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Abstract

Objectives To investigate in vitro effects of a nanoparticle bioceramic material, iRoot BP Plus, on stem cells from apical
papilla (SCAP) and in vivo capacity to induce pulp-dentin complex formation.

Materials and methods The sealing ability of iRoot BP Plus was measured via scanning electron microscopy (SEM). SCAP
were isolated and treated in vitro by iRoot BP Plus conditioned medium, with mineral trioxide aggregate (MTA) conditioned
medium and regular medium used as controls, respectively. Cell proliferation was assessed by BrdU labeling and MTT
assay and cell migration was evaluated with wound healing and transwell assays. Osteo/odontogenic potential was evaluated
by Alizarin red S staining and qPCR. Pulp-dentin complex formation in vivo was assessed by a tooth slice subcutaneous
implantation model.

Results iRoot BP Plus was more tightly bonded with the dentin. There was no difference in SCAP proliferation between
iRoot BP Plus and control groups (P> 0.05). iRoot BP Plus had a greater capacity to elevated cell migration (P <0.05) and
osteo/odontogenic marker expression and mineralization nodule formation of SCAP compared with MTA groups (P <0.05).
Furthermore, the new continuous dentine layer and pulp-like tissue was observed in the iRoot BP Plus group in vivo.
Conclusions iRoot BP Plus showed excellent sealing ability, promoted the migration and osteo/odontogenesis of SCAP
and induced pulp-dentin complex formation without affecting the cell proliferation, which indicated iRoot BP Plus was a
promising coronal sealing material in REPs.

Clinical relevance The coronal sealing materials play crucial roles for the outcomes of REPs. This study showed that iRoot
BP Plus has good coronal sealing and promote pulp-dentin complex formation compared with MTA, providing experimental
evidences for the clinical application of iRoot BP Plus as a promising coronal seal material in REPs.

Keywords Regenerative endodontic procedures - iRoot BP plus - Stem cells from apical papilla - Coronal sealing material -
Pulp-dentin complex formation - Osteo/odontogenic differentiation

Introduction

Immature permanent teeth that have erupted but have not

reached the plane have short roots and an open apex, and

. continue to develop the roots after eruption. Pulp necro-
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are caused by caries, trauma, and tooth abnormalities [1].

Pulp necrosis leads to the interruption of root development

and further reduces the physiological function and lifespan
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to replace damaged structures, including dentine and root

structures, as well as cells of pulp-dentine complex [2]. After

implementing the REPs, continued root development and
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ideal circumstances. Therefore, REPs are the most desirable
treatment for pulp necrosis of immature permanent teeth.

For a favorable prognosis, effective root canal disinfec-
tion, a good coronal seal, and appropriate intracanal scaf-
folds are critical factors for REPs [3]. Optimum coronal
sealing materials must be noncytotoxic, easy to operate,
chemically and mechanically stable, and osteo/odontoinduc-
tive [3]. Mineral trioxide aggregate (MTA) has been used
extensively as pulp capping, root filling and repair materi-
als, because of its biocompatibility [4, 5]; therefore, it is
often regarded as the gold standard for evaluating congeneric
new biomaterials [6]. However, MTA presents disadvan-
tages such as its grainy consistency, discoloration potential,
toxic components and complex operation procedures, which
increase the risk of contamination [7]; thus, the clinical
application of MTA in REPs is limited. Therefore, a novel
ready-to-use biomaterial that does not lead to discoloration
and possesses excellent biocompatibility must be developed
for ideal coronal sealing in REPs.

iRoot BP Plus (Innovative Bioceramix, Vancouver, BC,
Canada) is a laboratory-synthesized, premixed, ready-to-use,
nanoparticulate bioceramic material developed for permanent
root canal repair and surgical use [8]. The main components
of iRoot BP Plus are calcium silicates and monobasic
calcium phosphate, which facilitate cytocompatibility [8].
It has reported that cells exposed to iRoot BP Plus revealed
a similar cytocompatibility as MTA [9-11]. Studies have
shown that iRoot BP Plus could release more Si ions than
MTA, which can promote the functions of stem cell [12]. In
addition to material components, the material bioactivity can
also affect the cellular response [13]. The excellent apatite-
forming ability of iRoot BP Plus may play an important
role in improving the bioactivity and biocompatibility of
materials required for tissue regeneration [12]. Various
in vitro and in vivo studies have demonstrated that iRoot BP
Plus upregulates the expression of mineralization-related
genes [12, 14], which suggests that iRoot BP Plus represents
a pulp capping material. However, performing endodontic
procedures on non-vital immature permanent tooth is a major
challenge for clinicians. Moreover, whether iRoot BP Plus is
appropriate as a coronal sealing material during REPs is not
fully understood and requires further study.

The potential of REPs is in large part due to advancements
in three key factors-based tissue engineering. Therefore, the
cellular functions of dental stem cells that homing to root
canal are crucial to the successful prognosis of REPs. Stem
cells from apical papilla (SCAP) are a unique dental stem
cell isolated from apical papilla tissue, which is the core
tissue for root development of immature permanent tooth
[15]. SCAP exhibit an elevated proliferative capacity and
differentiate into odontoblasts, which play an important
role in the formation of dental pulp and dentin [16]. In the
apical periodontitis of immature permanent teeth, SCAP
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still survive and even maintain their stemness; therefore,
they have been considered to be the most important source
of stem cells for continued root development as well as
apical closure [17]. In REPs, SCAP are homing to the
root canal, which has a blood supply, and differentiate into
odontoblasts, which participate in the process of pulp-dentin
tissue regeneration [18]. Therefore, the biological effects of
coronal sealing material on SCAP mainly determine the
therapeutic outcomes of REPs, including cell viability,
migration, and osteo/odontogenic differentiation of SCAP.

To the best of our knowledge, the cellular responses
of SCAP under iRoot BP plus have not been reported.
Therefore, this study evaluated the effects of iRoot BP Plus
on the proliferation, migration, and differentiation of SACP
in vitro and performed histological analyses of pulp-dentin
complex regeneration in vivo.

Materials and methods
Isolation and characterization of SCAP

Caries-free, impacted third molars with immature roots
were collected from the outpatient operating room at
the Affiliated Stomatology Hospital of China Medical
University. Informed consent was obtained from patients
and parents (patients 15-18 years old). The experiment
was approved by the Ethics Committee of the School
of Stomatology, China Medical University (201315).
The SCAP were harvested and cultured as previously
described [19]. 4 mg/mL Dispase II (Boehringer
Ingelheim, Mannheim, Germany) and 3 mg/mL
collagenase I (Worthington Biochemical Co., Lakewood,
CO, USA) were used to digest the apical papilla tissue.
Single-cell suspensions were cultured in alpha minimum
essential medium (a-MEM; HyClone, Logan, UT, USA)
supplemented with 15% fetal bovine serum (FBS; MRC,
Jiangsu, China), 100 U/mL penicillin-streptomycin
(HyClone) and 0.1 mM L-ascorbic acid (Sigma-Aldrich, St.
Louis, MO, USA) and incubated at 37°C (5% CO,). Cells
at passages 3-5 were used for subsequent experiments.
SCAP at the 5th passages were used for multipotent
differentiation capacity into neurogenesis and osteogenesis.
For neurogenic differentiation, SCAP were inoculated
at 4 x 10* cells/well on a 24-well plate. After 1 day, the
medium was exchanged with a neurogenic culture medium
and cultured for 10 days. The expression of -III Tubulin
was detected by immunofluorescence staining. For
osteogenic differentiation, SCAP at 70-80% confluence
were cultured in an osteogenesis culture medium and
changed every 2-3 days.

After 3 weeks, the cultured cells were stained with
2% Alizarin red S for mineralized nodule formation. For
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cell surface marker analysis, SCAP were prepared at a
density of 1x 10° cells per 100 pL. Then 1 pL CD45,
CD73, CD90, CD105 antibodies labelled with PE and
CD34 labelled with FITC (1:100, BD Biosciences) were
added to cell suspension and incubated for 60 min. The
expression of each surface marker was detected by flow
cytometry (Becton-Dickinson, Islandia, NY, USA).

Sealing ability assay

Healthy premolars were obtained as discarded biological
samples for orthodontic reasons. The endodontic access
cavity was prepared in every premolar and the root canal
orifices were located. The prepared roots were irrigated
with 17% EDTA and dried with paper points. Then,
the teeth were randomly divided into two experimental
groups. In group A, iRoot BP Plus as capping material,
and MTA as capping material in group B. After the
materials were completely solidified, the teeth were cut
in half longitudinally. The distance between the coronal
sealing materials and root canal walls was detected using
a scanning electron microscope (SEM).

Material preparation

iRoot BP Plus and MTA (Dentsply Tulsa Dental, Tulas,
OK, USA) were prepared according to the manufacturer’s
instructions and placed into sterile cylinder plastic moulds
(13 mm in diameter and 1 mm in height). The materials
were stored at 37°C and 100% humidity until completely
solidification. After separation from the moulds, samples
were incubated in 1 mL of a-MEM, (HyClone, UT,
USA) for 72 h at 37°C to produce the material extract,
followed by filtration and preparation of several dilutions
(undiluted, 1/2 and 1/4) of the conditioned medium
supplemented with 15% FBS for use. The pH of the
extracts was measured with a pH meter (INESA Scientific
Instrument Co., Shanghai, China). The ratio of material
surface area to medium volume was set at approximately
3 cm? mL! in accordance with the guidelines of the
International Organisation for Standardisation 10993
(12: 10.3.3).

BrdU labeling assay

SCAP (2x 10* /well) were seeded on glass coverslips
placed inside a 24-well plate. Cells were treated with BrdU
solution (1:100) for 20 h, and DNA synthesis was detected
by BrdU staining kit (Invitrogen, NY, USA) according to the
manufacturer’s instructions. The percentages of BrdU-positive
cells were calculated.

Methylthiazolyldiphenyl-tetrazolium bromide
(MTT) assay

SCAP were seeded into 96-well plates at a density of
5% 103 cells per well and incubated in conditioned
medium. Cell proliferation was measured by an MTT
assay. Briefly, at 1, 3, 5 and 7 days, the cells were
rinsed with sterilized PBS and incubated with the MTT
reagent (Life Technologies, NY, USA) at 37 ‘C for 4 h.
Subsequently, DMSO (Sigma-Aldrich) was added to the
cells to dissolve the crystals. Absorbance was detected
at a wavelength of 540 nm via using a microplate reader
(Tecan, Salzburg, Austria).

Wound healing assay

SCAP were seeded at the density of 5x 10° cells per well on
6-well plates. After SCAP reached 90% confluence, a scratch
in the cells was made with a 200pL pipette tip. Cell debris
were removed and cell incubated in conditioned medium for
12 and 24 h, respectively. The samples were observed under
a phase-contrast microscope, and 5 images per specimen
were obtained for gap distance analysis by using Image J
software.

Transwell migration assay

SCAP were suspended in the upper chamber of a 24-well
transwell system in FBS-free medium at a density of
1% 10° cells/ well, and 800 pL of material extracts were
added to the lower chambers. After 24 h, the migrated
cells were fixed with 4% paraformaldehyde and stained
using 1% crystal violet. The number of migrated cells was
counted under optical microscopy in 5 random fields.

Osteo/odontogenic differentiation assay

SCAP were seeded at the density of 1x 10° cells per well
into 6-well plates. After 3 days, the medium was replaced
by an oosteo-/odontogenic medium and changed every
2-3 days.

Quantitative real-time reverse-transcriptase
polymerase chain reaction (qRT-PCR)

At days 7, the expression of Alkaline PhosPhatase (ALP)
and Dentin sialophosphoprotein (DSPP), was evaluated by
using GoTaq® qPCR Master Mix (Promega Corporation,
Madison, WI, USA) with the gene-specific primers. The
gene-specific primers were as follows:
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ALP forward primer, 5’-CATCGCCTATCAGCTAAT
GCACA-3’;

ALP reverse primer, 5’-ATGAGGTCCAGGCCATCC
AG-3’;

DSPP forward primer, 5’-CAGCCAGGCAGAAGCATG
TC-3’;

DSPP reverse primer, 5’-GGGCGAAGGCTCCAGAGG
A-3’;

GAPDH forward primer, 5’-GGCACAGTCAAGGCT
GAGAATG-3’;

GAPDH reverse primer, 5’-ATGGTCATGCAAGACGCC
AGTA-3".

Alizarin red S staining

After 28 days in osteogenic medium, the cells were fixed in
10% formalin for 15 min and stained with 2% Alizarin red
S for 5 min. After three times washing with distilled water,
calcium nodules were observed via using an optical micros-
copy and measured with ImagelJ software.

Tooth slice subcutaneous implantation model

Healthy premolars were obtained as discarded biological
samples for orthodontic reasons. The roots of premolars were
sectioned horizontally into 5 mm slices. In order to com-
pletely remove the pre-dentin and odontoblast layer, more
than 1 mm of dentin (the whole pre-dentine and partial den-
tine) was carefully removed from the inner wall of root canal
with a fissure bur. 17% EDTA was used to treat tooth frag-
ments for 15 min, and then the tooth fragments were washed
in deionized water for 10 min by an ultrasonic cleaner. The
EDTA chelation and rinsing process was repeated for twice
[19]. The tooth fragments were maintained in sterile phos-
phate buffered saline (PBS) with penicillin (100 U/ml) and
streptomycin (100 mg/ml) at 4°C. One of the tooth slice ori-
fices was sealed with MTA or iRoot BP Plus and then were
sterilized at 120°C for 20 min. Tooth slices were divided
into 2 groups: (1) iRoot BP Plus (2) MTA. The root canal
spaces of the root slices were filled with the gelatine sponge
containing 5x 10° SCAP, and implanted subcutaneously on
to the backs of immunodeficient mice. Each group contained
five replicates. After 2 months, the samples were harvested,
fixed in 4% paraformaldehyde, decalcified with ethylenedi-
aminetetraacetic acid. 5 um thick sections were produced to
histology analysis.

Statistical analysis
All data were expressed as mean + standard deviation (SD)

and analyzed using one-way analysis of variance (ANOVA)
with SPSS 22.0. P <0.05 was considered significant.
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Results
Characterization of SCAP

SCAP are spindle-shaped cells in primary culture (Fig. S1a).
In terms of the multipotent differentiation potential, SCAP
expressed B-1II tubulin, a neurogenic marker (Fig. S1b),
and exhibited Alizarin red-positive mineralized nodules
(Fig. S1c) after induction. In addition, flow cytometry analy-
sis demonstrated that SCAP were positive for mesenchymal
stem cell markers (CD73, CD90, and CD105) but negative
for hematopoietic stem cell markers (CD34, and CD45)
(Fig. S1d and e).

Coronal sealing of iRoot BP Plus

One of the most imperative properties that coronal filling
material should have in addition to biocompatibility
is sealing ability, which prevents the ingress of
microorganisms and determines the success of the REPs [3].
To simulate clinical procedure of coronal filling material in
REPs, 3 mm-deep iRoot BP Plus and MTA were set near
the root canal orifice in our study to investigate the coronal
sealing ability. A SEM examination of the coronal sealing
material showed that iRoot BP Plus was tightly connected
with the dentin, whereas the obvious marginal gap in the
MTA group is observed (Fig. 1a). These data demonstrated
that iRoot BP Plus showed excellent sealing as a coronal
filling material.

iRoot BP Plus had no effects on SCAP proliferation

In order to clarify the effects of iRoot BP Plus on the cell
properties of SCAP, extraction media of iRoot BP Plus and
MTA was prepared (Fig. 1b). We firstly evaluated the pH
values of the three media. The pH of the iRoot BP Plus
extracts was 8.82 +0.089, which was significantly higher
than that of the control medium (7.60+0.116) (P <0.001);
However, the pH values of the iRoot BP Plus and MTA
groups did not significantly differ (P >0.05) (Fig. 1c).

We next prepared different dilutions (undiluted and 1/2
and 1/4 dilutions) of the conditioned medium and inves-
tigated the possible effects of the material conditioned
medium on SCAP proliferation through Brdu labeling assay.
The Brdu-positive cell ratio of SCAP in iRoot BP Plus group
was not significantly different relative to that of the MTA
group or control group (Fig. 2a and b). Moreover, signifi-
cant differences were not observed in the Brdu-positive cell
ratio of SCAP for the different concentration extracts of the
iRoot BP Plus and MTA groups (P> 0.05) (Fig. 2a and b).
And there were no statistically significant differences in the
proliferation rates of SCAP at day 1, 3, 5, 7 among the iRoot
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Fig. 1 The coronal sealing and pH of iRoot BP Plus. (a) The SEM
showed that there are only tiny cracks between iRoot BP Plus and
dentin, whereas the obvious marginal gaps in the MTA group are
observed. (b) Schema indicate the protocol for the preparation of lig-
uid extracts of iRoot BP Plus and MTA. (¢) The pH value of iRoot

BP Plus, MTA and control groups (P> 0.05) (Fig. 2c) as
assessed by MTT assay. Analysis of these results suggested
that iRoot BP Plus had no effects on SCAP proliferation.

iRoot BP Plus promoted SCAP migration

We further explore whether iRoot BP Plus affected SCAP
migration. We found that iRoot BP Plus had a greater capac-
ity to elevate SCAP migration than the MTA and control
groups (P <0.05) (Fig. 3a and b). In addition, the wound clo-
sure percentage of SCAP was significantly enhanced in the
iRoot BP Plus group in a concentration-dependent manner at
12 and 24 h relative to that of the controls, although a similar
elevation was observed in the MTA group (P <0.05) (Fig. 3a
and b). The wound healing assay also showed that high doses
of iRoot BP Plus (undiluted and 1/2 diluted) significantly
elevated the wound closure of SCAP, especially with the
undiluted solution (P < 0.05). Furthermore, the low dose of
iRoot BP Plus (1/4 diluted) did not have a significant effect
on the migration of SCAP (P> 0.05) (Fig. 3a and b). High
doses of MTA (undiluted and 1/2 diluted) also improved the

BP Plus liquid extracts was higher than that of the control group
(P<0.001), however, the pH values of the iRoot BP Plus and MTA
groups did not significantly differ (P>0.05). NS=no significant dif-
ference, Error bars: means + SD

wound closure of SCAP (P <0.05), while the low dose (1/4
diluted) showed a similar migration ability as the control
(P>0.05) (Fig. 3a and b). The result was also confirmed by
subsequent transwell assays. At 24 and 36 h, there were more
migrated SCAP among the iRoot BP Plus treated SCAP than
among the MTA treated SCAP in a concentration dependent
manner (P <0.05) (Fig. 3c and d; Fig. S2a and b). Therefore,
these data indicated that iRoot BP Plus significantly elevated
SCAP migration in vitro.

iRoot BP Plus improved the osteo-/odontogenic
differentiation of SCAP

The odontogeneic potential of SCAP plays a critical role in
pulp-dentine tissue regeneration and the continued develop-
ment of the roots in immature permanent teeth [18]. Here,
we used iRoot BP Plus, MTA, and control media to treat
SCAP and then cultured cells under osteo-inductive condi-
tions. As shown in Fig. 4a and b, iRoot BP Plus and MTA
groups formed more noticeable mineral nodules than control
group in a concentration-dependent manner as assessed by
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Fig. 2 iRoot BP Plus had no effects on SCAP proliferation. (a and b)
Brdu labeling assay showed that the cell proliferation of SCAP cul-
tured in iRoot BP Plus conditioned medium had no significant differ-
ences when compared with the MTA and control groups (P> 0.05).
And there were no significant differences in Brdu-positive cell ratio

Alizarin red staining (Fig. 4a and b, P <0.05). In addition,
the formation of mineralized nodules was elevated in the
iRoot BP Plus group relative to the MTA group (P <0.05)
(Fig. 4a and b). The result was also confirmed by the subse-
quent qRT-PCR assay. The ALP and DSPP mRNA level of
SCAP were enhanced in the iRoot BP Plus group relative to
the MTA and control group (Fig. 4c and d, P <0.05). iRoot
BP Plus significantly elevated the expression of ALP and
DSPP of SCAP at all doses, especially extracts at 1/4 dilu-
tion (Fig. 4c and d, P <0.05). These results demonstrated
that iRoot BP Plus exerted great osteo-/odontogenic poten-
tial in a concentration-dependent manner.
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of SCAP among the different concentration extracts of iRoot BP Plus
groups, which also seen in MTA groups (P> 0.05). (¢) MTT assay
showed that iRoot BP Plus conditioned medium had no significant
effects on SCAP activities when compared with the MTA and control
group at day 1, 3, 5 and 7 (P>0.05). Error bars: means +SD

iRoot BP Plus promoted SCAP-based pulp-dentine
complex regeneration in vivo

To determine the in vivo capacity of inducing pulp-dentin
complex of iRoot BP Plus as a coronal sealing material, we
constructed a subcutaneous tooth slice implantation model.
The procedure was shown as Fig. 5a. The tooth fragments
were harvested after a 2-month implantation. H&E staining
showed that a new continuous dentine layer was regenerated
in the iRoot BP Plus group, in which considerably more
odontoblast-like oriented cells were uniformly distributed
over the pre-dentine border, thus forming odontoblast-like
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Fig.3 iRoot BP Plus promoted
the cell migration of SCAP. (a
and b) The wound healing assay
showed that iRoot BP Plus had
a greater capacity to elevate
SCAP migration than MTA and
control groups (P <0.05). iRoot
BP Plus significantly enhanced
the wound closure percentage
of SCAP in a concentration
dependent manner at 12 and

24 h when compared to controls
(P<0.05). (c and d) Transwell
cell migration assay showed that
more migrated SCAP among
the iRoot BP Plus treated SCAP
than among the MTA treated
SCAP at 36 h in a concentration
dependent manner (P <0.05).
Error bars: means +SD
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Fig.4 iRoot BP Plus enhanced the osteo-/odontogenic differentiation
of SCAP. (a and b) iRoot BP Plus groups formed more noticeable
mineral nodules than MTA and control groups in a concentration-
dependent manner as assessed by Alizarin red S staining (P <0.05).

oriented cells in the dentinal tubules (Fig. 5b). However, an
obvious pre-dentine and odontoblast layer was not observed
in the MTA group (Fig. 5b). In addition, the dental pulp
fibroblasts appeared as an interwoven mesh in the root canal
in both the iRoot BP Plus and MTA groups, whereas the
collagen fibrillar network was more compact and more obvi-
ous vascularization was found in the iRoot BP Plus group.
(Fig. 5b). The thickness of the new dentine was significantly
elevated in iRoot BP Plus group when compared with the
MTA group, and the number of odontoblast-like oriented
cells in iRoot BP Plus group was higher than MTA group
(P<0.001) (Fig. 5c and d). Taken together, these experi-
mental evidences suggested that iRoot BP Plus promoted
SCAP-based dentine-pulp complex regeneration in vivo.

Discussion
REPs represent a new strategy for the treatment of immature

teeth with necrotic pulp. Based on the triad of tissue
engineering concept, REPs are aimed at inducing stem cells

@ Springer

(c and d) iRoot BP Plus significantly elevated the expression of
ALP and DSPP of SCAP at all doses, especially extracts at 1/4 dilu-
tion, relative to the MTA and control group (P<0.05). Error bars:
means +SD

and growth factors based on blood flow from the periapical
tissues into the chemomechanically debrided canal space of
teeth for possible pulp tissue regeneration [18]. In REPs,
a tight coronal seal can isolate the root canal from the
external surface of the tooth and prevent reinfection, which
is beneficial to pulp tissue regeneration [3]. Therefore, a
good coronal seal is a crucial factor for achieving a favorable
prognosis. An ideal coronal sealing material would adhere
and adapt to the walls of the cavity, prevent the leakage of
micro-organisms and their toxins into the cavity, and have
dimensional stability and biocompatible properties [3].
SEM examinations represent a suitable method for assessing
marginal adaptation because of their high magnification and
fine resolution [20]; therefore, it was used to determine the
marginal adaptation in the present study. Our studies found
that the marginal adaptation of iRoot BP Plus was better than
that of MTA, which may be related to the setting properties
of MTA. According to the manufacturer’s instruction, MTA
must be mixed with sterile water to reach a sandy consistency
[21, 22]. In addition, the addition of bismuth oxide decreases
the marginal adaptation ability of MTA by destroying its
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mechanical stability [23]. Compared with MTA, the finer
particles and dimensional stability during setting of iRoot
BP Plus may lead to a better sealing ability [24]. Thus,
iRoot BP Plus had a better marginal adaptation ability than
MTA. In addition, some studies reported that EDTA was
able to interfere with the hydration reaction during MTA
solidification, resulting in the decreased physical properties
and poor biocompatibility of MTA [25-27]. The above
findings indicated that, in REPs, 17% EDTA as the final
rinsing might lead to the untight adhesion of MTA and
dentin. And our study also found that there was an obvious
void between MTA and dentin by SEM observation, but not
between iRoot BP Plus and dentin, providing evidences for
iRoot BP Plus as a promising coronal seal material in REPs.

We aimed to simulate the clinical circumstance of REPs
in which the contact between SCAP and coronal sealing
material occurred indirectly through blood clots [18]. The
concentration of material components in contact with SCAP
may be gradually decreased, because the soluble components
are continuously diluted in physiological fluids during the
coagulation reactions [18, 28]. Thus, conditioned mediums
of the iRoot BP Plus and MTA at various concentrations
were prepared in this study. SCAP possess self-renewal and
multipotent differentiation properties [15]. Since SCAP
enter the root canal with blood in REPs, SCAP have been
considered to be the most critical cell source for pulp-dentine
regeneration [17]. Therefore, excellent biocompatibility
with SCAP is an essential prerequisite of successful coronal
sealing material used in REPs. Cell proliferation is important
characteristics for assessing the biocompatibility of dental
materials, so Brdu labeling and MTT assays were performed
to evaluate cell proliferation in this study. The proliferation
rate of SCAP in iRoot BP Plus groups were not significantly
different relative to that of the MTA group or control group
ondays 1, 3, 5, and 7. These results indicated that iRoot BP
Plus is a safe coronal sealing material without cytotoxicity.
By contrast, studies have reported that iRoot BP Plus slightly
suppressed the viability of dental pulp cells relative to that
of the MTA group [29], and Zhu et al. reported that the
iRoot BP Plus promoted the viability of dental pulp stem
cells (DPSCs) [12]. These inconsistencies may be related to
the different cell lines, stimulation modes, and setting times
applied for the test materials.

Based on cell homing theory, REPs achieve pulp tissue
regeneration by modulating the migration and differentiation
of endogenous stem cells residing around the root apex [18].
Endogenous progenitor cell migration is one of the prereq-
uisites for pulp-dentine regeneration in REPs [30]. iRoot BP
Plus has been shown to accelerate the cellular migration of
DPSCs [12, 31]. In this study, we further found that iRoot
BP Plus enhances the migration of SCAP in a concentration-
dependent manner, which may affect the next phase of the
interaction, which involves odontoblastic differentiation and

mineralization, and determine the final curative effect of
REPs. In addition, our results revealed that diluted extracts
of iRoot BP Plus also promote SCAP migration compared
with the MTA and control groups, which suggested that
when the bioactive components of iRoot BP Plus infiltrate
into the apical, they still have a strong ability to recruit
SCAP into the root canal. However, limited information is
available on the detailed mechanisms underlying iRoot BP
Plus-mediated SCAP migration; thus, further investigation
is required.

An ideal coronal sealing material should promote osteo/
odontogenic differentiation of stem cells homing to the root
canal, which resulted in the regeneration of pulp-dentin
complex. As calcium silicate-based biomaterials, both iRoot
BP Plus and MTA had stronger effects on promoting osteo/
odontogenic differentiation through Ca and Si ion release
[29, 32, 33]. Furthermore, the release of Si ions and the
associated alkalinity inhibits osteoclastogenesis and bone
resorption [34]. In the present study, both iRoot BP Plus
and MTA had a superior promotion on the osteo/odonto-
genic differentiation of SCAP than the control group, and
iRoot BP Plus had a significantly stronger capacity, which
is consistent with previous studies [29, 32]. In addition, our
results revealed that low-concentration extracts of iRoot BP
Plus presented significantly higher osteo/odontogenic dif-
ferentiation of SCAP compared with the other groups, which
suggested that iRoot BP Plus may also promote the osteo/
odontogenic differentiation of SCAP at the apex, thus induc-
ing apical barrier formation and promoting root develop-
ment. What’s more, in this study, we evaluated the in vivo
osteo/odontogenesis of SCAP and confirmed that iRoot BP
Plus had a good promotion on the formation of SCAP-based
pulp-dentin complex in vivo. These data demonstrated that
iRoot BP Plus presented a good ability to boost the osteo/
odontogenic differentiation of SCAP.

Furthermore, calcium hydroxide as the main component
of MTA and iRoot BP Plus, when it reacts with body fluids,
will turn it into an alkaline medium [35]. High alkaline pH
has been reported to alter the integrity of the cytoplasmic
membrane and microbial activity [36]. According to the
results of our experiment, the pH value of iRoot BP Plus
and MTA did not significantly differ, which may suggest
that iRoot BP Plus has similar antibacterial properties as
MTA [37]. Moreover, iRoot BP Plus overcomes the draw-
backs of MTA. Unlike MTA, iRoot BP Plus is ready-to-use,
more clinically operational, and aluminum-free, and it apply
tantalum and zirconium oxide instead of bismuth oxide as
a radiopacifiers; therefore, harmful components are not
released after curing and tooth discoloration does not occur
[38]. Therefore, iRoot BP Plus is considered a promising
alternative to MTA as a coronal sealing material in REPs.

As far as we know, the current reports of iRoot materials
mainly focus on iRoot FM. Investigators demonstrated that
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«Fig.5 iRoot BP Plus promoted SCAP-based pulp-dentine com-
plex regeneration in vivo. (a) The images showing the procedure of
tooth slice with SCAP implanted subcutaneously on to the backs of
immunodeficient mice. (b) HE staining showed that there was a new
formed continuous dentine layer (dotted line) and lots of odontoblast-
like oriented cells, bursting into dentinal tubules. The dental pulp
fibroblasts were interwoven mesh in the root canal and lots of angio-
genesis in the iRoot BP Plus group. (¢) Quantiative analysis showed
that the thickness of the new dentine and the number of odontoblast-
like oriented cells in iRoot BP Plus group were significantly increased
when compared with the MTA and control groups (P <0.001). Error
bars: means + SD

iRoot FM showed a satisfactory antibacterial property with-
out cytotoxicity to SCAP, so that can be used as intracanal
medicaments for endodontic treatment [39]. Moreover, our
previous study showed that iRoot FS improved the osteo/
odontogenesis of dental stem cells and had a potential appli-
cation as an apical sealing material in apexification [40].
However, the biological basis of iRoot BP Plus as a crown
sealing material for REPs remains unclear, especially the
effects of iRoot BP Plus on SCAP. In this study, we set the
concentration gradient of material extract to simulate the
clinical circumstance of REPs, and studied the effects of
iRoot BP Plus on the entire cellular responses of SCAP. In
addition, we further verified that iRoot BP Plus can promote
pulp-dentine complex regeneration in vivo.

Conclusion

iRoot BP Plus showed excellent sealing ability and promoted
the migration and osteo/odontogenesis of SCAP without
cytotoxicity. Furthermore, iRoot BP Plus promoted SCAP-based
pulp-dentine complex regeneration in vivo. Thus, the results of
the present study provided new experimental evidences for the
clinical application of iRoot BP Plus as a promising coronal
sealing material in REPs.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00784-023-05468-3.

Acknowledgements This work was supported by grants from the
People’s Livelihood Science and Technology Plan of Liaoning
Province(2021JH2/10300038 to Y.L.) .

Author contribution Ning Yang: Designed the study, data collection,
data analysis and interpretation, manuscript writing. Wenxiao Yang:
Designed the study, data collection, data analysis and interpretation.
Rou Shen: Data collection. Shengcai Zhang: Data collection. Tianchi
Ma: Data collection, data analysis and interpretation, manuscript
writing. Yao Liu: Conception and design, financial support, data
analysis and interpretation, manuscript writing. All authors read and
approved the final manuscript.

Funding This work was supported by grants from the Liaoning Province
Livelihood Science and Technology project (2021JH2/10300038).

Declarations

Ethics approval and consent to participate SCAP were obtained from
donors after approval from the Ethics Committee of the School of
Stomatology, China Medical University (201508). The study was
approved by the Ethics Committee of the China Medical University
(22021211).

Informed consent Not applicable.

Competing interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Kahler B, Rossi-Fedele G, Chugal N, Lin LM (2017) An evi-
dence-based review of the efficacy of treatment approaches
for immature permanent teeth with pulp necrosis. J Endod
43:1052-1057. https://doi.org/10.1016/j.joen.2017.03.003

2. Murray PE, Garcia-Godoy F, Hargreaves KM (2007) Regenera-
tive endodontics: a review of current status and a call for action.
J Endod 33:377-390. https://doi.org/10.1016/j.joen.2006.09.013

3. Law AS (2013) Considerations for regeneration procedures. J
Endod 39:544-56. https://doi.org/10.1016/j.joen.2012.11.019

4. Parirokh M, Torabinejad M, Dummer PMH (2018) Mineral
trioxide aggregate and other bioactive endodontic cements:
an updated overview-part I: Vital pulp therapy. Int Endod J
51:177-205. https://doi.org/10.1111/iej.12841

5. Torabinejad M, Parirokh M, Dummer PMH (2018) Mineral triox-
ide aggregate and other bioactive endodontic cements: An updated
overview-part II: Other clinical applications and complications.
Int Endod J 51:284-317. https://doi.org/10.1111/iej.12843

6. Eid AA, Hussein KA, Niu L et al (2014) Effects of tricalcium
silicate cements on osteogenic differentiation of human bone
marrow-derived mesenchymal stem cells in vitro. Acta Biomater
10:3327-3334. https://doi.org/10.1016/j.actbio.2014.04.006

7. Parirokh M, Torabinejad M (2010) Mineral trioxide aggregate: A
comprehensive literature review-Part III: Clinical applications,
drawbacks, and mechanism of action. J Endod 36:400—413.
https://doi.org/10.1016/j.joen.2009.09.009

8. Abou EIReash A, Hamama H, Grawish M et al (2021) A labora-
tory study to test the responses of human dental pulp stem cells to
extracts from three dental pulp capping biomaterials. Int Endod J
54:1118-1128. https://doi.org/10.1111/iej.13495

9. De-Deus G, Canabarro A, Alves GG et al (2012) Cytocompat-
ibility of the ready-to-use bioceramic putty repair cement iRoot
BP Plus with primary human osteoblasts. Int Endod J 45:508-513.
https://doi.org/10.1111/§.1365-2591.2011.02003.x

10. Jiang Y, Zheng Q, Zhou X et al (2014) A comparative study on
root canal repair materials: a cytocompatibility assessment in

@ Springer


https://doi.org/10.1007/s00784-023-05468-3
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.joen.2017.03.003
https://doi.org/10.1016/j.joen.2006.09.013
https://doi.org/10.1016/j.joen.2012.11.019
https://doi.org/10.1111/iej.12841
https://doi.org/10.1111/iej.12843
https://doi.org/10.1016/j.actbio.2014.04.006
https://doi.org/10.1016/j.joen.2009.09.009
https://doi.org/10.1111/iej.13495
https://doi.org/10.1111/j.1365-2591.2011.02003.x

70

Page 12 of 12

Clinical Oral Investigations (2024) 28:70

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

L929 and MG63 cells. SciWorldJ 2014:463826. https://doi.org/
10.1155/2014/463826

. Adigiizel M, Ahmetoglu F, Eldeniz AU et al (2019) Comparison

of cytotoxic effects of calcium silicate-based materials on human
pulp fibroblasts mehmet. J Dent Res Dent Clin Dent Prospects
13:241-246. https://doi.org/10.15171/joddd.2019.037

ZhuL, Yang J, Zhang J et al (2014) In vitro and in vivo evaluation of a
nanoparticulate bioceramic paste for dental pulp repair. Acta Biomater
10:5156-5168. https://doi.org/10.1016/j.actbio.2014.08.014
Formosa LM, Mallia B, Bull T et al (2012) The microstructure
and surface morphology of radiopaque tricalcium silicate cement
exposed to different curing conditions. Dent Mater 28:584-595.
https://doi.org/10.1016/j.dental.2012.02.006

Shi S, Bao ZF, Liu Y et al (2016) Comparison of in vivo dental
pulp responses to capping with iRoot BP Plus and mineral trioxide
aggregate. Int Endod J 49:154-160. https://doi.org/10.1111/iej.12439
Sonoyama W, Liu Y, Yamaza T et al (2008) Characterization of
the apical papilla and its residing stem cells from human immature
permanent teeth: A pilot study. J Endod 34:166—171. https://doi.
org/10.1016/j.joen.2007.11.021

Sonoyama W, Liu Y, Fang D et al (2006) Mesenchymal stem
cell-mediated functional tooth regeneration in swine. PLoS ONE
1:€79. https://doi.org/10.1371/journal.pone.0000079

Lee BN, Moon JW, Chang HS et al (2015) A review of the regen-
erative endodontic treatment procedure. Restor Dent Endod
40:179. https://doi.org/10.5395/rde.2015.40.3.179

Kim SG, Malek M, Sigurdsson A et al (2018) Regenerative endo-
dontics: a comprehensive review. Int Endod J 51:1367-1388.
https://doi.org/10.1111/iej.12954

Zhuang X, Ji L, Jiang H et al (2020) Exosomes derived from
stem cells from the apical papilla promote dentine-pulp complex
regeneration by inducing specific dentinogenesis. Stem Cells Int
2020:5816723. https://doi.org/10.1155/2020/5816723
Torabinejad M, Smith PW, Kettering JD et al (1995) Comparative
investigation of marginal adaptation of mineral trioxide aggre-
gate and other commonly used root-end filling materials. J] Endod
21:295-299. https://doi.org/10.1016/S0099-2399(06)81004-6
Ber BS, Hatton JF, Stewart GP (2007) Chemical modification
of proroot mta to improve handling characteristics and decrease
setting time. J Endod 33:1231-1234. https://doi.org/10.1016/j.
joen.2007.06.012

Kogan P, He J, Glickman GN, Watanabe I (2006) The effects of
various additives on setting properties of MTA. J Endod 32:569—
572. https://doi.org/10.1016/j.joen.2005.08.006

Camilleri J (2011) Evaluation of the effect of intrinsic material
properties and ambient conditions on the dimensional stability of
white mineral trioxide aggregate and Portland cement. J Endod
37:239-245. https://doi.org/10.1016/j.joen.2010.11.012

Tian J, Zhang Y, Lai Z et al (2017) Ion release, microstructural,
and biological properties of iRoot BP Plus and ProRoot MTA
exposed to an acidic environment. J Endod 43:163-168. https://
doi.org/10.1016/j.joen.2016.10.011

Lee YL, Lin FH, Wang WH et al (2007) Effects of EDTA on the
hydration mechanism of mineral trioxide aggregate. J Dent Res
86:534-538. https://doi.org/10.1177/154405910708600609
Neelakantan P, Berger T, Primus C et al (2019) Acidic and alka-
line chemicals’ influence on a tricalcium silicate-based dental bio-
material. ] Biomed Mater Res B Appl Biomater 107(377-387):1.
https://doi.org/10.1002/jbm.b.34129

Formosa LM, Mallia B, Camilleri J (2014) Push-out bond strength
of MTA with antiwashout gel or resins. Int Endod J 47:454-462.
https://doi.org/10.1111/iej.12169

@ Springer

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Rodrigues C, Costa-Rodrigues J, Capelas JA, Fernandes MH
(2013) Long-term dose-and time-dependent effects of endodontic
sealers in human in vitro osteoclastogenesis. J Endod 39:833-838.
https://doi.org/10.1016/j.joen.2012.11.001

Zhang S, Yang X, Fan M (2013) BioAggregate and iRoot BP Plus
optimize the proliferation and mineralization ability of human
dental pulp cells. Int Endod J 46:923-929. https://doi.org/10.1111/
iej.12082

Plotnikov SV, Waterman CM (2013) Guiding cell migration by
tugging. Curr Opin Cell Biol 25:619-626. https://doi.org/10.
1016/j.ceb.2013.06.003

Zhang J, Zhu LX, Cheng X et al (2015) Promotion of dental pulp
cell migration and pulp repair by a bioceramic putty involving
FGFR-mediated signaling pathways. J Dent Res 94:853-862.
https://doi.org/10.1177/0022034515572020

Oncel Torun Z, Torun D, Demirkaya K et al (2015) Effects of
iRoot BP and white mineral trioxide aggregate on cell viability
and the expression of genes associated with mineralization. Int
Endod J 48:986-993. https://doi.org/10.1111/iej.12393

Wang C, Lin K, Chang J, Sun J (2013) Osteogenesis and angio-
genesis induced by porous -CaSiO(3)/PDLGA composite scaf-
fold via activation of AMPK/ERK1/2 and PI3K/Akt pathways.
Biomaterials 34:64—77. https://doi.org/10.1016/j.biomaterials.
2012.09.021

Wiens M, Wang X, Schroder HC et al (2010) The role of bio-
silica in the osteoprotegerin/RANKL ratio in human osteoblast-
like cells. Biomaterials 31:7716—7725. https://doi.org/10.1016/j.
biomaterials.2010.07.002

ElReash AA, Hamama H, Eldars W et al (2019) Antimicrobial
activity and pH measurement of calcium silicate cements versus
new bioactive resin composite restorative material. BMC Oral
Health 19:235. https://doi.org/10.1186/s12903-019-0933-z
Dianat O, Saedi S, Kazem M et al (2015) Antimicrobial activity
of nanoparticle calcium hydroxide against enterococcus faecalis:
An In vitro study. Iran Endod J 10:39—-43. https://pubmed.ncbi.
nlm.nih.gov/25598808/. Accessed 28 Jun 2023

Parirokh M, Torabinejad M (2010) Mineral trioxide aggregate: A
comprehensive literature review-part I: Chemical, physical, and
antibacterial properties. J] Endod 36:16-27. https://doi.org/10.
1016/j.joen.2009.09.006

Zhou W, Zheng Q, Tan X et al (2017) Comparison of mineral
trioxide aggregate and iRoot BP Plus root repair material as root-
end filling materials in endodontic microsurgery: a prospective
randomized controlled study. J Endod 43:1-6. https://doi.org/10.
1016/j.joen.2016.10.010

BilJ, Liu Y, Liu XM et al (2018) iRoot FM exerts an antibacterial
effect on Porphyromonas endodontalis and improves the proper-
ties of stem cells from the apical papilla. Int Endod J 51:1139—
1148. https://doi.org/10.1111/iej.12923

Liu Y, Liu XM, Bi J et al (2020) Cell migration and osteo/odon-
togenesis stimulation of iRoot FS as a potential apical barrier
material in apexification. Int Endod J 53:467-477. https://doi.org/
10.1111/iej.13237

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1155/2014/463826
https://doi.org/10.1155/2014/463826
https://doi.org/10.15171/joddd.2019.037
https://doi.org/10.1016/j.actbio.2014.08.014
https://doi.org/10.1016/j.dental.2012.02.006
https://doi.org/10.1111/iej.12439
https://doi.org/10.1016/j.joen.2007.11.021
https://doi.org/10.1016/j.joen.2007.11.021
https://doi.org/10.1371/journal.pone.0000079
https://doi.org/10.5395/rde.2015.40.3.179
https://doi.org/10.1111/iej.12954
https://doi.org/10.1155/2020/5816723
https://doi.org/10.1016/S0099-2399(06)81004-6
https://doi.org/10.1016/j.joen.2007.06.012
https://doi.org/10.1016/j.joen.2007.06.012
https://doi.org/10.1016/j.joen.2005.08.006
https://doi.org/10.1016/j.joen.2010.11.012
https://doi.org/10.1016/j.joen.2016.10.011
https://doi.org/10.1016/j.joen.2016.10.011
https://doi.org/10.1177/154405910708600609
https://doi.org/10.1002/jbm.b.34129
https://doi.org/10.1111/iej.12169
https://doi.org/10.1016/j.joen.2012.11.001
https://doi.org/10.1111/iej.12082
https://doi.org/10.1111/iej.12082
https://doi.org/10.1016/j.ceb.2013.06.003
https://doi.org/10.1016/j.ceb.2013.06.003
https://doi.org/10.1177/0022034515572020
https://doi.org/10.1111/iej.12393
https://doi.org/10.1016/j.biomaterials.2012.09.021
https://doi.org/10.1016/j.biomaterials.2012.09.021
https://doi.org/10.1016/j.biomaterials.2010.07.002
https://doi.org/10.1016/j.biomaterials.2010.07.002
https://doi.org/10.1186/s12903-019-0933-z
https://pubmed.ncbi.nlm.nih.gov/25598808/
https://pubmed.ncbi.nlm.nih.gov/25598808/
https://doi.org/10.1016/j.joen.2009.09.006
https://doi.org/10.1016/j.joen.2009.09.006
https://doi.org/10.1016/j.joen.2016.10.010
https://doi.org/10.1016/j.joen.2016.10.010
https://doi.org/10.1111/iej.12923
https://doi.org/10.1111/iej.13237
https://doi.org/10.1111/iej.13237

	In vitro and in vivo evaluation of iRoot BP Plus as a coronal sealing material for regenerative endodontic procedures
	Abstract
	Objectives 
	Materials and methods 
	Results 
	Conclusions 
	Clinical relevance 

	Introduction
	Materials and methods
	Isolation and characterization of SCAP
	Sealing ability assay
	Material preparation
	BrdU labeling assay
	Methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay
	Wound healing assay
	Transwell migration assay
	Osteoodontogenic differentiation assay
	Quantitative real-time reverse-transcriptase polymerase chain reaction (qRT-PCR)
	Alizarin red S staining

	Tooth slice subcutaneous implantation model
	Statistical analysis

	Results
	Characterization of SCAP
	Coronal sealing of iRoot BP Plus
	iRoot BP Plus had no effects on SCAP proliferation
	iRoot BP Plus promoted SCAP migration
	iRoot BP Plus improved the osteo-odontogenic differentiation of SCAP
	iRoot BP Plus promoted SCAP-based pulp-dentine complex regeneration in vivo

	Discussion
	Conclusion
	Acknowledgements 
	References


