25]. Notably, the
genes and signaling pathways activated by ES were diverse across
different cell types and microenvironments.

Here, RNA-Seq was used to analyze global gene expression for
HUVECs during EF-induced vascular network formation in 3D
engineered dental pulp tissue. The DEGs were classified into three
functional groups, including biological process, cellular compo-
nent and molecular function. The results mainly involved
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regulation of angiogenesis, cellular component movement, cell
migration and cell motility. KEGG pathway enrichment mainly
included the following pathways: NOTCH signaling pathway,
Calcium, IL-17, Hedgehog, Estrogen, TNF, MAPK and PI3K-AKT
signaling pathway etc. It is well known that vascular growth in
particular tissue involves a specialized, tissue-specific form of
angiogenesis [17], and PPI network could help us to further extract
the hub genes in the process of ES-regulated angiogenesis in 3D
Matrigel. Here, 7 genes were extracted: NOTCH1, SNAIL, IL-6,
DNER, FOS, SPHK1, and KCNQ4. NOTCH1 and IL-6 were central hub
genes in the network.

It has been reported that NOTCH signaling system is one of the
major pathways mediating angiogenesis through receptors for
vascular endothelial growth factor (VEGF) [26], participating in tip-



Fig. 6. The KEGG signaling pathway enriched by the DEGs. KEGG annotation was performed using DEGs in EF and NO EF group to obtain insights into their pathways involved. A:
The top 12 enriched KEGG pathways of the upregulated DEGs. B: The top 12 enriched KEGG pathways of the downregulated DEGs.
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stalk specification, arterial-venous differentiation, vessel stabiliza-
tion, and maturation processes [27]. It is essential for the devel-
opment of tip and stalk EC via Notch signalling. Ramasamy et al.
reported that Notch signaling promotes EC proliferation and vessel
growth in postnatal long bone, which is the opposite of the well-
established function of Notch and its ligand Dll4 in the endothelium
of other organs and tumors [17].

Snail is key factors of TGF-b and Notch signaling pathways
to promote migration, proliferation and angiogenesis of
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differentiated-endothelial cells [28,29]. And Notch receptors have
been shown to regulate Snail family of proteins in specific types of
endothelial cells [30,31].

It is interesting that inflammatory factor and NOTCH signaling
pathways are essential for regulating the pro-angiogenic factors.
Inflammatory cytokine interleukin-6 (IL-6) siRNA significantly
reduced the expression of VEGF, VEGF receptor 2, transforming
growth factor b, and NOTCH ligands and receptors in adipose stem
cells [32,33].



Fig. 7. The constructed PPI networks of the DEGs in EF group and NO EF group. PPI network of the 86 DEGs identified in significant enrichment pathway (adjusted P < 0.05) by
the KEGG pathway analysis in EF group and NO EF group. Among them, 7 genes were extracted: NOTCH1, SNAIL, IL-6, DNER, FOS, SPHK1, and KCNQ4.
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Other genes extracted by PPI network, such as DNER, SPHK1,
KCNQ4 and FOS are also involved in angiogenesis regulation. For
example, the DNER, Notch1, b-catenin, and ERBB4 appeared to be
highly correlated with PSEN1 which promotes vascular remodeling
[34]. SphK1, which is a component of FGF1, a widely expressed
proangiogenic factor involved in tissue repair and carcinogenesis
[35], export pathway.
5. Conclusions and prospects

In summary, these results identified that EF-induced pre-vas-
cularized engineered dental pulp tissue not only had odontoblasts,
but also had a rich vascular network, and smooth muscle-like cells
appeared around the blood vessels, indicating that EFs significantly
promoted the maturation and stable of 3D engineered pulp tissue.
In addition, these findings, for the first time, revealed the overall
characteristics of EF-regulated vascularization in 3D environment
from the perspective of transcriptomic profiles. However, this study
has several limitations. First, for the co-culture system with 2 cell
types, unlabeled hDPSCs did not distinguish them from endothelial
cells. On the one hand, functional cells in the constructed pulp
tissue such as smooth muscle cells may not be sure of their origin;
on the other hand, the interaction between DPSCs and HUVECs and
the alteration of this interaction under electrical stimulation con-
ditions may require further demonstrate in a co-culture system
with clear markers distinguishing the two cell types. Second,
further studies are needed to determine the effect of electrical
stimulation on the differentiation of DPSCs. Third, further study
should be conducted in vivo to investigate integration of pre-vas-
cularized dental pulp tissue into host tissue. Last but not least, the
biological functions of several DEGs, including NOTCH1, SNAIL, and
IL-6 in the EF-regulated vascularization in 3D environment
remained unclear and should be further explored by in vitro and in
vivo studies.
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