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Abstract

Long-term success of root canal therapy depends not only on effective disinfection but also
on durable sealing of the obturated canal system. However, currently available sealers
still face persistent challenges in balancing handling, interfacial stability, bioactivity, and
antibacterial performance. Here, we developed an injectable calcium silicate-based root
canal sealer reinforced with mesoporous bioactive glass nanoparticles (MBGN) to improve
sealing-related performance. The formulation integrated a hydration-active calcium silicate
matrix with a mesoporous bioactive component while maintaining practical handling
characteristics. MBGN incorporation enhanced dentin-associated mineralization, pro-
moted intratubular crystal deposition, reduced apical microleakage, and decreased internal
porosity after obturation. The 5% MBG formulation showed the most favorable sealing
profile, reducing the dye penetration depth from 2.68 ± 0.41 mm in the 0% MBG group to
1.87 ± 0.32 mm, together with decreased open and closed pore parameters in the apical
region. In parallel, the MBGN-reinforced sealer preserved acceptable cytocompatibility and
exhibited stronger antibacterial activity against Streptococcus mutans than the reference for-
mulations. The improved performance may be associated with effective initial adaptation
and bioactive interfacial densification. Together, these findings suggest that MBGN incor-
poration may be a promising route for engineering more bioactive calcium silicate sealers
with improved sealing stability and antibacterial function for endodontic applications.

Keywords: root canal sealer; mesoporous bioactive glass nanoparticles; apical microleakage;
dentin remineralization; antibacterial activity

1. Introduction
Apical periodontitis remains a common oral inflammatory disease and a major cause

of tooth loss worldwide, imposing a substantial burden on oral function and quality of
life [1]. Root canal treatment is currently the principal strategy for eliminating intracanal in-
fection and preserving natural dentition [2]. However, the long-term success of endodontic
therapy depends not only on effective microbial control, but also on the establishment and
maintenance of a durable seal that prevents reinfection through leakage at the sealer–dentin
interface [3,4]. In this regard, interfacial defects, void formation, material dissolution, and
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incomplete adaptation may create leakage pathways that permit bacterial recolonization
and compromise treatment outcomes over time [3–5]. Therefore, the clinical challenge
of root canal sealing is not merely to occupy the canal space, but to achieve long-term
interfacial integrity and resistance to microleakage after obturation.

Root canal sealers are expected to fill anatomical irregularities, reduce gaps between
gutta-percha and canal walls, and contribute to the biological stability of the obturated canal
system. Conventional root canal sealers, including zinc oxide eugenol-based and epoxy
resin-based sealers, have been widely used because of their acceptable handling or sealing
performance [6–8]. However, the simultaneous achievement of practical handling, reliable
antibacterial activity, bioactivity, and long-term interfacial sealing remains challenging for
current root canal sealers. Among alkaline and bioactive materials, calcium hydroxide-
based sealers or pastes, such as Vitapex, can create an alkaline antibacterial environment
and have been used clinically because of their bioactivity and handling convenience [9,10].
Nevertheless, their sealing durability may be affected by dissolution, limited interfacial
stability, and insufficient formation of a stable dentin-associated mineral interface [11,12].
Calcium silicate chemistry has provided an important foundation for bioactive endodontic
materials, with mineral trioxide aggregate (MTA) being a representative early example [13].
MTA exhibits favorable sealing ability, biocompatibility, and bioactivity, but its broader
use is limited by long setting time, handling inconvenience, potential discoloration, and
relatively high cost [14]. More recently, premixed calcium silicate-based sealers, such as
iRoot SP, have been developed to improve operability and clinical applicability. These
sealers generally show favorable biocompatibility, alkaline pH, and apatite-forming ability;
however, further improvement is still needed to optimize their sealing-related performance,
particularly in terms of dimensional stability, interfacial adaptation, internal porosity, mi-
croleakage resistance, and durable antibacterial activity [8,15]. These limitations highlight
the need for root canal sealers that combine practical handling with bioactive interfacial
sealing capacity.

Bioactive glass has been widely investigated in dental and endodontic materials
owing to its ion-releasing behavior, ability to induce hydroxyapatite formation, and in-
trinsic antibacterial activity in biological environments [16,17]. In calcium silicate-based
root canal sealers, bioactive glass-related strategies have also been explored to further
improve physicochemical and biological performance. For example, a previous study
reported a premixed calcium silicate-based root canal sealer reinforced with bioactive glass
nanoparticles and demonstrated improved biological properties and mineralization-related
behavior [18]. These findings support the feasibility of using bioactive glass particles as
functional additives in calcium silicate-based sealers. Building on this evidence, the present
work focuses on translating bioactive glass-mediated mineralization into sealing-related
functional outcomes, rather than only improving general bioactivity.

Compared with conventional bioactive glass particles, mesoporous bioactive glass
(MBG) possesses a high specific surface area, accessible mesoporous channels, and en-
hanced ion-exchange capability, which collectively support accelerated apatite formation,
sustained release of calcium- and silicate-related species, and local microenvironment mod-
ulation [19–22]. These established features make MBG nanoparticles (MBGN) particularly
attractive for endodontic material design. From the perspective of root canal obturation,
MBGN are expected to act not merely as passive inorganic fillers, but as a bioactive func-
tional phase capable of promoting localized mineral deposition along dentinal tubules and
at the sealer–dentin interface. Such ion-mediated interfacial mineralization may promote
the occlusion of dentinal tubules and interfacial defects, thereby reducing potential leakage
pathways and contributing to post-obturation interface densification [23,24].
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Based on this rationale, we developed an injectable MBGN-reinforced calcium sili-
cate sealer and specifically considered MBGN as a functional phase for interfacial sealing
reinforcement. The sealer was evaluated in terms of handling-related properties, cyto-
compatibility, dentin-associated mineralization, internal porosity, sealer–dentin interfacial
adaptation, apical microleakage, and antibacterial activity. This work was designed to con-
nect the mineralization-promoting and ion-releasing properties of MBGN with improved
interfacial sealing and antibacterial performance in an endodontic obturation system.

2. Materials and Methods
2.1. Materials

Tetraethyl orthosilicate (TEOS, ≥99.0%, Sigma-Aldrich, Hamburg, Germany), calcium
nitrate tetrahydrate (Ca(NO3)2·4H2O, VWR International, Radnor, PA, USA), ethyl acetate
(≥99.5%, Sigma-Aldrich, Hamburg, Germany), cetyltrimethylammonium bromide (CTAB,
Merck, Darmstadt, Germany), and ammonium hydroxide (28 wt%, Merck, Darmstadt,
Germany) were used for synthesis of MBGNs. Calcium carbonate (Aladdin, Shanghai,
China), zirconium dioxide (Macklin, Shanghai, China), EDTA root canal lubricant (Langli
Bio, Wuhan, China), and sodium hypochlorite irrigation solutions (2% and 5.25%, Langli
Bio, Wuhan, China) were used for sealer preparation and root canal procedures. iRoot
SP bioceramic root canal sealer (Innovative BioCeramix Inc., Vancouver, BC, Canada) and
Vitapex root canal filling paste (Morita, Osaka, Japan) were used as clinical reference
materials. Methylene blue solution (1%, Solarbio, Beijing, China), MTT (Thiazolyl Blue,
VWR International, Radnor, PA, USA), L929 mouse fibroblasts (National Collection of
Authenticated Cell Cultures, Shanghai, China), fetal bovine serum (FBS, Capricorn Scien-
tific, Shanghai, China), MEM medium (Thermo Fisher Scientific Inc., Waltham, MA, USA),
Brain Heart Infusion broth (BHI, Huankai Biology, Guangzhou, China), and Streptococcus
mutans UA159 (Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of
Sciences, Shanghai, China) were used for biological evaluation. Unless otherwise specified,
all reagents were of analytical grade and used as received.

2.2. Synthesis of MBGNs and Preparation of Root Canal Sealers

MBGN were synthesized according to previously reported procedures with minor
modifications [25]. Briefly, 5.6 g CTAB was dissolved in 264 mL deionized water obtained
from a water purification system (PURELAB Option, ELGA LabWater, Lane End, UK)
under continuous stirring for 30 min, followed by the addition of 80 mL ethyl acetate. After
an additional 30 min, 56 mL aqueous ammonia (1 M) was added and stirred for 15 min.
Subsequently, 28.8 mL TEOS and 18.24 g Ca(NO3)2·4H2O were sequentially introduced at
30 min intervals. The mixture was stirred for a further 4 h to form a colloidal suspension.
The precipitate was collected by centrifugation using a refrigerated centrifuge (5430R,
Eppendorf SE, Hamburg, Germany), washed with deionized water and ethanol, dried
overnight at 60 ◦C in an electric oven (DRY-Line®, VWR, Radnor, PA, USA). Finally, the
dried powder was calcined at 700 ◦C for 3 h at a heating rate of 2 ◦C/min in a furnace
(P330, Nabertherm, Lilienthal, Germany) to obtain MBGNs.

The morphology and elemental composition of MBGN were examined using scanning
electron microscopy (SEM, Tescan Mira 3 XH, Tescan, Brno, Czech Republic), transmission
electron microscopy (TEM, JEOL 2100F, JEOL Ltd., Tokyo, Japan), and energy-dispersive
spectroscopy (EDS). Fourier transform infrared spectroscopy (FTIR, Nicolet iS50, Thermo
Scientific, Waltham, MA, USA) was performed using KBr pellets at a resolution of 4 cm−1,
64 scans, and a spectral range of 4000–400 cm−1.

The experimental sealers were composed of tricalcium silicate (C3S), dicalcium silicate
(C2S), zirconium dioxide, calcium carbonate, and MBGN, with PEG 200 and Tween-80
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as liquid carriers. Formulations containing 0, 1, 3, and 5 wt% MBGN were prepared and
designated as 0% MBG, 1% MBG, 3% MBG, and 5% MBG, respectively. These MBGN-
reinforced formulations were selected to represent low, intermediate, and relatively high
incorporation levels, allowing evaluation of the effect of MBGN content on the sealer system
while maintaining paste homogeneity and handling properties. The liquid carrier consisted
of 95 wt% PEG 200 and 5 wt% Tween-80. The powder compositions of the experimental
sealers are listed in Table 1, and the overall compositions of the tested materials are
summarized in Table 2. iRoot SP and Vitapex were used as clinical reference sealers.

Table 1. Powder compositions of the MBGN sealers.

ZrO2 C3S C2S CaCO3 MBGNs

0% MBG 40% 30% 18% 12% 0%
1% MBG 40% 29.5% 17.7% 11.8% 1%
3% MBG 40% 28.5% 17.1% 11.4% 3%
5% MBG 40% 27.5% 16.5% 11% 5%

Table 2. Compositions of the tested sealer materials.

Materials Powder Composition Liquid Carrier

MBGN sealer ZrO2, C3S, C2S, CaCO3, MBGN PEG200, Tween-80

iRoot SP [24] ZrO2, calcium silicate, calcium
phosphate, calcium hydroxide, filler Thickening agent

Vitapex [26]
Calcium hydroxide, sodium

carboxymethyl cellulose, iodoform,
polymethylsiloxane

Olive oil

2.3. Flowability and Film Thickness Test

Flowability and film thickness tests were measured according to ISO 6876 [27]. For the
flowability test, 0.05 mL freshly mixed sealer was placed at the center of a glass plate. After
180 s, a second glass plate (20 g) was placed on top, followed by a 100 g load. After 10 min,
the maximum and minimum diameters of the compressed disc were measured. When the
difference between the two diameters was less than 1 mm, the mean value was recorded.
Three specimens were tested for each group.

For film thickness, the thickness of two superimposed glass plates was measured
using a vernier caliper before testing. A defined amount of freshly mixed sealer was placed
between the plates, followed by application of a vertical load of 150 N using a universal
testing machine. After 10 min, the combined thickness was measured again, and the film
thickness was calculated as the difference between the two measurements. Three specimens
were tested per group.

2.4. Setting Time Test

Setting time was measured under conditions consistent with ISO 6876 [27]. Freshly
mixed sealer was placed into high-density gypsum molds (10 mm in diameter and 1 mm
in height) and stored at 37 ◦C under 100% relative humidity. A needle penetrometer with
a 100 g mass and a 2 mm flat-ended tip was gently lowered vertically onto the specimen
surface at predetermined time intervals. Initial and final setting times were recorded
according to the disappearance of visible surface indentation under the applied load. Three
specimens were tested per group.
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2.5. Dentin Remineralization Assay

The collection and use of extracted human teeth were approved by the Ethics Commit-
tee of Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine
(approval no. SH9H-2025-T293-1). Extracted human teeth were cleaned by ultrasonic
scaling to remove debris and residual soft tissue, disinfected in 5.25% sodium hypochlo-
rite for 1 h, and stored in PBS containing 2% penicillin–streptomycin at 4 ◦C before use.
One-millimeter-thick dentin discs were prepared below the enamel–dentin junction using a
hard-tissue microtome. The discs were sequentially treated with 0.5% sodium hypochlorite
for 5 min, rinsed with deionized water, disinfected with 70% ethanol for 20 min, and fully
demineralized with 10% phosphoric acid for 12 h at 25 ◦C. The tested sealers were uni-
formly applied to the dentin surface, and the specimens were immersed in simulated body
fluid (SBF, pH 7.4) at 37 ◦C for 21 days without refreshing the medium. After incubation,
residual sealer was removed, and the specimens were air-dried. Surface and cross-sectional
morphologies were observed using SEM-EDS (Tescan Mira 3 XH, Tescan, Brno, Czech
Republic), and elemental analysis was performed to assess mineral deposition.

2.6. Root Canal Filling and Sealing Evaluation
2.6.1. Root Canal Preparation and Obturation

Forty-eight intact premolars extracted for orthodontic reasons were collected. After
removal of soft tissue remnants and ultrasonic cleaning, the teeth were disinfected in 5.25%
sodium hypochlorite for 1 h. The crowns were removed at the cementoenamel junction,
and the root length was standardized to 12 mm. Pulp tissue was removed using a barbed
broach, and root canals were prepared with K-files. The working length was established at
0.5 mm short of the apical foramen. After instrumentation, canals were irrigated, rinsed
with saline, and dried with paper points. The teeth were randomly assigned to four groups
(n = 12): 0% MBG, 5% MBG, iRoot SP, and Vitapex. Root canals were obturated using the
single-cone technique with matched gutta-percha cones coated with sealer. Each cone was
inserted to working length with gentle vertical compaction to improve adaptation and
minimize void formation. Excess gutta-percha was removed with a heated plugger at the
canal orifice. The specimens were stored at 37 ◦C and 100% humidity for 7 days to allow
sufficient hardening before further evaluation.

2.6.2. Micro-CT Analysis

Micro-CT (nanoVoxel-2000, Sanying MotionControl, Tianjin, China) was used to eval-
uate filling quality. Scanning parameters were as follows: voltage 85 kV, current 100 µA,
isotropic resolution 9.99 µm, 360◦ rotation, and 0.5◦ per frame. Three-dimensional re-
construction was performed using VoxelStudio Recon (2.5.1.25), and image analysis was
conducted using CTvox (3.2) and Dragonfly (2022.2). The filled root canal space extend-
ing 0–9 mm from the apex was defined as the region of interest and further divided into
apical (0–3 mm), middle (3–6 mm), and coronal (6–9 mm) thirds. Image segmentation was
performed using grayscale thresholding based on the histogram distribution and visual
inspection of representative slices to distinguish dentin, filling material, and voids. The
same thresholding protocol was applied to all specimens to ensure consistency. Based on
three-dimensional connectivity analysis, open pores were defined as voids or interfacial
gaps connected to the canal boundary, whereas closed pores were defined as isolated voids
completely enclosed within the filling material and without communication with the canal
wall or external surface. The open and closed pore parameters were quantified in each root
third. Six specimens from each group were used for micro-CT analysis.
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2.6.3. SEM Observation of the Sealer-Dentin Interface

After the 7-day hardening period, specimens were embedded in light-curing resin
and sectioned longitudinally along the root axis. The sections were ultrasonically cleaned,
vacuum-dried, sputter-coated with gold, and observed by SEM to evaluate interfacial
adaptation and sealer penetration into dentinal tubules.

2.6.4. Dye Penetration Test

Apical sealing ability was evaluated by dye penetration. After complete setting, the
external root surfaces were coated with three layers of transparent nail varnish, leaving the
apical 2 mm exposed. The specimens were mounted vertically with the root apex facing
downward and immersed to a depth of 3 mm from the apex in 1% methylene blue solution.
Samples were stored at 37 ◦C under 100% humidity for 7 days. After immersion, the roots
were rinsed, embedded in light-cured resin, and sectioned longitudinally along the central
axis. Dye penetration depth was measured under a stereomicroscope at 20× magnification.

2.7. Cytotoxicity Assay

Cytocompatibility was evaluated using the MTT assay. Extracts of the experimental
sealers (0%, 1%, 3%, and 5% MBG) and iRoot SP were prepared in MEM supplemented
with 10% FBS at a mass-to-volume ratio of 1:10 (1 g/10 mL) under sterile conditions at
37 ◦C for 24 h. L929 cells were seeded in 96-well plates at a density of 1 × 104 cells per well
and cultured for 24 h. Material extracts were diluted with MEM to final concentrations of
25%, 50%, 75%, and 100%, added to the cells at 100 µL per well, and incubated for a further
24 h. Subsequently, 50 µL MTT solution (1 mg/mL) was added to each well and incubated
for 2 h at 37 ◦C. The medium was removed, and 100 µL isopropanol was added to dissolve
the formazan crystals. Absorbance was measured at 570 nm using a microplate reader, and
cell viability was calculated relative to the control group.

2.8. Antibacterial Performance Evaluation

Antibacterial activity was evaluated against S. mutans using a direct contact test. The
tested groups were 0% MBG, 5% MBG, iRoot SP, and Vitapex. Freshly mixed materials
were evenly spread onto the bottom of 6-well plates. A 1.6 mL suspension of S. mutans
(5 × 107 CFU/mL) was carefully added onto each material surface, and the plates were
incubated anaerobically at 37 ◦C for 24 h. After incubation, bacterial suspensions were
serially diluted tenfold, and aliquots from the appropriate dilution were plated onto
agar plates. After a further 48 h of incubation under anaerobic conditions, colonies were
photographed and counted.

2.9. Statistical Analysis

Data are presented as mean ± standard deviation (SD). Statistical analysis was per-
formed using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test for
multiple comparisons (Origin 2021). A value of p < 0.05 was considered statistically signifi-
cant. Statistical significance was indicated as * p < 0.05 and ** p < 0.01, and non-significant
differences were indicated as ns where appropriate.

3. Results and Discussion
3.1. Characterization and Practical Handling of the MBGN-Reinforced Sealer

The MBGN-reinforced calcium silicate sealer was prepared by incorporating MBGN
into a premixed calcium silicate-based matrix to provide a bioactive component for sub-
sequent interfacial mineralization. SEM observation showed that the synthesized MBGN
displayed a regular spherical morphology and homogeneous size distribution, with an av-
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erage diameter of 120.0 ± 12.6 nm (Figure 1A). TEM imaging further showed well-defined
internal mesoporous channels within the nanoparticles (Figure 1B), consistent with their
mesoporous structure. This mesoporous architecture may facilitate fluid exchange and
bioactive ion release, consistent with the mineralization-related function of MBGN [19,20].
EDS analysis further showed that the nanoparticles were mainly composed of Si and Ca
(Figure 1C,D), consistent with the expected composition of mesoporous bioactive glass.
The FTIR spectrum of MBGN (Figure 1E) showed characteristic absorption bands of a
silicate-based bioactive glass structure. The broad band at approximately 3442 cm−1 and
the peak at 1638 cm−1 were attributed to O–H stretching and H–O–H bending vibrations,
respectively. The bands at approximately 1489 and 879 cm−1 were assigned to carbonate-
related vibrations. The strong band at approximately 1099 cm−1 corresponded to Si–O–Si
asymmetric stretching, while the bands at approximately 803 and 470 cm−1 were associated
with Si–O–Si stretching and bending vibrations, respectively. The band at approximately
959 cm−1 was attributed to non-bridging oxygen-related Si–O groups [28,29]. These char-
acteristic bands support the formation of silicate-network-based MBGN.

 

Figure 1. Morphological and physicochemical characterization of MBGN. (A) SEM image of MBGN
with particle size distribution in the inset. (B) TEM image of MBGNs. (C) Elemental mapping of
MBGN, including C, O, Si, and Ca. (D) EDS spectrum of MBGNs with elemental composition in the
inset table. (E) FTIR spectrum of MBGN.

After confirming the structural characteristics of MBGN, we next examined whether
their incorporation preserved the practical handling of the sealer system. As shown in
Figure 2A, the prepared sealer exhibited a white and homogeneous paste-like appear-
ance and could be smoothly extruded through the needle of a dental syringe, indicating
suitable premixed injectability. Flowability testing further showed that all formulations
remained within an acceptable handling range (Figure 2B). Among them, iRoot SP ex-
hibited a relatively lower flow diameter of 23.8 ± 1.0 mm, whereas the 0% MBG group
showed the highest value at 31.6 ± 1.93 mm. With increasing MBGN content, the flow
diameter gradually decreased to 25.6 ± 0.8 mm in the 5% MBG group. Nevertheless, the
MBGN-reinforced sealers still spread uniformly under compressive load, indicating that
incorporation of MBGN did not impair practical operability. This moderate reduction in
flowability may be related to nanoparticle-induced changes in paste rheology, while the
formulations remained within a practical handling range [30,31]. Film thickness is also
relevant to the ability of a sealer to establish intimate adaptation between gutta-percha
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and the canal wall. As shown in Figure 2C, no significant inter-group differences were
observed between iRoot SP and the MBGN-reinforced formulations. These results indicate
that incorporation of MBGN did not compromise the ability of the calcium silicate matrix
to form a thin and continuous interfacial layer. Incorporation of MBGN also moderately
prolonged the setting process (Figure 2D). The 0% MBG group reached initial and final
setting at approximately 4 h and 8 h, respectively, whereas the 1% to 5% MBG groups
exhibited initial and final setting times of approximately 5 h and 12 h. This effect may
be associated with the mesoporous characteristics of MBGN, which could influence the
early hardening behavior of the premixed calcium silicate system [18,32]. Nevertheless, all
values remained well within the acceptable range specified by ISO 6876: 2012 (≤30 h) [27],
indicating that the hybrid formulations retained a practically relevant setting window. XRD
and FTIR analyses were further performed to characterize the physicochemical features of
the 0% MBG and 5% MBG formulations. XRD patterns showed that both formulations con-
tained the characteristic crystalline phases of the calcium silicate-based matrix, including
tricalcium silicate, dicalcium silicate, zirconia, calcium carbonate, and hydration-related
calcium hydroxide (Figure 2E), consistent with reported phase compositions of calcium
silicate-based endodontic materials [32]. The similar diffraction profiles between the 0%
MBG and 5% MBG groups indicate that MBGN incorporation did not substantially alter the
primary crystalline constituents of the set sealer. FTIR spectra further revealed characteristic
bands associated with hydroxyl groups, carbonate species, calcium silicate hydrate-related
structures, Zr–O vibration, and Si–O–Si bonds (Figure 2F), in agreement with previously
reported FTIR assignments for calcium silicate-based and cementitious materials [33,34].
These results suggest that the 5% MBG formulation retained the main physicochemical
features of the calcium silicate-based matrix while incorporating a silicate-based bioactive
component. Taken together, MBGN incorporation established a bioactive calcium silicate-
based sealer system without compromising the practical handling characteristics required
for root canal obturation. The hybrid formulations maintained suitable injectability, bal-
anced flow behavior, stable film thickness, and acceptable setting kinetics, while providing
a physicochemical basis for subsequent mineralization and sealing-related performance.

3.2. Dentin-Associated Mineralization Induced by the MBGN-Reinforced Sealer

Dentin-associated mineralization is an important feature of bioactive root canal sealers
because it is directly related to dentinal tubule occlusion and interfacial stabilization after
obturation [35,36]. To examine whether incorporation of MBGN could enhance this be-
havior, dentin discs were immersed in SBF for 21 days in the presence of the experimental
sealers and two clinically used reference materials, namely the calcium hydroxide-based
sealer Vitapex and the calcium silicate-based sealer iRoot SP, while untreated dentin served
as the control. As shown in Figure 3A,B, both surface and cross-sectional observations
revealed clear differences in dentin-associated mineralization among the groups. The
untreated control exhibited abundant open dentinal tubules and negligible mineral depo-
sition, with no obvious Ca or P enrichment. Vitapex induced partial mineral deposition
around tubular orifices, but the surface coverage and intratubular crystal formation were
less continuous than those observed in the calcium silicate-based groups. In contrast, the
0% MBG, 5% MBG, and iRoot SP groups produced extensive surface mineral coverage
accompanied by marked tubular occlusion. Cross-sectional SEM further showed that the
0% MBG group exhibited dense granular deposits at the tubule entrances and within the
luminal space, whereas the 5% MBG and iRoot SP groups displayed abundant lamellar- and
petal-like crystals lining the tubular walls. Representative EDS analysis further supported
this mineralization trend. In the cross-sectional regions, the Ca content increased from 1.8
wt% in the untreated control to 13.0, 30.6, and 27.1 wt% in the 0% MBG, 5% MBG, and
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iRoot SP groups, respectively, accompanied by detectable P signals in the mineralized re-
gions. These findings support the formation of calcium and phosphate-containing mineral
deposits on dentin surfaces and within dentinal tubules. Collectively, the combined surface
coverage, intratubular crystal deposition, increased Ca content, and detectable P signals
indicate the formation of a denser dentin-associated mineral interface, which may support
subsequent interfacial stabilization and improved sealing performance. This stronger min-
eralization behavior is likely related to the combined contribution of the calcium silicate
matrix and the mesoporous bioactive glass phase. During immersion, MBGN may promote
local ionic supersaturation through the release of calcium- and silicate-related species,
while the calcium silicate phase provides a calcium-rich and alkaline microenvironment
favorable for apatite-like precipitation [19,25,37]. These results suggest that MBGN may
serve as a mineralization-promoting component within the calcium silicate matrix, thereby
supporting dentin-associated mineral deposition and potential interfacial stabilization.

Figure 2. Handling-related properties and physicochemical characterization of the MBGN-reinforced
calcium silicate sealer. (A) Gross appearance and syringe extrusion of the premixed sealer. (B) Flow
diameter of different sealers. (C) Film thickness of different sealers. (D) Initial and final setting times
of different MBG formulations (n = 3). (E) XRD patterns of the 0% MBG and 5% MBG formulations,
with reference diffraction peaks of the main crystalline phases. (F) FTIR spectra of the 0% MBG and
5% MBG formulations. Data in (B,C) are presented as mean ± SD (n = 3). Setting times in (D) were
measured with three specimens per group. ns, not significant; * p < 0.05; ** p < 0.01.

3.3. Apical Sealing Performance of the MBGN-Reinforced Sealer

Apical microleakage is closely associated with endodontic treatment failure, because
voids and interfacial discontinuities within the obturation system may serve as pathways for
bacterial penetration and recolonization [4,38,39]. To assess whether MBGN incorporation
improved sealing-related performance, dye penetration, SEM observation, and micro-CT
analysis were performed after single-cone obturation. As shown in Figure 4A–C, both
dye penetration and cross-sectional SEM observation revealed clear differences in apical
sealing among the groups. The 0% MBG group exhibited the greatest dye penetration depth
(2.68 ± 0.41 mm), whereas the 5% MBG group showed the lowest value (1.87 ± 0.32 mm),
with a statistically significant difference between the two groups (p < 0.05). Vitapex and
iRoot SP showed comparable penetration depths of 2.43 ± 0.27 mm and 2.48 ± 0.73 mm,
respectively, both of which were greater than that of the 5% MBG group. SEM findings were
consistent with these results. The 0% MBG group displayed a rougher microstructure with
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abundant pores and irregular crystalline deposits, indicative of a less compact interface.
In contrast, the 5% MBG group exhibited a denser and more homogeneous structure with
fewer visible pores and close adaptation to both dentinal walls and gutta-percha, without
obvious interfacial gaps. Although iRoot SP showed a finer texture, discontinuities were
still occasionally observed at the sealer–gutta-percha or sealer–dentin interfaces, while
Vitapex also exhibited local defects and less compact adaptation. These results indicate that
MBGN incorporation improved apical sealing not only by reducing dye leakage, but also
by promoting formation of a more continuous interfacial structure.

Figure 3. In vitro dentin-associated mineralization induced by different root canal sealers.
(A) Surface SEM images and corresponding EDS spectra of dentin discs after 21 days of incubation
with different sealers. Insets show low-magnification views of dentin surface coverage and dentinal
tubule occlusion. (B) Cross-sectional SEM images and corresponding EDS spectra of the dentin-sealer
interface and dentinal tubules. Yellow arrows indicate intratubular mineral deposits.
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Figure 4. Apical sealing performance and microleakage evaluation of different root canal sealers.
(A,B) Representative images and quantification of dye penetration. (C) Longitudinal SEM images
of the tooth (T)–sealer (R)–gutta-percha (g) interfaces. Solid red box, magnified region; dashed
red lines, sealer-tooth-gutta-percha interface. (D,E) Three-dimensional and longitudinal micro-CT
reconstructions of obturated roots. (F) Representative transverse micro-CT images of the apical region.
Red dashed lines indicate the gutta-percha boundary, and yellow arrows indicate interfacial voids or
defects. (G–J) Quantitative porosity analysis in the apical, middle, and coronal thirds. Data in (B,G–J)
are presented as mean ± SD (n = 6). * p < 0.05.

Micro-CT analysis provided complementary three-dimensional evidence for internal
porosity and sealing continuity (Figure 4D–J). In agreement with the dye penetration and
SEM findings, the 0% MBG and Vitapex groups exhibited more pronounced void formation
within the sealer matrix and less favorable apical coverage, whereas the 5% MBG group
showed fewer and smaller pores together with more uniform apical filling. Quantitative
pore analysis further confirmed this advantage. In the apical third, the open pore area
was significantly lower in the 5% MBG group (1.01 ± 0.35 mm2) than in the Vitapex group
(2.275 ± 0.40 mm2, p < 0.05), while both open and closed pore volumes were also lowest in
the 5% MBG group. Because open pores are more directly associated with leakage pathways
and closed pores reflect internal structural defects, the simultaneous reduction in both
parameters supports the improved sealing quality of the 5% MBG formulation. Beyond
the reduction in apical leakage, the improved sealer–dentin interfacial adaptation, reduced
internal defects, and dentin-associated mineral deposition may collectively contribute
to the enhanced sealing performance observed after MBGN incorporation. This effect
may be related to the combination of initial adaptation supported by suitable flowability
and subsequent bioactive interfacial densification mediated by calcium silicate hydration
and MBGN-associated mineral deposition [19,40,41]. However, the present study did not
directly simulate long-term aging or clinical failure conditions such as sealer dislodgement.
Future studies should further evaluate long-term solubility, dimensional stability, ion
release kinetics, and sealing durability under more clinically relevant conditions.
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3.4. Cytocompatibility and Antibacterial Activity of the MBGN-Reinforced Sealer

The cytocompatibility of the cured MBGN-reinforced sealers was evaluated using
the MTT assay. As shown in Figure 5A, cell viability remained above 80% across the
tested extract concentrations, indicating an acceptable cytocompatibility profile. Notably,
incorporation of MBGN did not adversely affect the cytocompatibility of the calcium silicate
matrix. This may be related to the formation of a dense calcium silicate hydrate (C-S-H)
network after hydration, which helps moderate excessive ion release and avoids abrupt
alkalinity shifts [42,43]. The antibacterial activity of the sealers was then evaluated against
S. mutans, a representative oral biofilm-forming bacterium [44]. As shown in Figure 5B,C,
all calcium silicate-based sealers exhibited stronger antibacterial activity than the calcium
hydroxide-based Vitapex group. Among them, the 5% MBG group achieved the highest
bacteriostasis rate (99.8 ± 0.11%), which was significantly greater than that of Vitapex
(p < 0.05) and slightly higher than that of iRoot SP. These results indicate that the calcium
silicate-based matrix itself provided a baseline antibacterial effect, while incorporation of
MBGN further strengthened this activity. This enhancement may be related to hydration-
derived alkalinity and ionic modulation within the local microenvironment [45,46]. In
the present system, MBGN may contribute by providing a mesoporous bioactive phase
capable of ion exchange and release of calcium- and silicate-related species [47]. The
enhanced mineralization tendency may also support antibacterial performance by reducing
favorable sites for bacterial attachment [48–50]. Nevertheless, the antibacterial evaluation
in this study was limited to S. mutans, and the proposed role of alkalinity and ion release
was mainly inferred from material composition and previous studies rather than directly
verified by pH or ion-release measurements. Future studies should include E. faecalis and
polymicrobial endodontic biofilm models, together with pH evolution, ion release profiling,
and long-term antibacterial assessments, to further clarify the antibacterial mechanism and
clinical relevance of the MBGN-reinforced sealer.

Figure 5. Cytocompatibility and antibacterial activity of different root canal sealers. (A) Viability
of L929 fibroblasts cultured with sealer extracts at different concentrations. (B) Bacteriostasis rates
against S. mutans. (C) Representative colony images of S. mutans after direct contact with different
sealers. Data in (A) are presented as mean ± SD (n = 6), and data in (B) are presented as mean ± SD
(n = 3). * p < 0.05.

4. Conclusions
In this study, an injectable MBGN-reinforced calcium silicate root canal sealer was

developed as a bioactive strategy to improve the functional performance of endodontic ob-
turation materials. The incorporation of MBGN preserved practical handling characteristics
while improving dentin-associated mineralization, apical sealing performance, and antibac-
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terial activity against S. mutans. Among the tested formulations, the 5% MBG formulation
showed the most favorable overall performance, as reflected by reduced microleakage,
lower porosity, enhanced interfacial mineral deposition, and strong antibacterial activity.
These findings suggest that MBGN incorporation is a feasible approach for improving
the sealing-related and biological performance of calcium silicate-based root canal sealers.
Nevertheless, this study was mainly based on in vitro and ex vivo evaluations. Further
long-term and in vivo studies are needed to confirm the durability, biological response,
and translational potential of this sealer under more clinically relevant conditions.
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