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Abstract

Introduction: The constant observation of intracanal calcification in teeth
treated with regenerative endodontic procedures (REPs) has been an issue which
various factors could possibly influence. Bioactive materials, including ProRoot® MTA
and Biodentine'", have been widely used as a coronal barrier in the final step of REPs.
However, the mineralization effect of these materials, when used as such, has not been
investigated. The purposes of this study were to evaluate the effect of either ProRoot®
MTA or Biodentine", after application as the coronal barrier, on transforming growth
factor beta-one (TGF-R1) release from root canal dentin, and to observe the impact of
these materials on human apical papilla cell (APC) mineralization.

Methods: Either ProRoot® MTA or Biodentine™, was applied as a coronal
barrier in the enlarged root canals of human root segments. The segments were stored in
phosphate buffer saline (PBS) for 14 days. Then the amount of TGF-31 was evaluated
using enzyme-linked immunosorbent assay (ELISA). To investigate the effect of the
materials on APC mineralization, APCs from passages 2 and 3 were grown in the
presence of either the materials alone or material-filled root segments using
differentiation medium. Cell mineralization was quantified at 14 and 21 days by alizarin
red S staining and then the amount of calcium deposit was quantitatively analyzed.
Statistical analysis was performed using the Kruskal-Wallis and Mann-Whitney U tests

with the significance level at 0.05.



Results: The greatest amount of TGF-R1 release was observed in the root
segments treated with Biodentine™ compared to those treated with ProRoot® MTA and
the untreated segments. Biodentine™, used either alone or as a coronal barrier, promoted
greater APC mineralization than did ProRoot® MTA, both on days 14 and 21.
Interestingly, when Biodentine™ was applied as a coronal barrier, the mineralization

effect was significantly reduced compared to the use of the materials alone (P <.05).

Conclusions: Biodentine™, when used as a coronal barrier, promoted the
release of TGF-B1 from the root canal dentin. A higher mineralization effect was
observed with BD than with ProRoot® MTA.
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STATEMENT OF ORIGINALITY

This study demonstrated the effect of Biodentine™ and ProRoot® MTA on TGF-R1
release, when each is applied as a coronal barrier in the root canals of human teeth and
the effect of these materials on the mineralization potential of isolated human apical

papilla cells, when each is applied as a coronal barrier in the root canals of human teeth.



CHAPTER 1

Introduction

1.1 Background and rationales

Regenerative endodontic procedures (REPs) are a new alternative treatment
technique, applying the tissue engineering concept, for treating necrotic immature
permanent teeth with apical periodontitis. The ultimate goal of these treatment approaches
is to regenerate/generate the fully functional pulp-dentin complex and encourage the
continuation of root development (1-5). To date, many studies have demonstrated
successful clinical and radiographic outcomes after REPs (3, 6-8). Most of the studies
revealed that teeth that had undergone this treatment approach showed root canal
thickening and tooth elongation (9-15). However, the histologic results from both animal
studies and human case reports have shown that the generated tissues inside the root canal
were not dental pulp tissues, but likely to be periodontal tissues (16, 17). Moreover, in
clinical, the presence of intracanal calcification has been stated as a common finding after
REPs (12, 18, 19). Even though intracanal calcification does not impede healing,
progressive intracanal calcification can affect tooth vitality, and complicate endodontic
treatment and subsequent restoration of the tooth (19, 20). Various factors may be
associated with the causes of intracanal calcification, for example the induction of
bleeding through the root canal and the differentiation of recruited stem cells (5, 19). For
this reason, several fields of exploration have been explored, for example modification of
treatment techniques and selection of materials, in order to reach the ideal treatment

outcome.

Basically, the treatment procedure for REPs includes disinfection steps followed
by regenerative steps. The overall treatment aims to create sterile space for cells/tissues
to regenerate inside the root canal. Recently, the American association of Endodontists
(AAE) has proposed updated guidelines for REPs, which are regularly adjusted following
to the latest evidence.  Most of the techniques have been modified in order to create a

1



better environment for recruiting stem cells and generating tissues. In the past, efforts
have been made focusing on the use of materials of low cytotoxicity, such as low
concentration antibiotics and irrigating solution. The present AAE protocol has already
been adjusted toaccount for changes in the concentrations of both of these agents (21-23).
Currently, one of the clinical steps of interest is a dentin preconditioning step. Several
studies have examined the effect of medicaments and irrigants on dentin, including
changes in dentin morphology, promotion of cell attachment, and expression of growth
factors (24-27), and have reported that the use of calcium hydroxide and
ethylenediaminetetraacetic acid (EDTA) can promote cell attachment and solubilize
growth factors (25, 26, 28), which play a role in cell migration, proliferation and

differentiation of dental stem cells (4, 29).

Growth factors constitute an important component of the tissue engineering
concept. Various types of growth factors are sequestered in dentin matrix during
dentinogenesis and can be released after dental injuries, such as caries or trauma and after
placement of restorations (26, 28, 30-32). Transforming growth factors beta-1 (TGF-R1)
is one of the key factors that plays a role in dental cell differentiation (33-35). Recent
studies have revealed that TGF-R1 acts as a chemo-attractant and can stimulate
differentiation of dental pulp stem cells (DPSCs) into odontoblasts (26, 27). Other studies
also have reported that endodontic disinfectants and irrigating techniques, such as calcium
hydroxide, EDTA and the use of ultrasonic activation, could promote TGF-R1 release
from dentin (26, 28, 36). Additionally, some studies have investigated the effects of
bioactive materials, such as MTA and Biodentine™ on the release of TGF-R1 (30, 35, 37).
Tomson et al. (30) have demonstrated that MTA can increase the level of TGF-R1 released
from dentin. Moreover, both MTA and Biodentine™ can stimulate TGF-R1 secretion from
pulp cells (35). These materials can activate the differentiation of mesenchymal stem cells
into odontoblast-like cells and promote proliferation of mesenchymal stem cells (37).

Conventionally, these bioactive materials are used in the final step of REPs as
coronal barriers to prevent bacterial reinfection, because they can create the perfect seal
(37, 38). However, no studies have investigated the potential of these bioactive materials
from the regenerative aspect for REPs, including the potential to stimulate the release of
growth factors and their consequences. Therefore, the objectives of this study are to 1)



investigate the effect of Biodentine™ and ProRoot® MTA on TGF-R1 release, when each
is applied as a coronal barrier in the root canals of human teeth, and 2) investigate the
effect of Biodentine™ and ProRoot® MTA on mineralization potential of isolated human
apical papilla cells, when each is applied as a coronal barrier in the root canals of human
teeth.

1.2 Research questions

- Do Biodentine™ and ProRoot® MTA effect on TGF-R1 release, when each is

applied as a coronal barrier in the root canals of human teeth?

- Do Biodentine™ and ProRoot® MTA effect on the mineralization potential of
isolated human apical papilla cells, when each is applied as a coronal barrier in the root

canals of human teeth?

1.3 Objectives of the study

- To investigate the effect of ProRoot® MTA and Biodentine™ on TGF-R1 release,

when each is applied as a coronal barrier in the root canals of human teeth

- To investigate the effect of ProRoot® MTA and Biodentine™ on the mineralization
potential of isolated human apical papilla cells, when each is applied as a coronal barrier
in the root canals of human teeth

1.4 Research hypotheses

HO: TGF-R1 release on the root canal of human teeth and mineralization of isolated
human apical papilla cells are not different when each is applied with either ProRoot®

MTA or Biodentine™ as a coronal barrier.

H1: TGF-R1 release on the root canal of human teeth and mineralization of isolated
human apical papilla cells are different when each is applied with either ProRoot® MTA

or Biodentine™ as a coronal barrier.



CHAPTER 2

Literature review

2.1 Regenerative Endodontics
2.1.1 Background

Regenerative endodontic procedures (REPsS) are defined as biologically-based
procedures created to replace damaged structures, including dentin and root structures,
as well as cells of the pulp-dentin complex (39). Currently, it is one of the alternative

treatment approaches for treatment immature teeth with apical periodontitis.

Traditionally, the treatment of necrotic immature teeth is apexification by either
long term calcium hydroxide medicament (40) or inducing artificial barriers with
materials such as mineral trioxide aggregate (MTA) (41). However, a major concern
has been raised when using those techniques because the promotion of root
development is limited, making the tooth prone to fracture (3). Thus, REPs have
become a treatment of interest since the continuation of root development has been

constantly reported after treatment with this new approach (18).

REPs, originally termed as “revascularization techniques,” was popularized when
two studies, by Iwaya et al (42) and Banchs and Trope (43), reported case studies of
immature necrotic teeth treated with the particular technique and showing continued
root development. The background of this treatment protocol is to create a sterile
environment in the tooth, an environment which can promote the repair process of the
destroyed tissue. Therefore, the first clinical procedure is to eliminate bacteria by
effective canal disinfection, using both irrigants and medicaments. Then, a blood clot is
stimulated to act as a scaffold for regeneration by penetrating the instruments through
the apical end of the immature tooth. Then, to prevent the ingrowth of bacterial
reinfection, a bacteria-tight seal filling is created. To date, many case studies

demonstrating successful clinical and radiographic outcome using REPs have been
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published (3, 6-8).

However, some drawbacks have also been proposed, since unexpected treatment
results, for example root canal obliteration, have been observed, both in clinical and
histological studies (12, 16, 44). Therefore, improvement of both protocols and

techniques is required to allow more predictable treatment outcome after REPs.

2.1.2 Current treatment protocols

The American Association of Endodontists (AAE) has deliberated and
summarized the protocol for REPs. The protocol refers to many steps in REPs from
case selection criteria, informed consent, treatment procedures, suggested follow-up
periods and, lastly, the goals of treatment. In general, REPs have two critical steps.
Firstly, disinfection of the root canal by irrigation and intracanal medicaments. After
two to four weeks, the next step in regeneration is engaged if signs/symptoms are
resolved. The second step is creating a blood clot by intentionally stimulating the apical

tissues, allowing stem cells from the periapical tissues to reside and generate (23).

Regenerative Endodontic Procedures Recommended by AAE 2016

+ Case selection
 Tooth with necrotic pulp and an immature apex.
« Pulp space not needed for post/core, final restoration.
« Patients not allergic to medicaments and antibiotics necessary to complete
procedure (ASA 1 or 2).

 First Appointment

« Local anesthesia, dental dam isolation and access.

+ Copious, gentle irrigation with 20 mL of 1.5% NaOCI for five minutes, using
an irrigation system that minimizes the possibility of extrusion of irrigants into
the periapical space (e.g., needle with closed end and side-vent, or
EndoVacTM). Dry canals with paper points

» Place calcium hydroxide or low concentration of triple antibiotic paste via
syringe. Then seal with 3-4 mm of a temporary filling material. Dismiss patient

for one to four weeks.



+ Second Appointment (one to four weeks after first appointment)

+ Assess response to initial treatment. If there are signs/symptoms of persistent
infection, consider additional treatment time with disinfection, or alternative
disinfection

* Anesthesia with 3% mepivacaine without vasoconstrictor, dental dam isolation

+ Copious, gentle irrigation with 20 ml of 17% EDTA. Dry with paper points

» Create bleeding into canal system by over-instrumenting. Stop bleeding at a
level that allows for 3-4 mm of restorative material

* Place a resorbable matrix such as CollaPlug™ over the blood clot, if necessary,
followed by capping materials, such as MTA or Biodentine™

« Seal with 3-4 mm layer of glass ionomer and then place permanent restoration.

Various issues, for example the techniques to recruit stem cells and different
medicaments used, have been continuously reported revealing their influences after
REPs (5, 24, 37, 45). However, additional scientific evidence is still required to support

the use of newer materials in order to improve the clinical outcome.

2.1.3 Treatment outcome

A recent study has described the outcome after REPs into three different levels:
patients, clinicians and scientists (Figure 2.1) (46). The patient-based outcomes
constitute the base of a pyramid, and represent the resolution of disease, tooth esthetics,
tooth survival and function. The clinician-based outcomes constitute the middle of the
pyramid, and represent the radiographic signs of healing and pulp sensitivity. Finally,
the scientist-based outcomes constitute the top of the pyramid, and represent the
successful generation of the dental-pulp tissue (46).

(absence of swelling, drainage, and pain)
* Tooth survival and function
* Tooth esthetics

Figure 2.1 REPs outcome assessment pyramid
6



Most of the outcome studies in REPs have focused on the patient- and clinician-
based outcomes and have reported very high survival rates ranging from 76.47%-100%
(11, 14, 15, 47). Moreover, the significant clinical findings which are truly expected are
the thickening of the root canal walls and the continuation of root development (12, 42,
43). However, a variety of findings have been reported after REPs were commenced,
finding which can be categorized into five types as follow (Figure 2.2) (12):

» Type 1: increased thickening of the canal walls and continued root maturation
(Figure 2.2a)

» Type 2: blunt root apex with no significant continued root development (Figure
2.2h)

» Type 3: continued root development, while the apical foramen remains open
(Figure 2.2¢)

* Type 4: severe calcification of the canal space (Figure 2.2d)

» Types 5: forming of hard tissue barrier in the canal between the coronal MTA

plug and the root apex (Figure 2.2¢)

Figure 2.2 Clinical outcome of revascularization
» Tooth 45, increased thickening of the canal walls and continued root
maturation.
« Tooth 45, no significant continued root development with the root becoming
blunt and closed.
 Tooth 35, continued root development with the apical foramen remaining open.

« Tooth 35, severe calcification of the canal space

Several recent published outcome studies have drawn similar conclusions,
showing that teeth that had undergone REPs had significant increase in root length
compared to conventional MTA apexification (9, 48). In contrast, the latest study by
Silujai and Linsuwanont reported that there was no significant difference between

7



revascularization and apexification in terms of increased root length, but there was
significant increase in mesiodistal width of the root at the cemento-enamel junction
(15). The changes in root development, in terms of root canal thickness, root elongation

and apical closure, are summarized in the following table (Table 2.1).

Table 2.1 Summary of root development

Radiographic finding Authors Outcome Follow-up
of root development (%) period
after treated with
REPs
1. Increased root Jeeraphun et al. 2012 (11) 14.9 % at least 6 months
length Kahler et al. 2014 (12) 27253 % | at least 18 months
Souad et al. 2014 (14) 5% 12 months
Silujjai et al. 2017 (16) -4-58 % at least 12 months
Lietal. 2017 (13) 23.37% 12 months
Edwin et al. 2017 (15) 8.1% 30 months
2. Increased root Shah et al. 2008 (48) 57 % 0.5-3.5 years
dentin thickness Jeeraphun et al. 2012(11) 28.2% | at least 6 months
Kahler et al. 2014 (12) -1.9-72.6 % | at least 18 months
Souad et al. 2014 (14) 21 % 12 months
Edwin et al. 2017 (15) 11.6 % 30 months
3. Completed apical Kahler et al. 2014 (12) 19.4 % at least 18 months
closure Souad et al. 2014 (14) 55 % 12 months
Lietal. 2017 (13) 40 % 12 months
Edwin et al. 2017 (15) 30.8% 30 months

2.1.4 REPs and the tissue engineering concept

The basis for regenerative endodontics is the application of the tissue engineering
concept. Tissue engineering aims to repair and restore the damaged tissue/organ,

returning it to function. The three main components of tissue engineering are stem cells,
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scaffolds and signaling molecules (Figure 2.3) (49). The suitable combination of these

factors should promote tissue regeneration (49).

' B

<4

Figure 2.3 The three main components of tissue engineering

Stem cells

Focusing on regenerative endodontics, the stem cells/progenitor cells which have
been generally referred to are stem cells from the apical papilla (SCAPs). These cells
have been hypothesized to survive at the apical part of the root even in the presence of
infection (50).

In general, SCAPs have been discovered in the apical papilla tissue at the root
ends of developing teeth. They exhibit the profiles of stem cells, such as STRO-1,
CD73 and CD90, which are exactly similar to those of typical mesenchymal cells.
SCAPs have high proliferation rates, self-renewal properties, and can differentiate in to
odontoblast-like cells (51, 52). SCAPs have been proposed to play roles in tissue
regeneration after REPs (52). Therefore, it is important to effectively recruit and

suitably modulate these cells in order to achieve the ideal dental tissue generation.

Previous study focusing on the role of stem cells in REPs reported interesting
results after blood was collected from the root canal after the apical part of the root was
intentionally penetrated (5, 53). In that study, blood collected from the canal system
showed significantly higher levels of stem cell markers CD73 and CD105 (up to 600-
fold) than did the systemic blood (Figure 2.4), confirming the possibility of stem cell
recruitment. The findings demonstrate that undifferentiated stem cells can be induced
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into the canal space, and may be associated with the possible regeneration of tissues
inside root canals that have been treated with REPs (5, 53)

e
g 8004 B ntracanal bicod
§§ & Figure 2.4 Expression of
32 1 mesenchymal stem cell markers
ED 50
EE 40 ) CD73 and CD105 after the
£® 2$ = stimulated-bleeding  step in
% 104 -
- regenerative procedures (53

. == g p (53)

CDT73 CD105

Scaffolds and signaling molecules

Scaffolds and signaling molecules are required for the tissue generation. The
scaffolds act as a three-dimensional structure, allowing cells to migrate, adhere and
differentiate (29). In respect to REPS, appropriate scaffolds may provide an environment
for cells, including SCAPs and other stem cells, to differentiate and, ideally, generate
new dental pulp tissue. Currently, blood clots, created by intentional over-
instrumentation through the apical tissue of the root, have been assumed to generate
autologous scaffolding, providing a lattice for cell growth, while also recruiting stem
cells from the apical tissues (4). The components of a blood clot constitute a network of
fibrin, platelets, red blood cells and white blood cells, all of which are necessary for
wound healing. Various methods have been applied in order to produce scaffolds from
other sources, such as collagen, glycosaminoglycan, hydrogels, polylactic acid, and
polyglycolic acid (5, 49). The novel construction of these scaffolds may offer clinicians
the ability to improve treatment quality. Moreover, several techniques have also been
investigated to conjugate the important signaling molecules into the scaffolds that

potentially improve specific cell differentiation.

Growth factors are proteins which play roles in cell fate, including cell
differentiation (4, 29). Various types of growth factors have been mentioned as playing
parts in REPs, for example bone morphogenetic protein (BMP), transforming growth
factor-beta (TGF-R), fibroblastic growth factor (FGF), platelet-derived growth factor
(PDGF), insulin-like growth factor (IGF) and vascular endothelial growth factor
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(VEGF) (4, 29, 54). These growth factors can be found in blood and also sequestrated in
the dentin matrix (4, 29). Earlier studies have reported that growth factors and cytokines
are sequestrated in dentin matrix during dentinogenesis, and released in responded to
some dental injuries, such as dental caries or restorative procedures (31, 55). These
growth factors are solubilized and released to the pulp tissue, and can stimulate the
dentin regenerative processes (32). One of the most interesting growth factors, which

has been frequently raised in REPs, is transforming growth factor-beta (TGF-R).

The super-family of TGF-RBs can be classified in to three groups: TGF-3s, BMP
and activins/inhibins. TGF-Rs consist of TGF-B1, TGF-82, TGF-R3 and TGF-R5, which
are multifunctional regulators that influence cell proliferation, cell differentiation,
matrix secretion and apoptosis (56). They are important modulators controlling
odontoblast activity. They are also released from odontoblasts, and sequestrated in
dentin during dentinogenesis. Therefore, the dentin has been assumed to be a reservoir
of growth factors for reparative and regenerative process of the dental pulp after

injuries.

Previous in vivo studies have reported that when pulpal cells were exposed to
endogenous TGF-R, formation of reactionary dentin, reparative dentin or dentin bridges
were observed (56-58). Moreover, it has also been confirmed that TGF-31 can modulate
odontoblastic differentiation and extracellular matrix secretion (33, 34). Melin et al.
(33) used cultured tooth slice to investigate the effect of TGF-R1 on dental pulp and
observed the diffusions of TGF-31 through the dentinal tubules to the coronal pulp
portion. The penetration of the TGF-R1 induced cell proliferation, cell migration and
collagen synthesis inside the dental pulp. Besides, TGF-R1, with the addition of FGF-2,
improves DPSC differentiation to odontoblast-like cells (34). The stimulation of the
release an endogenous cocktail of growth factors may offer the appropriate signals and
also the environment for recruited cells to differentiate into the desired tissue.
Therefore, various methods have been invented and investigated in order to increase the

release of growth factors.

- Effect dentin conditioning to the release of growth factor; TGF-3

Several studies have examined factors, for example irrigating solutions, intracanal
medicaments and a variety of materials that can induce dental pulp cells or dentin to
11



release growth factors (26, 27, 30, 35). Irrigating solutions and intracanal medicaments
not only disinfect the root canal, but also solubilizing the growth factors from dentin
(Figure 2.5) (37).
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A recent study by Galler et al. (26) reported that the amount of TGF-R1 was
increased from dentin after dentin was irrigated with chlorhexidine for five minutes,
followed by EDTA for 20 minutes. The study also remarked that the use of NaOCI
significantly reduced the release of TGF-R1. Furthermore, another study by the same
group have found the expression of TGF-R1 on the dentin surfaces after treatment with
various irrigants using gold-labelling immunohistochemistry and scanning electron

microscopy (SEM) (Figure 2.6).

Figure 2.6 TGF-R1 expression on dentin
surfaces after EDTA conditioning. Gold
nanoparticles conjugated to TGF-R1 antibody

was used for immunohistochemistry.

On the other hand, a study by Zeng et al. (27) found that when dentin was
irrigated with 1.5% NaOCI or 2.5% NaOClI, followed by 17% EDTA, a greater release
of TGF-B1 was observed than from dentin irrigated with 17% EDTA alone.
Interestingly, the addition of ultrasonic activation during root canal irrigation with
EDTA promoted TGF-B1 released from dentin (36). Thus, there are still some

controversies at various steps of irrigation which require further evaluation.
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The influence of intracanal medicaments on TGF-[31 release has also been a topic
of interest. A recent study revealed that water-base calcium hydroxide can promote
slight increases of TGF-B release from dentin compared to dentin without pre-
medicament or medicated with other medicaments, including corticoid-antibiotic paste,
oil-based calcium hydroxide, triple antibiotic paste and chlorhexidine gel (26). The
results implied that water-based calcium hydroxide, when used as root canal
medicament, can dissolve and, then, stimulate the release of growth factors from human

dentin matrix (28).

Another interesting factor, can affects the release of growth factors, is the
application of materials into the root canal. Since the final step in REPs is the placement
of a coronal barrier, the selection of materials having active roles is attractive. Initially,
filling materials, covering the blood clot were used in order to create an appropriate seal
after REPs. The newer bioactive materials, when used as a coronal seal, can offer some
advantages to the generating tissue. To date, a variety of materials have been applied,
such as resin glass ionomer cement (RMGI), resin-bonded composite, MTA and
Biodentine™". However, scientific evidence is lacking to support the use of these
materials, especially in REPs. Thus, the benefits of using the newly developed bioactive
materials in REPs should be evaluated since the materials may play some roles in
regenerative processes, for example, promoting proliferation and differentiation of

recruited mesenchymal stem cells (37).

Previous studies focusing on these bioceramic materials have reported that MTA
and Biodentine™ can promote TGF-B release from dental pulp cells which no significant
differences, in terms of the TGF- level released, observed between the two materials
(35). Other signaling molecules, such as vascular endothelial growth factor (VEGF),
angiopoietin-1 (ANGPT-1) and fibroblast growth factor-2 (FGF-2), were also evaluated
in another study (59). That study revealed that the application of either MTA or
Biodentine™ on dental pulp promoted VEGF release, but not that of ANGPT-1 or of
FGF-2 (59). Interestingly, different formulations of the materials (white or grey MTA)
affected the release of growth factor. A greater release of TGF-R1 was detected when
white MTA solution was used to dissolve the dentin powder, than when grey MTA was
used (30).
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Currently, MTA and Biodentine " are the material of choice for vital pulp therapy
(30, 60). Nevertheless, the evidence supporting the use of these bioactive materials is
still limited. Further studies focusing on molecular aspects of regenerative potential are

required.

2.2 Bioactive materials in REPs
2.2.1 Mineral trioxide aggregate (MTA)

MTA, introduced by Torabinejad in 1993 (61), is a calcium-silicate-based cement,
usually used in endodontic treatment, for pulp capping and pulpotomy, and as an
endodontic reparative material, apical barrier and root-end filling material (62). MTA
has two types: white (WMTA) and grey (GMTA). The differences between WMTA and
GMTA are color and the concentrations of Al,03, MgO and FeO (63). WMTA was
developed to replace GMTA, since tooth discoloration by GMTA has been consistently
reported (64). Various commercial MTA products are currently available, including
ProRoot® Gray MTA and White MTA (Dentsply Tulsa Dental Specialties, Memphis,
TN, USA), RetroMTA® and OrthoMTA (BioMTA®, Seoul, Korea), Endocem MTA
(Maruchi, Wonju-si, Korea) and MTA Angelus® (Angelus, www.angelus.ind.br) (65).

2.2.1.1 Composition

The components of MTA are powder and liquid (Table 2.2) (66). The powder-to-
liquid ratio is 3:1. The components can be mixed on glass slab or paper pad using a
plastic or metal spatula to a paste consistency (41, 67, 68). After mixing the pH of MTA
is 10.2 (69). After three hours, the pH will increase to 12.5.

2.2.1.2 Setting reaction

MTA becomes hydrated on contact with water (70). Two main reactions are
observed; 1) tricalcium silicate and dicalcium silicate react with water to form calcium
silicate hydrate gel and calcium hydroxide, and 2) tricalcium aluminate and calcium
sulfate produce ettringite, which is a by-product of the hydration of calcium sulfate,
tricalcium aluminate and water during hydration (70). The calcium ions diffuse through
the dentinal tubules and become progressively concentrated (71, 72). MTA requires
moisture for setting; so, it is recommended that a wet cotton pellet be placed over the

MTA (41). The setting time of MTA differs with each brand, for example, two hours 20
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minutes for ProRoot® WMTA (69, 73) and less than 24 minutes for Angelus MTA®
(74).

2.2.1.3 Physical and mechanical properties

The initial compressive strength of MTA is 40 MPa, which is significantly lower
than that of amalgam, Intermediate Restorative Material (IRM; L.D. Caulk, Milford,
DE, USA), and SuperEBA™ cement (Harry J. Bosworth, Skokie, IL, USA). However,
the compressive strength is increased to 67 MPa after three weeks of setting, still lower
than that of amalgam and IRM, but similar to that of SuperEBA™ (69). The surface
hardness of ProRoot® MTA is 39.99 HV, which is 2.5-fold higher than that of Portland
cement type | (CEM 1) (16.32 HV) and Portland cement type Il (CEM I1) (13.51 HV)
(75). Five-millimeter-thick ProRoot® MTA has been recommended as an apical barrier,
since it provide better sealing ability than a lesser thickness (76). Several studies have
revealed many factors affecting the compressive strength and microhardness of this
material, including the MTA types, the water-to-powder ratio, the condensation pressure
on the material and the conditions of MTA storage (73, 77-80).

Table 2.2 The components of MTA
Powder Liquid

Purified Portland cement Distilled water
« Dicalcium silicate (Ca,SiO,)
* Tricalcium silicate (CasSiOs): main component
* Tricalcium Aluminate (CazAl,Og)
« Calcium sulfate (CaSQy,, gypsum)

* Tetracalcium aluminoferrite (4Ca0.Al,OsFe,03)

Bismuth oxide: radiopacifying agent

Moreover, moisture is important to the strength of MTA because the hydration
rates of dicalcium and tricalcium silicate are different; so, keeping MTA moist, once
applied strengthens it over time (81). Moreover, a study discovered that the
precipitation of apatite-like crystal between MTA and dentin plays a major role in
improving the bond strength and sealing ability of this material, since it creates
chemical and mechanical bonds to the dentin (82). Moreover, the ability of precipitation
to form an interfacial layer and tag-like structures may influence the sealing ability and
push-out bond strength of MTA (83).
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2.2.1.4 Biological Properties
a) Biocompatibility

MTA is a non-toxic, non-carcinogenic, and non-genotoxic material. Several
studies, both in vitro and in vivo, have evaluated the biocompatibility and cytotoxicity
of MTA (62, 84) and have confirmed that it is safe to be used in clinical treatment.
Various cell types, including mouse fibroblasts (85), mouse L929 (86, 87), human
gingival fibroblasts (88, 89), human osteoblast cells (90) and human periodontal
ligament fibroblasts (91), have been used to assess the biocompatibility of MTA. For
example, Keiser et al. (91) studied the cytotoxicity of MTA, amalgam and SuperEBA™
on human periodontal ligament fibroblasts and demonstrated that MTA had the least
toxicity. When MTA was cytologically tested after complete setting, no sign of
cytotoxicity has been observed (90, 91). However, another in vitro study reported that

MTA, at the initial setting up to 12 hours, was cytotoxic (92).
b) Bioactivity

The main components of MTA are calcium and silicate (63), which are able to
induce hard tissue formation (93). Remineralization of dentin has also been observed
when MTA was applied into carious lesions. To date, MTA has been known as a

bioactive material generally used in endodontics (94).
* Interaction between MTA & dentin

MTA can form an apatite-like layer, a characteristic of calcium silicate material,
on the surface when contacted with physiologic fluids or simulated body fluids (STF)
(83, 95). Sarkar et al. (96) reported that when MTA is dissolved in simulated body
fluids, calcium is the most dominant ion released, controlling the precipitation of a
hydroxyapatite layer on the MTA surface. The precipitation of hydroxyapatite
continuously progresses in the porous MTA and later starts to change its composition at
the dentin wall. Initially, hydroxyapatite crystals create a mechanical bond between the
MTA and dentin surface. Then, the interaction of an apatite layer and dentin, creates a
chemical bond between them. Both actions generate a good seal of MTA to dentin (96).
Also, scanning electron microscope (SEM) pictures at the interfacial layer revealed
dentin bridge, osteodentin and reparative dentin formation, indicating that this material
has mineralization potential (Figure 2.7) (96-98).
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Moreover, tag-like structures and lateral branch formations of apatite crystals into
the dentin have been observed when using dentin discs (Figure 2.8) (83). The study
commented that the initial precipitation of amorphous calcium phosphate was a
precursor for apatite crystal formation and deposition. Therefore, the ability of
precipitation to form interfacial layers and tag-like structures may influence the sealing
ability and push-out bond strength of MTA (83).

Figure 2.7 Interaction between MTA and dentin. MTA (M), Interface (I), dentin (D)
97)
A) Optical micrograph of MTA-dentin cross-section (x200) showing white
interfacial layer sandwiched between MTA and the dentin wall.
B) Scanning electron micrograph of MTA-dentin cross-section (x1000)
C) Area identified by box (x6000)

Figure7B and 7C: Interfacial layer firmly attach to the dentin wall.

......

- - s

Figure 2.8 Tag-like structures
treated with ProRoot® MTA

and lateral branch formations into the dentin after

A) Photomicrograph of ProRoot® MTA-dentin interface showing cement (C),
interlayer (IL) and dentin (D)

B) Higher magnification showing tag-like structures and lateral branches

17



» Interaction between MTA & vital tissue

Currently, MTA is recommended as a pulp-capping material because of its
biocompatibility and reliability in dentin bridge formation (95, 99, 100). Nair et al.
(100) demonstrated a compact dentin-like hard tissue bridge covering the dental pulp of
intact teeth after the teeth were capped with MTA for one week. The length and
thickness of the hard tissue barrier increased continuously during their three-month
experiment (Figure 2.9). Moreover, when compared to calcium hydroxide, a traditional
medicament in vital pulp therapy, it has been regularly reported that MTA showed

increased reliability and quality of the dentin bridge formation (101).

Figure 2.9 Pulpal response to MTA capping after three month’s observation.
a) The mesial half of a maxillary left third molar (tooth 28) shows capping
material (CP) and hard tissue bridge (BR) opposite the exposed pulp (PU)

b) Histological section of the specimen

Many studies have examined the actions of MTA after direct contact with human
tissues, such as dental pulp. The actions can be sequenced as follows (102):

« Calcium hydroxide formation and Ca ionrelease, which induce cell attachment
and proliferation

« Alkalinity of the material, creating antibacterial environment

« Cytokines in the tissue are regulated, activating the differentiation and migration
of hard-tissue-producing cells

» Hydroxyapatite formation, creating a biological seal

* Interaction of MTA to dentin and vital tissue for releasing TGF-1

MTA can stimulate either dentinal matrix or pulp cells to release TGF-R1 (30, 35).

18



Tomson et al. (30) demonstrated significantly greater TGF-R1 release in dentin matrix
when WMTA solution was used to dissolve dentin powder than when GMTA solution
was used. TGF-R31 release in human gingival fibroblast cells is greater after 72 hours of
contact with ProRoot® MTA than when MTA is not used (103). Even though MTA has
shown to have many advantages, several limitations have also been observed, including
tooth discoloration resulting from the interaction between MTA and collagen (104), and
long setting time. Therefore, other innovation bioactive materials have been

continuously developed.

2.2.2 Biodentine™
2.2.2.1 Composition

Biodentine'", a tricalcium-silicate-based material, was developed as a “dentin
replacement” material (Septodont, http://www.septodontusa.com/). This material was
established because of some disadvantages of MTA, for example tooth discoloration
and difficulty in handling. Currently, Biodentine” is used in various clinical
applications such as repairing root perforations, creating an apical barrier for
apexification, treating root resorption, retrograde filling, pulp capping, and also dentin
replacement (105).

Biodentine™" is presented as a powder and a liquid. The components of the powder
are tricalcium silicate (main component), dicalcium silicate, calcium carbonate, calcium
oxide, iron oxide and zirconium oxide. The liquid is an aqueous solution of a
hydrosoluble polymer (water reducing agent) with calcium chloride (setting accelerator)
(Table 2.3). The powder is enclosed in a capsule and is mixed with five drops of liquid
and vibrated for 30 seconds at 4000 rpm leading to the formation of paste-liked material
(106).

2.2.2.2 Setting reaction

The setting reaction of the material is a hydrating reaction, which produces a
hydrated calcium silicate gel (CSH gel) and calcium hydroxide (Ca(OH);). This
precipitates on the surface of remaining silicate particles and in the pores of the powder,
leading to a significant decrease in the material’s porosity which would increase its

compressive strength over time (106, 107).
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2(3Ca0.8i05) + 6H,0 3Ca0.25i04.3H,0 + 3Ca(OH),

The initial setting time of Biodentine™, according to manufacturer, is 9—12
minutes (106), whereas the final setting time is 45 minutes (108). Biodentine " has the
shortest setting kinetics among tricalcium silicate cements (ProRoot® MTA, MTA
Angelus® etc.) because of the addition of calcium chloride to the liquid component

(108-110). .
Table 2.3 The components of Biodentine

Tri-calcium silicate (C3S) Main core material
Di-calcium silicate (C2S) Second core material
Calcium carbonate and calcium oxide Filler

Iron oxide Shade

Zirconium oxide Radiopacifier
Calcium chloride Accelerator
Hydrosoluble polymer Water reducing agent

2.2.2.3 Physical and mechanical properties

The manufacturer claims that Biodentine™ has similar compressive strength and
surface hardness to natural dentin (297 MPa, and 60-90 HVN respectively) (106).
Therefore, it has been recommended as a dentin substitute (111). Several studies have
shown that Biodentine” has superior mechanical properties, in terms of compressive
strength, push-out bond strength and microhardness, to other tricalcium silicate
cements, such as mineral trioxide aggregate (MTA) and Bioaggregate ~ (108, 109, 112).
Moreover, blood contamination, and also various endodontic irrigants have no negative
effects on the strength or setting time of Biodentine™ (109, 113). The studies suggested
that the small particle size and uniformity of Biodentine” components can reduce the
porosity and solubility of the setting materials (114, 115).

2.2.2.4 Biological Properties
a) Biocompatibility

Biodentine™ is known as a biocompatible material. Several studies have
20



compared its cytotoxicity with that of MTA, using a variety of cell types, for example,
human pulp fibroblasts, human gingival fibroblasts, osteoblast-like cells, periodontal
ligament cells, DPSCs and SCAPs (59, 113, 116, 117). Both materials seemed to have
slight cytoxicity (59, 113, 116, 117). However, some studies reported greater cell
viability after contact with Biodentine™ than with MTA, especially at the early stages of
contact (approximately four to seven days) (113, 117). An interesting study by Peters et
al. (59), evaluated the effects of Biodentine™ and ProRoot® MTA on the viability of
SCAPs, observing that the viability of SCAPs, either grown in direct or indirect contact
with both materials, was significantly greater on the first day of their experiment than
when SCAPs were grown with no contact with either material. However, when
measured on the third and seventh days, there was no significant difference in the

viability of SCAPs, regardless of contact with the materials.

The concentration of Biodentine” has also been evaluated, in term of whether it
has some impacts on proliferation, migration or adhesion of human dental pulp stem
cells (60). The result showed that Biodentine™, when used at 0.2 and 2 mg/ml can
promote stem cell proliferation. The 0.2 mg/ml concentration showed the greater cell
migration and adhesion abilities. In contrast, a high concentration, Biodentine™ at 20
mg/ml, decreased cell proliferation (60).

b) Bioactivity

When Biodentine™" is mixed with water, calcium silicate hydrate gel and calcium
hydroxide are produced, releasing the Ca ions. Then, after contact with physiological
solutions, a layer of hydroxyapatite forms (118). Ca and Si have observed being

incorporated into human root dentin (119).
« Interaction between Biodentine' & dentin

Biodentine™ is rich in calcium compounds and calcium ion concentration, having
roles in hard-tissue formation (118). Atmeh et al. (120) found tag-like structures in the
dentinal tubules, just beneath the interface between dentin and Biodentine ", called the
“mineral infiltration zone (MIZ)”. The forming of this layer is suspected to result from
the accumulation of by-products after the chemical setting reaction of Biodentine
followed by mineral diffusion. Han and Okiji (119) also demonstrated that the
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precipitates are composed mainly of calcium, phosphorus, carbon, oxygen, and silicon.
In that study, various materials, including WMTA and BC sealer, were compared with
Biodentine"". The results showed that the concentration of Ca ions, incorporated in root
canal dentin, progressively increased when Biodentine™ was used. Moreover, the depth
of incorporation of the Ca and Si in Biodentine™" into human root canal dentin was also
significantly higher than that in WMTA and BC sealer, confirming the bioactivity of
these materials (119). Furthermore, the high alkalinity of calcium hydroxide, produced
during the chemical reaction, can degrade the organic collagen component of the
interfacial dentin. This degradation increases the permeation of high concentrations of
calcium, hydroxyl and carbonate ions into the interfacial dentin, leading to its increased

mineralization (120).
« Interaction between Biodentine™" & vital tissue

Biodentine™ has been used, as an alternative material to MTA, in vital pulp
therapy because various studies have demonstrated that it causes little inflammation to
the pulp tissue and is able to induce homogenous reparative dentin, similar to the effects
of MTA (38, 121-123). Moreover, when Biodentine” and WMTA were tested in
pulpotomized primary pig teeth, similar results were observed with both materials in
terms of inflammatory response and hard tissue formation after 90 days of treatment
(121). Later, biomineralization properties of Biodentine” have been evaluated in
various cell types. Laurent et al. (35) have revealed that Biodentine can induce the
formation of mineralized foci and odontoblast-like cell differentiation in human dental
pulp cells. These effects may be associated with an increase in TGF-R1 secretion by

human pulp cells following contact with the material.

e Interaction of Biodentine™ to dentin and vital tissue for releasing
TGF-R1

Various types of pulp capping materials, for example, MTA and calcium
hydroxide, have been shown to solubilize TGF-R1 from the dentin (28, 30). To date,
no studies have investigated this finding in relation to Biodentine™ . Most current studies
have reported results when these materials were in contact with different cell types (35,
116, 124). Laurent et al. (35) have reported that Biodentine” and MTA have the same
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potential in stimulating TGF- B1 secretion from dental pulp cells. Moreover, Nikfarjam
et al. (124) have shown that, when 0.42 mg and 0.70 mg of Biodentine" suspensions
were used to culture pulp fibroblasts for four days, the release of TGF-R1 from the
dental pulp fibroblasts was reduced on the first experimental day, whereas on the
second day, the quantity of TGF-31 returned to normal. That study suggested that
Biodentine™ suspensions had no negative influences on cell morphology, proliferation

or cell integrity, such suspensions may improve the healing of pulp.

Mullaguri et al. (125) have shown that TGF- B1 release in platelet-rich fibrin
(PRF) is 1.6 times greater when Biodentine" is used to cover the PRF than when glass
inomer cement (GIC) or intermediate restorative material (IRM) is used. The fibrin
structure is organized in parallel strands when Biodentine™ is used to cover the PRF. In
contrast, when GIC or IRM are used, the fibrin collapses and becomes disorganized
(125).

To date, MTA has been the material of choice for regenerative endodontic
procedures because of its properties, such as biocompatibility and bioactivity. However,
some limitations have been observed, such as tooth discoloration and difficulty in
material manipulation. Therefore, an innovation bioactive material, Biodentine™, has
been popularized in endodontics, because it has impressive properties similar to those of
MTA, while several drawbacks have been eliminated. Even though both MTA and
Biodentine™ are bioactive materials, most of the published scientific evidence is mainly
focused on their mechanical, rather than their biological, properties. Therefore, more
research supporting this biological field, especially in regeneration, is required.

In REPs, these materials are currently used as coronal barriers in the final step of
the treatment procedure. However, the advantages of their use have never been
evaluated. In this study, it is hypothesized that these materials should offer some
positive effects, for example the stimulation of growth to cell/tissue generation during
REPs.
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CHAPTER 3

Materials and Methods

3.1 Sample preparation
Tooth preparation

135 intact, single-rooted, human premolars from healthy patients aged 15-25
years that were extracted for orthodontic purposes were included. The teeth were stored
in 0.5% chloramine-T (Chloramine T Trihydrate, A.R.; HiMedia Laboratories Pvt.,
Mumbai, India). The crowns of the teeth were removed 1 mm above the cemento-
enamel juction (CEJ) and the apices of the teeth also were removed to provide root
segments 10 mm in length. The periodontal ligament was removed using a scalpel
blade. After that, the root segments were instrumented using Mtwo® rotary files (VDW,
Munich, Germany) Nos. 10-25, followed by Peeso reamers up to size 3 in order to
create tooth models with large root canals. All canals were irrigated with normal saline
during preparation. To remove the smear layer, all prepared samples were immersed in
17% EDTA for one minute and 1.25% NaOCI for one minute. All samples were finally
ultrasonicated with phosphate-buffered saline (PBS) for one minute. The ultrasonication

was performed three times.

In order to imitate the exact clinical procedure, all root segments were medicated
with 1000 mg/mL calcium hydroxide paste (Univar; Ajax Finechem, Sydney, Australia)
for one week and kept in a 37°C humidified atmosphere of 95% air and 5% CO, before
the experiment. Then, all samples were rinsed with 5 mL PBS to remove medicament
and irrigated with 17% EDTA using passive ultrasonic irrigation for five minutes. A 30-
gauge side-vented needle (Max-1-Probe; Dentsply Maillefer, Ballaigues, Switzerland)
with a 1 mL tuberculin syringe was used to deliver the irrigant. After the canal was
filled with irrigant, a No. 20 Irrisafe® ultrasonic tip (Acteon, Merignac, France)
connected to a piezo-electric ultrasonic unit (P5 Newtron; Acteon) was inserted through
the canal 1 mm short of the root apex and activated at the unit’s power four setting for
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five minutes. Then, the tooth segments were split longitudinally and kept in pairs for

later use.

3.2 Part 1: The effects of ProRoot® MTA and Biodentine™ on TGF- R1 release from

dentin

Eighteen root segments were covered with nail varnish at the outer surfaces and
randomly divided into three groups as shown in Table 3.1. ProRoot® MTA (Dentsply
Tulsa Dental Specialties, Memphis, TN, USA) and Biodentine™ (Septodont, Saint-
Maur-des-Fossés, France) were mixed according to the manufacturer’s instructions.
Then, one of the materials was placed into the coronal 3 mm of the root canal. The
samples were incubated at 37°C in a humidified atmosphere of 95% air and 5% CO, for
four hours. After the initial setting, all root segments were placed in 24-well polystyrene
plates containing 500 pl of PBS, and stored at 4°C. Then, 200 pl of solution was
collected from each well on day 14, and kept at -80°C until used for evaluation. The
concentration of TGF-B1 was quantified using the sandwich enzyme-linked
immunosorbent assay (ELISA) test system (Human TGF-B1 Quantikine ELISA Kit,
R&D Systems™, Wieshbaden, Germany) following the manufacturer’s protocol
provided. The results were calculated and statistically analyzed using the Kruskal-
Wallis one-way analysis of variance and Mann-Whitney U test.

Table 3.1 Experimental design, Part 1

| Gow | Maerh ]

1 (Control) Prepared root segments without materials
2 Prepared root segments with ProRoot® MTA
3 Prepared root segments with Biodentine ™

3.3 Part 2: The effect of ProRoot® MTA and Biodentine™ on the mineralization

potential of human APCs

Preparation and culture of primary human APCs

Three patients aged 16-20 years without any underlying disease, undergoing
removal of impacted third molars at the Oral and Maxillofacial Surgery Clinic, Faculty
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of Dentistry, Chiang Mai University were recruited and informed regarding the research
project. Apical papilla cells were isolated from apical papilla tissues of non-carious
immature mandibular third molars. After the patients or guardians consented to the
experiment and following the extractions, the crowns and roots were rinsed with sterile
saline, the apical papilla tissues were gently detached from the root apex, and
immediately stored in alpha modification of Eagle’s medium transport medium (Sigma-
Aldrich, St Louis, MO, USA). The tissues were digested using a combination of
Collagenase | (Gibco/Invitrogen, Gaithersburg, MD, USA) and Dispase Il (Sigma-
Aldrich), incubated in a 37°C humidified atmosphere of 95% air and 5% CO, for 45
minutes. After that, the cell suspension was centrifuged at 1500 rpm at 25°C for five
minutes and then cultured in complete alpha-minimum essential medium (a-MEM)
(Sigma-Aldrich) containing 10% fetal bovine serum (Gibco/Invitrogen), 1% penicillin-
streptomycin (Sigma-Aldrich), and 100 mol/L L-ascorbic acid (Sigma-Aldrich). The
cells were cultured in a humidified atmosphere of 95% air and 5% CO, with the
medium changed every three days. Cells at the second to third passages were used.
Then, the cells were sub-cultured with 0.25% trypsin-EDTA (Gibco/Invitrogen) (Figure
3.1).

Dentinogenic/Osteogenic Differentiation Capacity

The tooth samples in this part of experimental were prepared using the same
protocol as in the first part. However, the tooth samples were initially sterilized using
gamma-radiation at 25 kGy. All technical steps were accomplished using a strict aseptic
technique.

APCs, seeded into 24-well plates at 5,000 cells/well. When reaching 70%
confluence, either tooth samples or material alone were placed together with the
differentiation medium containing complete a-MEM, 50 pg/mL ascorbic acid (Sigma-
Aldrich), 10 nmol/mL dexamethasone (Sigma-Aldrich), and 10 mmol/mL B-
glycerophosphate (Sigma-Aldrich). Then, cells were cultivated for 14 and 21 days in a
humidified atmosphere of 95% air and 5% CO, with the medium changed every three
days. The cells were monitored every day under an inverted-light microscope (DP12;
OLYMPUS, Melville, NY). The experimental design was divided into seven groups

which are describes in Table 3.2.
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APCs isolated from apical papilla
tissues of non-carious immature

mandibular third molars.

Apical papilla tissues gently detached
from the root apex. and immediately
stored in serum-free media with

antibiotic.

Tissues digested using the combination
of Collagenase | and Dispase I,

incubated at 37°C for 45 minutes.

Cell suspension centrifuged at 1500

rpm at 25¢C for 5 minutes.

Cell suspension cultured in complete
medium. Cell from the second to third

passages used in experimental.

Figure 3.1 Preparation and culture of primary human APCs

Alizarin Red S Staining and Quantification Assay

Alizarin red S dye was used to identify calcium deposits in the cell culture.
Experimental groups and control groups in dentinogenic differentiation medium were
investigated at days 14 and 21. First, all tooth samples were washed gently three times
with PBS before fixing with 4% paraformaldehyde in PBS for 15 minutes at room
temperature. Then, they were rinsed with 1 mL PBS/well, and 0.5 mL alizarin red S
solution at pH of 4.2 (Sigma-Aldrich) was added into each well. The plates were
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incubated at room temperature for five minutes with gentle shaking. After that, the
excessive dye was thoroughly washed from the wells with deionized water. The APCs
in all groups were visualised under an inverted-light microscope (OLYMPUS) and left
to air-dry for one week. Subsequently, the amount of calcium deposit was quantitatively
analyzed by destaining with 10% cetylpyridinium chloride monohydrate (Sigma-
Aldrich) in 10 mmol/L sodium phosphate at room temperature for 20 minutes. One
hundred microliters of de-stained solution were transferred into 96-well plates, and
measured spectrophotometrically at 550 nm. Then, the data were calculated and

statistically analyzed (Figure 3.2).

Table 3.2 Experimental design, Part 2

1 Control: APCs cultured in regular medium 6
2 APC+diff: APCs cultured in differentiation medium 6
3 APC+diff+MTA: APCs cultured in differentiation medium in the 6

presence of ProRoot® MTA

4 APC+diff+BD: APCs cultured in differentiation medium in the 6
presence of Biodentine™
5 APC+diff+tooth: APCs cultured in differentiation medium in the 6

presence of root segments

6 APC+diff+tooth+MTA: APCs cultured in differentiation medium in 6

the presence of root segments filled with ProRoot® MTA
7 APC+diff+tooth+BD: APCs cultured in differentiation medium inthe | 6
presence of root segments filled with Biodentine™

* In all groups using root segments, the tooth (with/without material) was attached

to the cell culture well, using a sterile orthodontic wire.
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Figure 3.2 Schematic diagram demonstrating the experimental procedures. After
the root segments were medicated and irrigated, the prepared root segments were
used for the detection of TGF-RB1 release and for the investigation of APC

mineralization.

3.4 Data Analysis

All experiments were conducted in triplicate and statistically analyzed using the
Kruskal-Wallis one-way analysis of variance and Mann-Whitney U test. The difference

between experimental groups was considered to be statistically significant at P < .05.
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CHAPTER 4

Results

4.1 TGF- 1 release from dentin

Over 14 days, the concentration of TGF-R1 released from dentin was greatest (1.35
+ 0.21 ng/ml) in the group in which Biodentine™ was used as a coronal barrier. The
concentration of TGF-R1 detected in the Biodentine™ group was significantly greater than
that in either the control group (empty tooth) or the ProRoot® MTA group (P < .05). When
compared to the control group (0.02 £ 0.046 ng/ml), the concentration of TGF-R1
observed in the ProRoot® MTA group (0.07 + 0.11 ng/ml) was not significantly different
(P >. 05) (Figure 4.1).

2.00

Figure 4.1 Effect of ProRoot®

MTA and Biodentine™ when used
1.50—

as a coronal barrier on TGF-}31
100 released from root canal dentin
over 14 days. The greatest

50 concentration of TGF-B1 was

Concentration of TGF-81 (ng/ml)

detected in the Biodentine™ group
.00 — = (*P < .05).

T
Control MTA BD

4.2 Mineralization potential of human APCs

4.2.1 Primary human APCs culture

During the first day, most of the cells had a round cellular morphology. The cells
started to attach to the cell culture plate (Figure 4.2A). After four days, cells began to
form scattered clusters containing small spindle-shaped cells (Figure 4.2B). The cell
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clusters expanded continuously and connected to each other. Around day seven, cells had
a fibroblastic-like morphology, showing elongated bipolar or multipolar processes
(Figure4.2C). After 10 days, the density of the cells reached about 50% confluence. Cells
attached to the culture well in a monolayer (Figure 4.2D). Approximately two weeks after
cell seeding, cells density reached up to 70% confluence. The cells appeared to be
fibroblastic (Figure 4.2E).

Figure 4.2 Inverted-microscope images showing primary APC culture from day 1
to day 14 at 4x magnification. (A) Round cellular morphology appeared on day 1.
(B) Cells began to form scattered clusters on day 4 and, (C) continuously elongated
bipolar or multipolar processes around day 7. (D) Cell density reached about 50%
confluence after 10 days, and (E) subsequently reached 70% after two weeks.
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4.2.2 Dentinogenic/Osteogenic Differentiation Capacity
4.2.2.1 Alizarin Red S Staining

The findings from Alizarin Red S staining revealed mineralized nodule formation
in all experimental groups on both days 14 and 21, indicated by detection of pinkish-red

clusters (Figure 4.3).

Day 14 Day 21
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Day 14 Day 21

Figure 4.3 Inverted microscope images showing APCs with mineralized nodules stained
with alizarin red S at 4x magnification and insert photographs representing all
experimental groups. Left and right columns represent results on days 14 and 21,
respectively. (A, B) Control group: no mineralization was observed at either time point.
(C, D) APC+diff: small mineralization nodules were detected. (E, F) APC+diff+MTA:
mineralized nodules were observed in greater amounts than in the control group and
APC+diff group. (G, H) APC+diff+BD: the greatest mineralized nodules formation was
observed. (I, J) APC+diff+tooth: mineralized formation was obvious only on day 21. (K,
L) APC+diff+tooth+MTA and (M, N) APC+diff+tooth+BD: mineralized nodules were

noticed to a greater extent than in the group using tooth without materials.
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4.2.2.2 Quantitative analysis

When quantitatively analyzed, the amount of calcium deposits was highest in the
APC+diff+BD groups, at both time-points. When considering the use of Biodentine™ as
a coronal barrier (APC+diff+tooth+BD), mineralization was detected, but in significantly
smaller amounts than in the group in which Biodentine™ was used alone (APC+diff+BD),
at both time periods (P < .05). In the APC+diff+MTA group, mineralization was
significantly greater than in the control group, only on day 21 (P < .05). When
ProRoot®MTA was applied as a coronal barrier (APC+diff+tooth+MTA), mineralization
was significantly greater than in the control group at both time points (P < .05).
Considering the mineralization capacity between the two materials, Biodentine™, either
used alone or as a coronal barrier, had better mineralization potential than did
ProRoot®MTA at both time points (Figure 4.4A, B).

Day 14 Day 21
20 n'.s a2
"""" :
2.40- _ 240
g g
g
'EI.BD— _— Emu—
2 3
< <
B0 80—
I = s =
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% K L b(;i- &D.- 40"( %'b ﬁo‘v ? ‘QQ'G %"/ K ao"’
Y Ty e Ty Tl Ty o e Ty,
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APC + + + + + + + APC + + + + + + +
diff - + + + + + + diff - + + + + + +
tooth + + tooth + +
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BD + - + BD + - +

Figure 4.4 Box plots depicting the quantitative analysis of the calcium deposits
among groups. Mineralization was significantly increased when Biodentine™ was
used, either alone or as a coronal barrier, on both days 14 (A) and 21 (B). However,
the mineralization effect was reduced, especially in the Biodentine™ group, when
used as a coronal barrier compared to the materials alone. *Significant difference
compared to the control group (P<.05). ns = no statistical differences.
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CHAPTER 5

Discussion

This study investigated the effect of bioactive materials, when applied as a coronal
barrier, on growth factor release from root dentin, and on the mineralization of APCs.
The results demonstrate that Biodentine” stimulated the release of TGF-81 in a greater
concentration than did ProRoot® MTA. Moreover, Biodentine™ used either alone or as a

coronal barrier produced significantly greater mineralization than did ProRoot® MTA.

Currently, regenerative endodontics is a common procedure, applying the tissue
engineering concept, for treating necrotic immature permanent teeth with apical
periodontitis. However, the constant observation of intracanal calcification after REPs
has drawn some attentions, since it may affect long-term outcome, and also upcoming
treatments (19, 20). Various factors have been hypothesized to play roles in the
intracanal calcification process. Among those, the use of bioactive materials, which
have the potential to stimulate excessive mineralization, is a concern, since one cannot
be sure, whether these materials would exert positive or negative effects on the long-
term clinical outcome. Therefore, it is essential to examine the basic role of these

currently used bioactive materials in mineralization.

This study shows that Biodentine " has significant potential to stimulate TGF- 1
release from the root dentin. The detection of high levels of TGF- 1 can be explained
by the concept that the alkaline property of the studied materials helps to solubilize non-
collagenous dentin matrix components (28). Although, both ProRoot® MTA and
Biodentine™ exhibited high pH, a recent study has shown that the pH of Biodentine™
was highest on day 14, whereas the pH of ProRoot® MTA progressively decreased over
time (126).

Considering the effect of these materials on mineralization, this study shows that
Biodentine " has greater mineralization potential than does ProRoot® MTA. Our findings
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are comparable to those of previous studies, which have reported that Biodentine™
promotes greater odontoblastic differentiation showing higher expression of ALP, DSPP
and DMP-1 genes than does ProRoot® MTA on days 14 and 21 (127, 128). One of the
reasons for the greater mineralization potential might have been the greater
concentration of TGF-R1 released from dentin when Biodentine™ was used. Moreover,
the alkaline environment, created by this material activated a latent form of TGF-1 into
an active form, which enhanced cell differentiation and mineralization (129). Other
studies also have suggested that the increase in mineralization may be associated with
the secretion of TGF-1 (28, 30, 35).

Recent studies have investigated the pathway of mineralization, focusing on the
influx of calcium ions through the MAPK pathway (130, 131). Those studies have
revealed that both ProRoot® MTA and Biodentine™ induce cell differentiation and
mineralization using this pathway (130, 131). Earlier studies have reported that the
numbers of calcium ions released from Biodentine " are significantly greater than those
released from MTA (119, 126, 132). Thus, the greater cell differentiation and
mineralization produced by Biodentine™ when compared to ProRoot® MTA can also be
explained by the larger amount of calcium ions released from these materials.
Moreover, some histological studies have shown hard tissue formation and distribution
of mineralized nodules when Biodentine” was used as a pulp capping material (121,
133).

To date, there have been no scientific studies examining the effect of these
materials when directly applied to the tooth. Most of the studies investigated the effect
of materials when used alone as set materials or as solutions (131, 134, 135). Therefore,
since these materials are commonly used in contact with the tooth, the potential
influence of tooth dentin on these materials is of interest. In this study, either
Biodentine™ or ProRoot® MTA was applied to the coronal part of the root canal,
mimicking the final step of REP, in which a capping material is used to seal the root
canal in the regenerative phase. Then, the mineralization potential of these materials,
when used as a coronal barrier, was compared to that in the groups in which the material
was used alone and the control group, in which no barrier material was used. The results
from the second part of the experiment revealed that cell mineralization was detected in

the groups in which the materials were used as a coronal barrier, but in smaller amounts
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than in the groups in which the materials were used alone. However, a significant
difference was observed only with Biodentine™, at both time periods (P < .05). These
findings may be explained by the effect of dentin buffering capacity, by which protons
released from the carboxyl groups of amino acids in the dentin interact with the
hydroxyl ions from the materials. Such a buffering effect decreases the pH of the
environment and may interrupt the mineralization process (136). However, further

studies regarding this buffering effect are required to investigate this idea.

Another association regarding decreased mineralization in teeth to which
Biodentine”" is applied is the interaction of calcium ions released from Biodentine"
(120). Previous studies have demonstrated that the hydroxyapatite that forms between
the materials, Biodentine™ or MTA, and dentin is enriched with calcium carbonate. This
hydroxyapatite formation may impact the release of calcium ions from dentin and may
affect mineralization (119). Moreover, the use of Biodentine" creates longer tag-like
hydroxyapatite structures containing more calcium than those observed when MTA was
used (119, 120). Therefore, the effect of mineralization of Biodentine™ in the presence

of tooth dentin may have been strongly diminished.

Recently, another interesting aspect related to the mineralization and
differentiation effects of these bioactive materials has been published (137). The study
examined the effect of material position, either direct or indirect contact, on cell
differentiation. The results showed that direct contact of cells with the materials
promoted greater cell differentiation than did indirect contact. In this study, in the
groups in which the materials were used alone, the material was directly applied to the
cells, whereas in the groups in which the materials were used as a coronal barrier, the
material was attached to the tooth, which was presumably not in direct contact with the
cells. Therefore, it can be implied that the greater mineralization observed in the groups
in which the materials were used alone was because of the direct contact between the
materials and the cells. The findings from this study also assure the important role of

material positioning in cell differentiation.

To summarize, it can be speculated that using Biodentine™ would quickly
generate mineralization. However, further investigation is required in order to observe,
whether or not, these consequences will positively or negatively support the clinical

outcome.
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CHAPTER 6

Conclusions

Biodentine™, when was used as a coronal barrier, exhibited an increase in TGF-R1
release from root canal dentin at 14 days, and this increase resulted in greater apical
papilla cell differentiation and mineralization at 14 and 21 days than when ProRoot® MTA
was used. Further long-term clinical studies are required to evaluate the effect of both

materials on hard tissue formation.
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