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Abstract: This study aims to observe the effects of the combined application of rat bone marrow mesenchymal 
stem cells (rBMSCs) and a bioceramic material on pulp-like tissue formation. Rat incisor root fragments without 
pulp tissues were prepared and filled with a collagen scaffold seeded with rBMSCs, while one side of the root seg-
ment was covered by a bioceramic material (iRoot BP). After they were cultured for 12 hours, the root fragments 
were implanted subcutaneously for 3 months. Hematoxylin and eosin (HE) staining was applied to observe the 
biocompatibility and the formation of pulp-like tissues. The incisor root fragments were divided into three parts 
(BP1/3, M1/3, and D1/3) to analyze the areas and the number of new vessels. Immunohistochemical staining of 
the neuroendocrine marker PGP9.5, the dentin sialophosphoprotein (DSPP), and the vascular endothelial growth 
factor (VEGF) was applied to observe the formation of the pulp-like tissues. Root fragments filled with only the col-
lagen scaffold were used as a control. Three months after the implantation, the root fragments were collected, and 
they were surrounded by a transparent tissue membrane with a good blood supply. The root fragment cavity was 
filled with pink vascularized pulp-like tissue. According to the HE results, iRoot BP had good biocompatibility with the 
new pulp-like tissues and a few infiltrating inflammatory cells. Increases in the number and area of the new blood 
vessels were observed in BP1/3 compared with the other two parts. The PGP9.5 and DSPP expressions showed 
that the newly formed tissues were similar to normal pulp tissues. iRoot BP has good biocompatibility and increases 
the number and area of new blood vessels. The combined application of stem cells and bioceramic materials may 
be a better method for pulp revascularization. 
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Introduction

In recent years, with the progress in cell biolo- 
gy and bioengineering, pulp regeneration has 
become a research focus and a new trend in 
the field of pulp disease treatment [1, 2]. The 
main purpose of pulp regeneration is to regen-
erate necrotic or infected pulp and to restore  
its normal activity and physiological functions, 
including its immune functions, the nutritional 
functions of its blood vessels, and the sensory 
functions of its nerves [3, 4]. Evidence has 
shown that the bioceramic material iRoot BP 
enhances the adherence, migration, attach-
ment, proliferation, and mineralization of den-

tal pulp stem cells [5] and induces minera- 
lization of human dental pulp cells and the 
expression of genes related to odontoblast dif-
ferentiation in vitro [6, 7]. However, the effects 
of the combined application of rat bone marrow 
mesenchymal stem cells (rBMSCs) and a bioc-
eramic material on pulp-like tissue formation in 
vivo are not fully understood [8]. In this study, 
rat incisor root fragments filled with a collagen 
scaffold seeded with rBMSCs with one side 
covered by iRoot BP were implanted subcutane-
ously to observe the combined effect of rBM-
SCs and a bioceramic material on pulp-like tis-
sue formation.
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Figure 1. Protocol for rBMSC seeding and subcutaneous implantation. After they were cultured for 12 hours, a large 
number of rBMSCs had attached to the collagen scaffold. A. Skin preparation for surgery. B. Finding the location of 
the abundant blood supply. C. Placing the root segments in the subcutaneous mucosa.

Materials and methods

Disinfection of the root segments

The mandibular incisor teeth of Wistar rats 
were removed completely, the pulp was first 
removed with a pulp extraction needle, and 
5.25% sodium chloride was used to remove the 
remaining pulp. The incisors were ground into 
3-mm long root segments. The root fragments 
were sterilized in 75% alcohol at room tempera-
ture. Before use, the fragments were rinsed 
three times with PBS containing penicillin (100 
U/ml) and streptomycin (100 µg/ml). After dry-
ing, one side of the root segment was covered 
by iRoot BP in a thin layer for cell seeding under 
aseptic conditions.

BMSC culture and cell seeding 

The protocol for rBMSC culture has been 
described previously [9]. Each collagen mem-
brane was cut into small pieces of several trian-
gular segments with lengths of 0.5 and 3 mm 
to allow maximal cell attachment under the 
aseptic conditions. The collagen membrane 
was packed into the pulp cavity compactly and 
then placed into a 96-well plate. The cells were 
suspended at a density of 1×106/ml and seed-
ed on the collagen scaffold. The cells were cul-
tured in a CO2 constant temperature incubator 

for 12 h. Scanning electron microscopy (SEM) 
was used to observe the attachment and mor-
phology of the scaffolds (Figure 1).

The application of iRoot BP at one end of the 
root segment

One side of the root segment was covered by 
iRoot BP (Innovative Bioceramix, Vancouver, 
BC, Canada) under aseptic conditions and 
placed in a 37°C incubator for 2 h to harden the 
iRoot BP. An rBMSC suspension was placed on 
the root canal with the collagen membrane and 
incubated in the CO2 incubator for 12 h.

Establishment of a rat subcutaneous model

After inducing intraperitoneal anesthesia with 
10% chloral hydrate at 4 ml/kg, the Wistar rats 
were routinely disinfected. A longitudinal inci-
sion of approximately 3 cm was made on the 
central skin of the back of the rats using surgi-
cal scissors. Blunt separation was applied on 
both sides with hemostatic forceps to find a 
location with an abundant blood supply, and 
the root segments were placed in the subcuta-
neous mucosa. The experimental groups were 
as follows: the rBMSC+ iRoot BP group (a colla-
gen scaffold composite of rBMSCs covered by 
iRoot BP was placed in the root canal), the 
rBMSC group (a collagen scaffold composite of 
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Figure 2. General observations of the root fragments after the 3-month implantation. A. The blood supply radiated 
around the tooth root. B. When the specimen was removed, the surface of the specimen was surrounded by a trans-
parent tissue membrane. C. In the rBMSC+iRoot BP group, new tissue filled the root segment, and some red blood 
vessels covered the side of the BP. D. In the control group, the pulp cavity was filled with pink or red tissues with a 
significant number of blood vessels on both sides of the root segment.

rBMSCs was placed in the root canal), the col-
lagen group (only the collagen membrane was 
placed in the canal), and the blank group (only 
the root canal). Three months after the implan-
tation, the specimens were gathered for histo-
logical and immunohistochemical analyses.

Tissue preparation and histological assess-
ment

The specimens were fixed in a 4% polyformal-
dehyde/phosphate buffer for 24 hours. The 
samples were then demineralized in 10% EDTA 
for 2 months and embedded in paraffin. 
Sections with a thickness of 5 μm were pre-
pared for HE staining, vascular area analysis, 
and immunohistochemistry (IHC).

Statistical analysis

All the data are expressed as the mean ± stan-
dard deviation. One-way analyses of variance 
and Newman-Keuls tests were conducted using 
GraphPad Prism 5 software.

Results

rBMSC seeding and a rat subcutaneous model

rBMSCs (passage 3) were seeded onto a colla-
gen scaffold for 12 hours and then observed 
using SEM. The SEM showed that a large num-
ber of rBMSCs had attached to the collagen 
scaffold, and the cells and collagen membrane 
fiber scaffold had a certain adhesion and rela-
tively uniform distribution. The root segments 
were placed in the subcutaneous mucosa 
(Figure 1).

General observations of the root fragments 
after implantation

The root fragments were placed in well blood-
supplied subcutaneous areas of the rats. After 
3 months, the specimens were removed from 
the rats for general observations. The surface 
was surrounded by a transparent tissue mem-
brane with a good blood supply (Figure 2A, 2B). 
In the rBMSC+iRoot BP group, the pulp cavity 
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Figure 3. Histological observations of the iRoot BP biocompatibility. iRoot BP was in direct contact with the new 
dental pulp-like tissue without any adverse reactions (A-D). iRoot BP had a good compatibility with the tooth root 
tissue (E and F).

was filled with pink or red tissues with a signifi-
cant amount of blood vessels on the side with-
out iRoot BP, and some red blood vessels cov-
ered the surface of the side where the iRoot BP 
was placed (Figure 2C). In the control group, 
both sides of the root segment had pink or red 
tissues with a significant amount of blood ves-
sels filling the medullary cavity (Figure 2D).

Histological observations of the bioceramic 
material biocompatibility

The samples were observed using optical 
microscopy after the H&E staining, which 
showed that some collagen was not completely 
absorbed near the iRoot BP, and the cells in the 
pulp-like tissue were scattered in the iRoot BP 
space, contacted the BP directly, and grew well. 
Few infiltrating inflammatory cells were found 
without any adverse reactions (Figure 3A-D). In 

addition to root segments, cells in the tooth 
body were perfectly fused with the iRoot BP 
(Figure 3E, 3F). 

Analysis of the neovascularization in the new 
pulp-like tissues

In the rBMSC+ iRoot BP group, a large number 
of new blood vessels were seen near the BP 
site - significantly more than in the middle and 
opening of the root (Figure 4A-C). The number 
and area of new blood vessels were greater in 
BP1/3 than in M1/3 and D1/3, which further 
indicated that iRoot BP significantly promoted 
the formation of neovascularization in pulp-like 
tissue (Figure 4D, 4E). In addition, closure by 
BP affected the absorption rate of the collagen 
scaffold to some extent. The collagen scaffolds 
in the middle of the root were not absorbed as 
thoroughly as those at the opening (Figure 4).
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Figure 4. Analysis of the neovascularization in the new pulp-like tissues. A. The number of new blood vessels in 
BP1/3. B. The number of new blood vessels in M1/3. C. The number of new blood vessels in the opening. D. 
Comparison of the BP1/3, M1/3, and D1/3 neovascularization areas. *P < 0.05. E. Comparison of the amount of 
neovascularization in BP1/3, M1/3, and D1/3. *P < 0.05.

The neuroendocrine marker PGP9.5 and DSPP 
expressions in the newly formed tissues

DSPP (the complex of DSP and DPP) is a kind  
of non-collagen, which plays an important role 
in dentin mineralization. After the DSPP immu-
nohistochemical staining, the immunoreactive 
cells were mainly distributed in the newly form- 
ed pulp-like tissues, especially cells arranged 
with the newly formed dentin-like tissues. The 
results revealed that immunoreactivity for DS- 
PP in the rBMSC group was significant through-
out the regenerated soft tissues, appearing as 
a light-brown, unevenly stained area (Figure 
5A). Overall moderate PGP9.5 staining was 
also seen in the regenerated pulp-like tissues 
as a non-uniform area of cable-like tan (shown 
by the red arrow), which was particularly intense 
in the nerve-like cells (Figure 5B). This observa-

tion suggested the formation of nerve endings 
in the pulp-like tissues. The immunoreactivity 
for VEGF in the rBMSC+ iRoot BP group was  
significant throughout the regenerated soft  
tissues, appearing as a light-brown, unevenly 
stained area (Figure 5C). This observation sug-
gested angiogenesis in the new pulp tissues of 
the teeth.

Histological observations of the rBMSC and 
collagen groups

In the rBMSC group, the root was filled with new 
pulp-like tissues, and the regeneration of the 
blood vessels was clearly seen (Figure 6A, 6B). 
In the collagen group, only the collagen mem-
brane was placed on the lumen. After the stain-
ing, most of the collagen on the lumen was not 
degraded completely, and fibrous tissue grew 
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Figure 5. The expressions of the neuroendocrine marker PGP9.5 and DSPP in the newly formed tissues. A. The arrow 
points to DSPP positive staining. B. The PGP9.5 immunohistochemical staining (The arrow points to a positive stain). 
C. The VEGF immunohistochemical staining (The arrow points to a positive stain).

on both sides of the root canal, which was con-
tinuous with the lateral tissue (Figure 6C). In 
the blank group, only the root was implanted 
subcutaneously in rats. There was fibrous tis-
sue growing in the opening of both sides of the 
root, but no new tissue formation was found in 
the middle part (Figure 6D).

Discussion

There are two strategies for pulp regeneration 
at present: cell transplantation and homing. 
The former method is based on cells by trans-
planting exogenous stem cells onto scaffolds 
[10]. Root fragment models for pulp regenera-

Figure 6. A histological observation of the control groups. Pulp-like tissue filled the lumen, and new blood vessels 
were seen at the opening in the rBMSC group (A and B). (C) An incomplete absorption of a collagen membrane was 
observed in the collagen group (C). A few fibrous tissues were found growing into the opening on both sides of the 
root in the blank group (D).
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tion have been discussed in many studies, 
which show that pulp-like tissues can be pro-
duced in vivo by the transplantation of dental 
pulp or other stem cells into tooth slices or frag-
ments [11-14]. Previous studies have selected 
human single premolar fragments as carriers 
for implantation into animals. In our study, we 
chose the rat incisor root as a carrier to avoid 
the immune rejection of the experimental ani-
mals to the greatest extent. Rat bone marrow 
mesenchymal stem cells (rBMSCs) combined 
with collagen membrane scaffolds were 
implanted into the rat incisor teeth fragments, 
and new tissue filling the pulp cavity was 
observed in the root segment of the rat incisor 
teeth. H&E and immunohistochemical staining 
showed the appearance of odontoblast-like 
cells and neovascularization. 

iRoot BP, a nano-bioceramic material, is a 
recently-developed bioceramic-based end-
odontic cement with improved performance 
compared with MTA [15]. Its main components 
include calcium trisilicate, calcium disilicate, 
calcium phosphate, tantalum oxide, and zirconi 
[16]. Compared with MTA, iRoot BP plus has the 
same cytotoxicity, apical closure, and antimi-
crobial activity [17]. In addition, it overcomes 
the shortcomings of MTA. Therefore, iRoot BP 
plus has recently been considered an alterna-
tive to MTA.

Several studies have shown that iRoot BP can 
be used for direct pulp capping without pulp 
inflammation [18]. However, there is no report 
on its application to pulp regeneration. In our 
study, one side of the root segment was closed 
by iRoot BP, which showed that iRoot BP had 
good biocompatibility with new dental pulp tis-
sues, and odontoblast-like cells and neovascu-
larization were seen in the new tissues.

Angiogenesis is a crucial cellular morphogene-
sis process through which new blood vessels 
grow from existing blood vessels, penetrate the 
extracellular matrix, and generate new blood 
vessels to meet local metabolic needs [19, 20]. 
Promoting angiogenesis has been emphasized 
as a key strategy in regenerative medicine, 
which stimulates the repair of damaged tis-
sues, such as bone, cartilage, muscles, and 
nerves, by providing effective nutrition and oxy-
gen [21, 22]. Angiogenesis is thought to be an 
important factor in pulp regeneration, because 
only blood vessels are generated in the canal 

space, leading to the long-term stability of the 
newly formed tissues [5]. In the iRoot BP+rBMSC 
group, iRoot BP slowed the absorption of colla-
gen, but the neovascularization near BP1/3 
was significantly higher than it was at the other 
sites, indicating that iRoot bp significantly pro-
motes the regeneration of blood vessels.

Markers such as DMP1, DSPP, ALP, OCN, and 
RUNX2 are commonly used to evaluate the 
odontogenic differentiation of stem cells from 
different sources [23, 24]. In our study, we 
chose DSPP as a marker of odontogenic differ-
entiation. VEGF plays an important role in 
angiogenesis by promoting endothelial cell pro-
liferation, increasing vascular permeability, and 
changing the biological effects of the extracel-
lular matrix [25]. In this study, the PGP9.5 pro-
tein was selected to reflect the nervous system, 
because it is a specific marker of neurons and 
nerve fibers and reflects the degree of damage 
and repair of neurons and nerve fibers [26]. The 
IHC of DSPP, VEGF, and PGP9.5 showed that 
iRoot BP promotes the differentiation of mes-
enchymal stem cells into dentin and generated 
pulp-like tissue with blood vessels and nerves. 

In summary, this study shows that iRoot BP has 
a significant role in promoting pulp regenera-
tion and the formation of new blood vessels, 
and it has a good biocompatibility with the 
pulp-like tissues in the body.
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