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Abstract: This study investigated the marginal adaptation of three recently introduced bioceramic root
repair materials, EdgeBioCeramic RetroFill, Endocem MTA, and One-Fil PT, using VP-SEM analysis.
Extracted single-rooted lower incisors were used to simulate retrograde fillings. The results showed
no statistically significant differences in the marginal gap between the materials and the dentin walls.
All three materials exhibited good dimensional stability, with gap sizes comparable to previously
published research on similar materials. The mean GAP was 3.91 + 2.56 for EdgeBioCeramic
RetroFill, 4.32 £ 2.69 for Endocem MTA, and 4.50 & 2.54 for One-Fil PT. This study employed
VP-SEM, a valuable tool for analyzing bioceramic materials without altering their properties. The
findings suggest the possibility of daily clinical use of these bioceramics by endodontists and general
practitioners that could find applications in retrograde fillings and perforation repairs. However,
further in vivo studies are needed to confirm long-term stability and assess the influence of sample
preparation methods.

Keywords: bioceramic sealer; root repair material; VP-SEM; SEM observation; endodontics;
retrograde filling

1. Introduction

Endodontic treatment was codified by Schilder in the late 1970s; since then, it has
been clearly defined that the success of the treatment depends on shaping, cleaning and
filling [1,2]. Therefore, in the last decades, shaping techniques have increased as well as
the performance of the shaping instrument, with the development of a new heat-treated
alloy and the rise in knowledge of the behavior of nickel titanium (Ni-Ti) files inside
the root canal. In the same way, the cleaning systems have improved drastically [3,4].
Indeed, despite the clear advantages of NaOCl as a solvent for the organic tissues having
been demonstrated, several activation techniques have been proposed to enhance the
effectiveness of the irrigation and enhance the cleaning of the root canal [5,6]. On the
other hand, despite sealers playing a critical role in root canal treatment success by filling
the endodontic space and avoiding bacterial replication, not many innovations have been
proposed since the 1970s. Indeed, despite several techniques having been proposed for
the thermo-plasticization of the gutta-percha (GP), the main limitation of this technique is
proper in the combination of GP and traditional sealers. The bioceramic sealers, introduced
in the last ten years in the marketplace, create a tight seal between the filling material and
the dentinal walls. This seal prevents bacterial leakage, promotes healing, and contributes to
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the longevity of the restoration. Bioceramic sealers have emerged as a promising alternative
to traditional resin-based sealers due to their biocompatibility, excellent physical properties,
and antibacterial properties [7,8].

These kinds of sealers, formulated with calcium silicate, have become a game-changer
in endodontics due to their exceptional biological and physicochemical properties. These
biocompatible and bioactive materials release calcium ions during setting, promoting the
formation of hydroxyapatite (HA), a substance that mimics the natural tooth structure. The
advantages highlighted by the literature include high biocompatibility, since they minimize
tissue irritation, making them ideal for use near the delicate dental pulp; impeccable
chemical stability, since they guarantee long-lasting performance within the biological
environment; reduced shrinkage, since, they do not contract during setting, preventing
unwanted tension within the tooth; post-setting expansion, since this unique characteristic
promotes optimal adhesion to the canal walls, meticulously sealing even the most intricate
anatomical variations; reduced inflammation, since in the case of accidental extrusion
beyond the canal, they do not trigger inflammatory responses in the surrounding periapical
tissues; promotion of bone regeneration, since the formation of hydroxyapatite fosters
bone regrowth and aids in the repair of damaged tissues; elevated pH, since the creation
of an alkaline environment hinders bacterial proliferation, contributing to the success
of the endodontic treatment; hydrophilic nature, since their affinity for water facilitates
adhesion to the dentin walls, ensuring a watertight seal; exceptional sealing ability, since
they effectively prevent bacteria and microorganisms from entering the root canals, thereby
preventing infections and future complications; and ease of use, since their malleable
nature and workable consistency simplify their application and manipulation during
endodontic procedures.

According to Camilleri, bioceramic sealers can be classified based on two factors [9,10]:

1.  Chemical Composition: Hydraulic aluminate cements or hydraulic calcium silicate-
based cements. Moreover, calcium silicate-based cements are further differentiated
into two distinct types: cements containing Portland cement and pure calcium silicate-
based cements [11,12].

The term hydraulic is used to describe the setting reaction which needs to be performed
in a wet environment [13].

2. Clinical Application: Intracoronal (within the crown), intraradicular (within the root
canal), or extraradicular (beyond the root tip).

The intracoronal application consists of Vital Pulp Therapy (VPT): This is a treat-
ment approach aimed at preserving the health of the dental pulp, the inner tissue of the
tooth. VPT procedures are used for teeth with reversible pulpitis (inflammation) or minor
injuries [14]. The types of VPT procedures covered are [15,16]:

Indirect pulp capping: Protects exposed dentin without directly contacting the pulp tissue.
Partial pulpotomy: Removes a small portion of the inflamed pulp tissue and places a
protective material over the remaining healthy pulp.

e  Revascularization: Attempts to revive a non-vital but not necrotic pulp tissue in
immature teeth.

The intraradicular application consists of the use of cement inside the root canal. To
be more precise, in the last revision of the literature, Camilleri highlights the advantages of
these sealers during the sealing procedure: regarding the root canal filling, the comparison
between hydraulic calcium silicate sealers with a different type of sealer (epoxy resin) in
terms of post-operative pain (6 h to 7 days) after root canal treatment in mature permanent
teeth showed that bioceramic sealers could lead to less post-operative pain after the root-
filling procedure. Importantly, no serious side effects or significant differences in pain
between the two types of sealers have been reported [9,10].

Regarding the apexification procedure, the comparison between a hydraulic cement
(Mineral Trioxide Aggregate, MTA) and calcium hydroxide (CH) for apexification in im-
mature permanent teeth with dead pulp tissue concluded that MTA performed better
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than CH, with failures only occurring in the CH group. The utilization of cutting-edge
bioceramic sealers coincides with the advancement of obturation techniques. These in-
novative methods aim to maximize the three-dimensional sealing of the entire root canal
system. Among these, techniques utilizing heated gutta-percha have demonstrated supe-
rior efficacy in terms of sealing ability and resolving periapical lesions when compared to
traditional methods employing single cones or cold lateral condensation with older sealers.
The advent of bioceramic sealers in endodontics marks a turning point, offering dental
professionals a valuable tool for achieving optimal outcomes in root canal treatments. Their
biocompatibility, bioactivity, and exceptional sealing properties contribute significantly to a
more predictable and successful endodontic experience for both dentists and patients [9].

The extraradicular application of these materials in the extraradicular region of teeth
comprises root-end surgery and perforation repair. According to the review by Camilleri,
the comparison between bioceramic root repair material and SuperEBA and/or gutta-
percha showed favorable outcomes at 12 months and no significant differences between
groups using MTA and other materials were reported. Gutta-percha was found to be
inferior to MTA for long-term (1-6 years) success [10].

Despite the improvement achieved in all phases of root canal treatment, the percentage
of success is still at 90 percent. For this reason, sometimes there is a need for a surgical
approach with retrograde treatment. Previously published research suggests that surgical
endodontic treatment may offer a higher success rate compared to non-surgical retreatment,
with studies reporting a 78% success rate for surgery versus 71% for retreatment after four
years [17]. Another literature review indicates that periapical surgery obtains successful
results in 84% of cases and that microsurgery techniques obtain better results than con-
ventional techniques [18]. Regarding the materials used for the retrofilling technique, it
has been observed that the most innovative materials (MTA, RRM, SuperEBA, or IRM)
offer better results in terms of success than amalgam. Within these, MTA is the one that
seems to have better results than the rest. Of course, not only the type of material used
will be decisive in the success of periapical surgery since there are multiple factors that
can influence the result; however, it can be determined that one of the influential factors is
the material used, so using materials that increase the success rate according to scientific
evidence will increase the probability of success in the treatment. Indeed, MTA obtains
better results than IRM, while the comparison of the rest of the materials did not yield
conclusive results. In the comparison of MTA and SuperEBA, the results favor MTA. As for
RRW, it obtains better results than MTA. Additionally, between IRM and SuperEBA, the
results favor SuperEBA [18].

These clinical studies point toward apical leakage as a major factor contributing to
treatment failure in surgical endodontics. Several investigations have emphasized the
importance of using filling materials that resist dimensional changes and maintain stability
over time, alongside proper filling techniques, to minimize leakage. In the last years, MTA
and bioceramic root repair material have been proposed as gold standard materials for
retrograde filling. In the current study, three recently introduced materials have been
studied, One-Fil PT, Endocem MTA, and EdgeBioCeramic RetroFill. Therefore, the aim of
this manuscript is to investigate and evaluate using a Variable Pressure Scanning Electron
Microscope (VP-SEM) as the interface between these RRMs and dentin with a particular
focus on the formation and significance of the gap between the sealer and the canal wall.

2. Materials and Methods
2.1. Ethical Committee Approval

This research received approval from the ethics committee at Saveetha Dental College
and Hospital (reference number: SRB/SDC/FACULTY /22/ENDO/049).

To determine the sample size, we employed G*Power software version 3.1 (Heinrich
Heine University, Diisseldorf, Germany). We set the parameters based on prior research
on the marginal gap and interfacial adaptation of different bioceramic sealers [19]. This
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included an alpha error of 0.05, a beta power of 0.90, and an effect size of 0.80. The software
suggested a sample size of 60 teeth (20 per bioceramic sealer) to detect significant differences.

However, to account for potential variations arising during the compaction of the
studied sealers, for which no existing data were available, we added an additional 6 samples
per group. This resulted in a final sample size of 26 teeth per group, allocated based on the
specific bioceramic sealer used.

2.2. Sample Preparation

This study used 78 single-rooted lower incisors (central or lateral) recently extracted.
The sample preparations were performed according to a previously published study using
VP-SEM analysis [20]. To maintain moisture within the dentinal tubules, each tooth under-
went disinfection after extraction. This involved a 5-day soak in 5% sodium hypochlorite
solution (OGNA, Padua, Italy) at body temperature (37 °C), followed by immediate storage
in distilled water at room temperature (25 °C) for up to three months. Teeth exceeding
this storage period were excluded. X-ray scans performed with Cone Beam Computed
Tomography (CBCT) confirmed each tooth had a single, straight canal (curvature less than
10 degrees) with a similar width (slightly oval) across the crown, middle, and tip sections.
Excluded teeth included those with previous root canal treatments, restorations extending
beyond the enamel-cement junction (CE]), posts, root resorption, or anatomical variations
beyond the specified criteria.

The crowns were removed 1 mm above the CE]J using a water-cooled diamond disc,
resulting in 12 mm root segments. After verifying an open canal using a #10 k-file, the
working length was established by subtracting 0.5 mm from the entire root length, mea-
sured with the k-file reaching the tip under magnification. Following the manufacturer’s
instructions, the canals were shaped using a HyFlex EDM /CM) with progressively larger
instruments, using 15/03, 20/04, 25/-, and 30/04). Between each instrument change,
the canals were irrigated for 20 s with 5% sodium hypochlorite solution. Final cleaning
involved three cycles (each lasting 60 s) using 5% sodium hypochlorite, 17% EDTA solution
to remove the smear layer, and again, 5% sodium hypochlorite. A device (EndoActivator)
with a medium tip activated these solutions. The canals were then meticulously dried
with sterile paper points before proceeding with the filling technique. After the orthograde
treatment, the teeth were randomly divided into three groups. Therefore, each tooth was
sectioned three millimeters from the apex and retro-prepared using a dedicated sonic tip
(Komet, Verona, VR, Italy) for three millimeters, and filled with the bioceramic root repair
material proper for the group, simulating a complete retrograde endodontic treatment.

2.3. SEM Observations

The samples were directly settled onto a carbon planchet stub without a conductive
coating and observed with the variable pressure SEM Hitachi SU-3500 (Hitachi, Japan),
setting the operating conditions at 30 Pa and 4.9-7.0 kV. Images were captured at several
magnifications between 50 x and 250 x. Measurements were carried out on photos at 250
magnification. The marginal gap was measured using Image]J software (Wayne Rasband;
National Institute of Health, Bethesda, MD, USA). Following this, micrographs obtained
from the SEM observation of each tooth section were digitally divided into 4 slices for
the measurement of the gap in transverse sections. Precisely, the marginal gaps were
evaluated using the freehand selection tool and the line selection tool of Image] software at
the 4 points selected for the measurements, only after the parameters for measurements
had been set correctly using the set scale and the scale bars of the pictures. For each section,
the maximum value in terms of distance (um) between the sealing materials and root canal
wall was recorded, and the overall maximum gap value for each specimen was calculated
by calculating the average of all the 4 slice values recorded (Figure 1). This procedure
was repeated for each section of each tooth. The statistical analysis was then performed
considering the overall maximum gap of each sectioned sample.
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Figure 1. SEM micrograph showing the measurement methodology at 50 x and 100 x magnification.
Each transverse section was divided into 4 slices, and the major value in terms of the marginal gap of
each slice was recorded using Image] software. The overall maximum gap value for each specimen
resulted from calculating the average of all 4 slice values recorded.

2.4. Statistical Analysis

Statistical analysis was conducted using R software (version 4.2.0., R Foundation for
Statistical Computing, Vienna, Austria). The normality distribution of continuous variables
was evaluated both through visual and analytical methods with the Shapiro-Wilk test.
Since the data did not follow a normal distribution, the Kruskal-Wallis test was used to
compare the interfacial marginal adaptation among the three experimental groups. Post
hoc Dunn’s test was conducted for pairwise comparison between the experimental groups
at a 95% confidence level.

3. Results

According to the collected data obtained from the VP-SEM observations and the
performed statistical analyses, there was no statistically significant difference in terms of
the marginal gap between the sealers and the dentinal walls in the three different bioceramic
sealers used (p > 0.05). The results are schematically summarized in Table 1 and visually
represented in Figures 1-3. SEM micrographs show no gap between ERRM and dentin;
Figure 1 shows the measurement methodology at 50 x and 100x magnification. Figure 2
shows the three different root repair materials at different magnification. Figure 3 shows
the three different root repair materials at 250 x magnification. The yellow arrows indicate
the minimum gap between the RRMs and the dentin wall while the red arrows indicate the
maximum gap.
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Figure 2. SEM micrographs showing the three different root repair materials at different magnification.
The red rectangle was designed to indicate the magnification site. (A) EdgeBioCeramic RetroFill,
(B) Endocem MTA, and (C) One-Fil PT.
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Figure 3. SEM micrographs showing the three different root repair materials at 250 x magnification.
The yellow arrows indicate the minimum gap between the RRMs and the dentin wall while the
red arrows indicate the maximum gap. (A) EdgeBioCeramic RetroFill, (B) Endocem MTA, and
(C) One-Fil PT.



J. Compos. Sci. 2024, 8, 294

7 0f 10

Table 1. The mean (SD) of gap value in micrometers (um) between the apical plug of the three RRMs
and dentin wall of the root canal system at different times.

EdgeBioCeramic RetroFill Endocem MTA One-Fil PT
Mean 3.91 4.32 4.50
SD 2.56 2.69 2.54
max 9.56 10.83 10.91
min 0 0 0

4. Discussion

Periapical surgery is a procedure indicated for the treatment of persistent apical
periodontitis in an endodontically treated tooth when retreatment has not been successful
or is not feasible [21]. The resection of the last 3 mm of the end of the root is carried
out since the highest percentage of table accessory ducts are found in these 3 mm apical
tissues [22]. After apical preparation, a filling material is used to seal the cavity at the end
of the root. Prevention of microfiltration, biocompatibility, and material stability in apical
tissues is very important. The filling material must adhere to the walls of the cavity and
resist resorption and moisture ingress. A good-quality apical root canal filler is essential for
the success of this surgical procedure [23].

The emergence of Mineral Trioxide Aggregate (MTA) in endodontics addressed a
critical need for improved root repair materials. Ideal properties for such materials include
effective sealing of pathways between the tooth’s internal anatomy and surrounding
tissues, biocompatibility with human tissues, resistance to dissolution in oral fluids, and
dimensional stability [24]. While MTA offers these advantages, research has identified
limitations such as limited working time, slow setting, handling difficulties, and a lack of a
suitable solvent for removal [25,26]. To overcome these shortcomings, novel bioceramic-
based materials have been introduced to the endodontic market. In the current study,
three recent bioceramics have been studied to evaluate their marginal gap with dentinal
walls during the retrograde filling procedure: the Endocem MTA, the One-Fil PT, and the
EdgeBioCeramic RetroFill [27].

The manufacturer highlights Endocem (EC) MTA's advantages, which include its
fast setting time (around 4 min) and user-friendly handling characteristics. Notably, it
maintains a chemical composition similar to commercially available MTA, consisting
primarily of calcium oxide, silicon dioxide, aluminum oxide, and radiopaque bismuth
oxide, along with other metallic oxides [28-30]. Moreover, EC MTA consists of tiny particles
of volcanic ash called pozzolan. This calcium silicate-based material interacts with calcium
hydroxide, a product of the hydration process, to form additional cement-like substances.
Research suggests that EC offers biocompatibility comparable to MTA, along with improved
resistance to washout and minimal tooth staining.

One-Fil PT (OFPT) (Mediclus Co., Cheongju, Korea) is a recently released PPBC that is
based on tricalcium silicate compound composition requiring the presence of water to set.
The exact composition details of One-Fil PT, including any potential additives or modifiers,
are, unfortunately, proprietary information and not publicly available [31].

According to the manufacturer, EdgeBioCeramic RetroFill stands out as a bioceramic
material for repair procedures. Compared to traditional MTA, it boasts superior handling
characteristics and promotes enhanced healing. A key advantage is its pre-mixed formu-
lation, eliminating the need for manual mixing, unlike MTA. This translates to a more
streamlined workflow. EdgeBioCeramic RetroFill offers a reduced working time of up to 30
min. The setting process initiates upon contact with moisture, with a minimum setting time
of 2 h under normal conditions. The composition is tricalcium silicate, dicalcium silicate,
zirconium oxide, tantalum, and calcium sulfate (anhydrous) [32].

While a material’s long-term clinical success is not solely dependent on marginal
adaptation, this property serves as a valuable indicator of its sealing ability and resis-
tance to leakage. In simpler terms, a well-adapted material effectively forms a tight seal,
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minimizing the potential for microleakage. To the best of our knowledge, no published
study in the literature analyzed the marginal gap of these materials using VP-SEM. By the
way, in the current literature, different studies have evaluated the marginal adaptation of
EndoSequence Root Repair Material (ERRM) and MTA. According to Shokuhinejad et al.,
the mean value gap for the transversal section is 6.40 microns for MTA and 2.70 microns
for ERRM in putty composition and 0.80 microns for ERRM in paste composition [33].
The results of the current manuscript are slightly higher, but this can be explained both
by the use of real teeth samples instead of resin replicas and by the different composition
of the material. Moreover, the minimum and maximum value are instead more similar
to previously published studies. The results of the current study can be explained by
the interaction of the alkaline compounds of the bioceramic materials that facilitate the
penetration of the sealers [19]. Another published study on ERRM by Donfrancesco et al.
shows similar results, with a mean value after 48 h of 4.32 microns, completely similar to
the one observed in the current study [34]. Moreover, the previously mentioned study also
used real tooth samples and the VP-SEM observation technique.

This study utilized a Variable Pressure Scanning Electron Microscope (VP-SEM) due
to its unique ability to operate under variable pressure and humidity conditions. This capa-
bility is crucial because it prevents damage to MTA and bioceramic materials (like ERRM)
when exposed to the electron beam. These specific operating parameters minimize the
creation of artifacts that could arise from unsuitable observation conditions. Consequently,
the measurements obtained in this study provide a more accurate representation of the
materials under simulating clinical conditions [35]. Furthermore, the VP-SEM incorpo-
rates a Backscattered Electron (BSE) detector, which plays a vital role in differentiating
between various material phases within the sample. This distinction helps to avoid inac-
curate measurements by clearly defining the boundaries between the different materials.
The BSE detector functions by counting the number of backscattered electrons, with the
count directly proportional to the average atomic number of the sample. In simpler terms,
brighter areas in a BSE image correspond to regions with a higher average atomic number,
while darker areas indicate the opposite. This contrast allows researchers to effectively
distinguish between different phases within the sample [36].

Since the marginal adaptation measurements reported and the use of VP-SEM, that
does not modify the clinical conditions, we can state that Endocem MTA, One-Fil PT, and
EdgeBioCeramic RetroFill have good stability over time. Indeed, the gap size of the material
after the setting time is coherent with the current literature [33,34,37].

5. Conclusions

This manuscript suggests that all three bioceramic root repair materials studied may
exhibit good dimensional stability. Therefore, it could broaden the clinical applications
for both retrograde fillings in endodontic surgery and repairs of perforations that create a
pathway between the root canal and surrounding periodontal tissue. Furthermore, the use
of VP-SEM in this study implies that metal coating the samples might not significantly affect
the long-term results for this type of analysis. However, to solidify these conclusions, further
investigations are warranted. These future studies should aim to assess the dimensional
stability of these materials over extended periods within a living organism (in vivo) and
explore how sample preparation might influence the observed results.
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