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Introduction

Endodontic treatment failure generally occurs due to micro-
leakage in the area between the filling materials, sealer, and
root dentin, which allows microorganisms to penetrate the
treated root canal and enter the periapical tissues.1 Root canal

obturation is a procedure performed to form a fluid-tight
barrier to protect periapical tissue from microorganisms and
form a conducive environment for the healing process. A
notable recent advancement in dentistry involves the utiliza-
tion of biomaterials designed to seamlessly integrate with
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Abstract Objective This study analyzes the biomineralization potential of calcium silicate-
based sealers Ceraseal (Meta Biomed Co., Cheongju, Korea) and AH Plus Bioceramic
(Dentsply Sirona, United States), focusing on evaluating apatite deposition in root
canal dentin and pH increases.
Materials and Methods Calcium silicate-based sealers Ceraseal (Meta Biomed Co.)
and AH Plus Bioceramic (Dentsply Sirona) were applied to the root canal dentin of
premolars that had undergone root canal preparation procedures. This was followed by
a 14-day immersion in phosphate-buffered saline (PBS). Biomineralization analysis was
performed by analyzing the formation of the apatite layer after the 14-day immersion.
The thickness of the apatite layer deposits was observed using a scanning electron
microscope (SEM). Additionally, the sealers were placed inmolds and submerged in PBS
solution with pH measurements taken on days 0, 7, and 14 using a digital pH meter.
Statistical Analysis The average thickness of apatite deposition in the interfacial layer
was analyzed using the Mann–Whitney’s test. The pH value differences among the
groups were analyzed using a one-way analysis of variance test, followed by a post hoc
least significant difference.
Results There were differences in the apatite deposition in the interfacial layer
between Ceraseal and AH Plus Bioceramic within 14 days of observation. There was
a significant difference (p<0.05) between the pH values of Ceraseal and AH Plus
Bioceramic at 7 and 14 days of observation. Ceraseal showed greater alkalizing activity
compared with AH Plus Bioceramic.
Conclusion Calcium silicate-based sealer Ceraseal showed better biomineralization
potential than AH Plus Bioceramic.
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living tissues, promoting optimal functionality while mini-
mizing the risk of adverse reactions or damage.2

Biomaterials in endodontics now focus on regenerative
concepts, aiming not only to form a mechanical seal (as is
commonly found in other artificial materials) but also to
create a biological seal that stimulates and modulates the
healing process.3,4 The term “biological seal” describes the
biocompatible and bioactive properties of amaterialwhen in
contact with tissue, whereas the term “mechanical seal” can
be observed from the material’s adhesive strength and
physical properties. Biological seal formation aligns with
the current monobloc principle, which aims to form a
homogenous unit of the root canal to create a fluid-tight
seal.5 The future of endodontics currently revolves around
exploring advanced materials to enhance the interface be-
tween root dentin and obturatingmaterial. This focus aims to
achieve maximum sealing, thereby contributing to the suc-
cess of endodontic treatment.

Epoxy resin-based sealers arewidely recognized as thegold
standard of root canal sealers. However, several studies have
identified drawbacks associated with epoxy resin-based seal-
ers. Najafzadeh et al demonstrated that epoxy resin-based
sealers exhibit lower marginal adaptation and tubular pene-
tration compared with calcium silicate-based sealers.6 The
presence of silicone oils in AH Plus may lead to shrinkage
between sealer and dentin, potentially facilitating bacterial
penetration.7 Additionally, calcium silicate-based sealers
achieve greater tubular penetrationmay be due to the smaller
size of the Bioceramic sealer particles than the epoxy resin-
based sealers.7 Therefore, due to these reasons, calcium sili-
cate-based sealers are bioactive materials that emerged as a
relevant alternative to epoxy resin-based sealers.

Bioactive materials are biomaterials that can elicit specific
biological responses from the material surface, leading to the
formation of a bond between tissue and material.8,9 Biomin-
eralization is one of the various mechanisms of action of
bioactive materials, and it is the material's ability to form an
apatite-like layer on the surface when in contact with physio-
logicalfluid invitro. Thisprocess involvesan increase inpH, the
release ofmineral ions, and apatite structure formation.10 The
formation of apatite minerals enhances the sealing ability of
the sealer,fills porous areas, andcontributes todentinbiomin-
eralization. The formation of this mineralized tissue barrier
protects the root canal from bacteria and toxins.8,11

Calcium silicate-based sealers can induce hydroxyapatite
precipitation on the root dentin surface and form a mineral
layer on dentin tissue, demonstrating their biomineraliza-
tion capabilities.12 The latest generation of calcium silicate-
based sealers is available in premixed form, providing a
uniform consistencywithout requiringmixing procedures.13

Ceraseal (Meta Biomed Co., Cheongju, Korea) is a premixed
endodontic sealer based on calcium silicate. Another pre-
mixed calcium silicate-based sealer is AH Plus Bioceramic
(Dentsply Sirona, United States), which represents an inno-
vation compared with the previous AH Plus generation.14,15

Developing varying formulations of calcium silicate-based
sealers influences their characteristics, including their
biomineralization potential.

Several parameters indicate a material’s ability to bio-
mineralize, such as its ability to induce carbonate apatite
formation on the surface and changes in pH values during ion
release.9,10 Reyes-Carmona et al (2009) found that Portland
cement soaked in a phosphate-buffered saline (PBS) solution
resulted in the formation of petal-like crystal precipitation
on the 14th day.10 The biomineralization analysis was con-
ducted by examining the formation of an interfacial apatite
layer between dentin and cement surfaces using a scanning
electron microscope (SEM) and confirmed using energy
dispersive X-ray spectroscopy (EDX) to examine the compo-
sition of the depositedmineral ions. Studies have shown that
calcium silicate-based materials reach their peak on the 7th
day and decrease on the 14th day.16Apatite formation occurs
simultaneously with pH value changes due to ion exchange
reactions during the setting process.10 Consequently, pH
measurements can be employed as a method to assess the
biomineralization ability of materials.

The SEM observations on the 14th day in this study were
expected to reveal mineral precipitation on the root dentin
surface. Research on the biomineralization ability of premixed
calcium silicate-based sealers—especially AH Plus Bioceramic,
which is relatively new—is limited. Therefore, this study
investigated and compared the differences in biomineraliza-
tion ability of various premixed, calcium silicate-based sealers
(AH Plus Bioceramic and Ceraseal), which were analyzed
through observation of the apatite deposition on root canal
dentin and increases in pH values after immersion in PBS. The
null hypothesis of this study is that there are no significant
differences in the apatite deposition on root canal dentin
and pH values of various calcium silicate-based sealers.

Materials and Methods

This study received ethical approval from the Ethics Com-
mission for Research in Dentistry, Faculty of Dentistry, Uni-
versitas Indonesia (KEPKG-FKGUI) under number 07/Ethical
Approval/FKGUI/III/2023, with protocol number 050100223.
This research is an experimental laboratory study conducted
at the Conservative Clinic and Oral Biology Laboratory of the
Faculty of Dentistry, Universitas Indonesia, Jakarta, as well as
the Research Center for Advanced Materials – National
Research and Innovation Agency (BRIN) Serpong Laboratory
in February–March 2023. The study consisted of two tests: an
apatite deposition test and a pH value test.

Sample Size
The research samples for the apatite deposition test consisted of
15mandibular secondpremolar teethextracted for orthodontic
treatment needs that met the inclusion criteria. Inclusion
criteria were premolar teeth approximately 25mm long, a
single straight root, a single root canal, and a closed apex.
Exclusion criteria included teethwith fractures, cracks, or other
defects, root resorption, and previously treated root canals. The
samples for thepHvaluetestwerecalciumsilicate-basedsealers
placed into molds, with three molds per group. For pH value
determination,n¼3pergroup,withmeasurements taken three
times per sample, and then the average value was recorded.
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Apatite Deposition Test
Postextraction teeth were immersed in 0.9% saline at room
temperature. All mandibular second premolars were
accessed using an endo access bur, followed by cleaning
and shaping procedures with the crown-down technique
using ProTaper Gold (Dentsply Sirona) up to F3. Final irriga-
tionwas performedwith 2.5% NaOCl and 17% EDTA activated
by sonic activation (Endoactivator, Dentsply Sirona). The root
canals were moisturized with endodontic suction for 5 sec-
onds and paper points for 1 second.17

Gutta-percha cone F3 was inserted to the root canal. Then
the samples were randomly assigned to one of three groups
for obturation procedure (n¼15):

Group I: AH Plus Bioceramic sealers (n¼5).
Group II: Ceraseal sealers (n¼5).
Group III: Root canal dentin without sealer application
was immersed in PBS as control (n¼5).

The obturation procedure was performed based on the
manufacturer’s guidelines. After obturation, the specimens
were placed in an incubator at 37°C with 100% humidity for
24 hours to ensure that the sealers had set.

Subsequently, the samples were immersed in PBS for
14 days, with regular changes to the PBS solution every
5 days. After 14 days of immersion, the roots were cut
horizontally, perpendicular to the root axis, 5mm from the
apex, using a water-cooled diamond saw. The samples were
left to dry for 12hours. Afterward, they were coated with
platinum and observed with SEM/EDX (Jeol/Korea).

Determination of the apatite layer area at the interface
layer between dentin and sealer was done by examining the
composition obtained from the EDX test and the morpho-
logical differences. Measurement of apatite deposition at the
interfacial layer was performed by drawing 50 lines perpen-
dicular to the outer boundary of the dentin and root canal
filling to find the thickness average. This process was repeat-
ed twice for each group. The average apatite deposition at the
interfacial layer was calculated using ImageJ software.

Determination of pH Value
Both groups of sealers were placed in molds with a height
of 2mm and a diameter of 5mm. The samples were then
incubated at 37°C with 100% humidity for 24 hours to
ensure that the sealers had set. After setting, all samples
were removed from the molds and placed in a PBS solu-
tion. Prior to this, the pH value of the PBS solution was
determined to establish the baseline pH values before the
intervention. Observation and measurement of the pH
values of calcium silicate-based sealers were conducted
on days 0, 7, and 14 using a calibrated digital pH meter
(Hanna, United States).

Statistical Analysis
The Mann–Whitney’s post hoc test was used to determine
the significance of the differences in apatite deposition on
root dentin between AH Plus Bioceramic and Ceraseal (µm).
In the apatite deposition test, the intraclass correlation
coefficient (ICC) was used to evaluate the consistency of

the measurements between the two observers. A one-way
analysis of variance test was also used in this study to
evaluate the differences in pH values among the three
groups. The significance level was set at p<0.05.

Results

Five samples from each group were examined using a
scanning electron micrograph after 14 days of immersion
in a PBS solution. Based on observations through SEM imag-
ing, the presence of apatite mineral deposits was found on
the surface of the dentin in the root canals. SEM imaging at a
magnification of�1,000made it possible to distinguish three
areas: dentin area, interfacial layer, and root canal filling
material. ►Fig. 1 shows the SEM/EDX results of the AH Plus
Bioceramic sealer sample. The blue arrow indicates root
canal dentin, and the yellow arrow indicates gutta-percha
and AH Plus Bioceramic. The red arrows indicate the interfa-
cial layer area characterized by the deposition of thin apatite
with cloud-likemorphology and irregular edges precipitated
on the dentin walls of the root canal. The elemental compo-
sition of the interfacial layer differed from that of the filling
material but was similar to root canal dentin. However, the
Ca/P ratio in the interfacial layer was different from that in
root canal dentin. The average Ca/P ratio in the interfacial
layer area was 2.01, which represents a distinction from the
Ca/P ratio observed in root canal dentin, which was 1.61.

SEM analysis of the Ceraseal group also revealed the
presence of apatite deposition in the interfacial layer
(►Fig. 2). The red arrows indicate the interfacial layer area
in this sample, displaying apatite deposits with a granular,
irregular morphology and uneven contours precipitated on
the dentinwalls of the root canal, along with mixed gray and
white coloration. For these three red arrows, the average
values were taken, resulting in a Ca/P ratio of 4.01 for that
specific area, differing from the Ca/P ratio observed in the
root canal dentin area, which showed a Ca/P ratio of 1.71.

The calculation of the apatite deposition area in the
interfacial layer in each group was performed using ImageJ
software. After obtaining the average values of apatite depo-
sition in the interfacial layer for each sample, statistical tests
were conducted using SPSS 27.0. The ICC value obtained
(r¼0.998) exceeds the critical r value, confirming the reli-
ability of the observational data for mean apatite deposition
at the interfacial layer.

►Table 1 indicates a significant difference in the apatite
deposition area in the interfacial layer between AH Plus
Bioceramic and Ceraseal groups (p<0.05). Ceraseal showed
a higher average deposition of apatite in the interfacial layer.

In pH analyses, a different pattern of pH valuewas found in
both groups, AH Plus Bioceramic and Ceraseal, during 2-week
observation. AH Plus Bioceramic showed an increase on day 7,
followed by a decrease, whereas Ceraseal continued to dem-
onstrate an increase in pH values until day 14 (►Fig. 3).

At the observation times of 7 and 14 days, there was a
significant difference in pH values between the control, AH
Plus Bioceramic, and Ceraseal groups (►Table 2). To examine
the difference in pH values between the groups at the
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observation times of 7 and 14 days, a post hoc least signifi-
cant difference test was conducted with a significance level
of p<0.05. Ceraseal provided the highest values, while AH
Plus Bioceramic provided lower alkalizing activity.

This study also investigated differences in pH values
within each group over different observation periods. The
results indicated no significant difference in the pH values of
AH Plus Bioceramic between the 7- and 14-day observation

Fig. 1 SEM image of AH Plus Bioceramic on root canal dentin after 14 days of immersion in PBS solution. (A) Red arrows indicate apatite
deposition in interfacial layer area; yellow arrow indicates root canal material filling; and blue arrow indicates root canal dentin.
(B) Semiquantitative elemental composition on root canal dentin (Ca/P: 1.61). (C) Average of elemental composition of three points on the area
identified as the interfacial layer (Ca/P: 2.01). PBS, phosphate-buffered saline; SEM, scanning electron microscope.

Fig. 2 SEM image of Ceraseal on root canal dentin after 14 days of immersion in PBS solution. (A) Red arrows indicate apatite deposition in the
interfacial layer area; yellow arrow indicates root canal material filling; and blue arrow indicates root canal dentin. (B) Semiquantitative
elemental composition on root canal dentin (Ca/P: 1.71). (C) Average of elemental composition of three points on the area identified as the
interfacial layer (Ca/P: 4.01). PBS, phosphate-buffered saline; SEM, scanning electron microscope.
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periods. A similar result was observed in the Ceraseal group
(►Table 2).

Discussion

A strong bond between root canal filling material and root
canal dentin depends not only on the physical properties of

the sealermaterial but also on thebiological properties of the
sealer. Calcium silicate-based sealers are bioactive materials
with the advantage of biomineralization capability.12

Biomineralization of root canal dentin aims to form a biolog-
ical sealing, an integrated structure between the root canal
dentin walls and root canal filling material, resulting in a
tight and high-quality seal that modulates the healing

Fig. 3 Comparison of pH values for each group based on the time of observation. �p-Value< 0.05.

Table 2 Mean and standard deviation (�SD) of pH values of three groups experimental (control, Ceraseal, and AH Plus Bioceramic)

Time pH value

Control Ceraseal AH Plus Bioceramic

0 h 7.4�0.005 7.4� 0.01 7.43�0.02

7 d 7.39�0.003a 11.29�0.08a 9.32�0.79a

14 d 7.39�0.004b 11.48�0.04b 9.19�0.73b

Note: Superscript letters in the horizontal row indicate statistically significant differences (p< 0.05) based on the time of observation within each
group.

Table 1 Apatite deposition (median [minimum–maximum]) for two calcium silicate-based sealers, Ceraseal and AH Plus
Bioceramic

Apatite deposition (µm)

AH Plus Bioceramic 18.49 (18.02–19.43)a

Ceraseal 23.65 (21.93–25.78)a

aStatistically significant differences (p< 0.05) among materials.
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process.10 In this study, the premixed calcium silicate-based
sealers used were AH Plus Bioceramic and Ceraseal.

Biomineralization occurs when the material comes into
contact with physiological fluid. Environmental factors, such
as ion composition, influence mineral precipitation compo-
sition. In this study, PBS solution was used, a physiological
solution with a phosphate concentration of 9 to 10mM, pH,
and osmolarity values resembling the body.18 Previous stud-
ies indicate that PBS has a better modulating effect on
biomineralization processes on dentin surfaces compared
with distilled water.19,20

The results of SEM/EDX analysis for both groups of calci-
um silicate-based sealers demonstrate their ability to depos-
it apatite on the root canal dentin surface. This is indicated by
the presence of apatite in the interfacial layer between the
root canal filling material and dentin, as shown in the SEM
images at �1,000 magnification. In this study, the interfacial
layer was described as a thin apatite deposition resembling a
cloud-like appearance with mixed gray and white colors
precipitated on the root canal dentin surface. This is consis-
tent with previous research by Gandolfi et al (2010), which
showed that apatite deposition on day 14 had a morphology
resembling a thin, bright, cloud-like structure on the sur-
face.8 In the study by Gandolfi et al (2010), after immersion
for 28 to 60 days, a difference in morphology was observed,
with a continuous granular mineral layer structure.8 The
deposition appearance changes over time, with denser and
more compact apatite deposition observed after prolonged
immersion, as reported by Reyes-Carmona et al (2009).10

Therefore, it is suggested that immersion timemay influence
the morphology of apatite.

In addition to morphological analysis, this study employs
EDX testing to differentiate between the areas based on their
ion compositions. Apatite deposition in the interfacial layer
was also identified through EDX testing, which was charac-
terized by regions exhibiting ion compositions of Ca, P, and O
with a small amount of Si.10 The PBS solution does not
contain Ca, so the presence of Ca ions in the interfacial layer
can be considered a parameter indicating a precipitation
reaction.18 The results of EDX showed that the Ca/P ratio in
the interfacial layer areas has a value and trend almost
similar between the groups, both of which are higher than
the Ca/P ratio of hydroxyapatite (Ca/P¼1.67). This high Ca/P
ratio during the 14-day observation period is suspected to be
due to the ongoing biomineralization process, resulting in a
low phosphorus content. Similar findings were explained in
a study by Prati and Gandolfi (2015), which also found a
decrease in silica content, while phosphorus content in-
creased on day 28 during immersion in phosphate solution,
along with the formation of apatite crystals.21 This explains
the EDX results on day 14, revealing the distribution of Ca, P,
and O ion components with a minimal amount of Si in the
interfacial layer area. Silicon (Si4þ) and calcium (Ca2þ) con-
tribute to promoting biomineralization, while hydroxide
ions create an alkaline environment. When immersed and
exposed in phosphate-containing fluid, calcium phosphate
occurs, inducing apatite precursor and hydroxyapatite pre-
cipitation on the surface, leading to the formation of an

interfacial layer on dentin walls, referred to as the “mineral
infiltration zone.”15,16,21

Another factor influencing mineral precipitation mecha-
nisms, aside from immersion time, is the particle size and the
proportion of the composition of calcium silicate-based
sealer.16 Smaller particle sizes lead to increased flowability,
penetration into dentin tubules, and faster hydration reac-
tions, enhancing sealer performance.22,23 A previous study
mentioned that the particle size of Ceraseal is 0.3 to 68 µm,
but currently, there is no research examining the particle size
of AH Plus Bioceramic. The composition proportion of Cera-
seal contains a higher amount of calcium silicate than AH
Plus Bioceramic, explaining the statistical results of this
study that found a greater deposition of apatite in the
interfacial layer of the Ceraseal group compared with AH
Plus Bioceramic.16 AH Plus Bioceramic modified its compo-
sition by reducing calcium silicate content and increasing
zirconium dioxide content.

In terms of mineralization, calcium hydroxide plays a
significant role, but in high amounts, it creates a highly
alkaline environment known to be toxic to cells.24 The
addition of zirconium dioxide to the material aims to en-
hance the biological properties of the sealer, creating a good
environment for bone regeneration, increased adhesion and
proliferation of osteoblasts, and increased mineral deposi-
tion.25 This study shows that calcium content in the sealer
plays a crucial role in forming biomineralization. High calci-
um silicate content forms more silanol groups, acting as
nucleation sites for hydroxyapatite crystals.26,27

In this study, both sealers showed alkalinization effects
marked by an increase in pH values compared with the
control group. The pH increase occurred in the first 24hours
as a result of the early hydration reaction of calcium silicate-
based sealers releasing calcium hydroxide compounds, and
the hydroxyl groups from calcium hydroxide played a role in
creating an alkaline environment.28,29 In this study, during
the 14-day observation, both sealer groups showed
different pH change patterns. The pH values of the AH Plus
Bioceramic group from days 7 to 14 showed a decrease that,
although not statistically significant, substantively indicated
a decrease. The pH value decreased when the hydroxide ions
released from the cement were combinedwith the OH� sites
in the apatite, forming precipitation.10,30,31 The Ceraseal
group showed a different pH change pattern, a continuous
increase over the 14-day observation. The pH increase from
days 7 to 14 in the Ceraseal group was not statistically
significant, but it substantively showed an increase.
This pH value increase pattern can be linked to the higher
calcium silicate proportion in the Ceraseal group.27 The
higher the proportion of calcium silicate, the more ion
release, accompanied by a continuous increase in pH values.
This study’s results differ from the study by Zamparini et al
(2022), which showed a pH value decrease pattern for
Ceraseal and AH Plus Bioceramic from the first 24 hours.
This differencemayalso be due to variations inmeasurement
methods.10,27

The pH measurement results of calcium silicate-based
sealer Ceraseal showed significantly higher values than AH
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Plus Bioceramic and the control group on days 7 and 14. This
is in line with the study by Zamparini et al (2022), which
found that Ceraseal exhibited higher alkaline properties and
released higher calcium ions than NeoSealer Flo and AH Plus
Bioceramic.27 The higher proportion of calcium silicate com-
position is also the reason Ceraseal has higher pH values than
AH Plus Bioceramic. The proportion of calcium silicate-based
sealers will affect ion release, meaning that the higher the
percentage of calcium silicate, themore calcium and hydrox-
yl ions are dissolved.16 This phenomenon shows that the
proportion of bioactive calcium silicate components in the
sealer affects two things: an increase in pH values and the
ability to form apatite. The findings of this study show that
the null hypothesis is rejected.

The limitation of this studywas the restricted observation
period, which may have limited the comprehensive under-
standing of apatite morphology. Additionally, the apatite
deposition analyzed in this study was confined to
SEM/EDX techniques, with the mineral phase remaining
unidentified. Transitioning from in vitro to in vivo models
will also be critical for validating these findings in clinical
contexts. Looking ahead, the future direction of this study
involves developing root canal cements with enhanced char-
acterization aimed at optimizing treatment outcomes.

Conclusion

The study concludes that the biomineralization potential of
Ceraseal sealer demonstrated superior results comparedwith
AH Plus Bioceramic sealer. This was evident in the higher
average deposition of apatite in the interfacial layer observed
in the Ceraseal group. Additionally, the pH values of the
Ceraseal sealer group were consistently higher compared
with those of the AH Plus Bioceramic sealer group at both 7
and 14 days of observation. Furthermore, distinct patterns
of pH value changeswere noted between the two groups, with
the AH Plus Bioceramic sealer demonstrating a decrease in pH
values fromdays7 to 14,while theCeraseal sealer exhibitedan
increase in pH values during the same observation period.
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