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Abstract
Introduction This study aimed to evaluate the physical and mechanical properties of an endodontic sealer containing 
strontium silicates (Sr–Si sealer, C-Root SP, Beijing, China) compared to a calcium silicate-based sealer (Ca–Si sealer, 
Endosequence BC Sealer, Savannah, USA).
Methods Elemental composition of the sealers was confirmed by energy-dispersive X-ray spectroscopy (EDS). Afterwards, 
particle size was evaluated with SEM (scanning electron microscopy). Flow (n = 10 per group), setting time. (n = 5), film 
thickness (n = 10), and radiopacity (n = 10) were tested under ISO 6876/2012 standards. To mimic clinical applications, 
a pressure-flow test (n = 10) was designed and carried out to estimate the forces needed to initiate sealer flow into dentin 
tubules. A direct observation on sealer penetration depth inside dentin tubule was also performed by SEM with 20 extracted 
single-canaled teeth, obturated with either Sr–Si or Ca–Si sealer (n = 10 each) using hydraulic condensation technique, 
resulting in 1080 per sealer group. The data were analyzed with a t test (α = 0.05).
Results The Sr–Si sealer contained 10.6 wt% Sr and an average particle size of 1.59 ± 0.97 µm, while the Ca–Si sealer 
contained 27.0 wt% Ca and a particle size at 8.05 ± 5.66 µm. The Sr–Si sealer also contained 16.2% tantalum which was 
not found in Ca–Si sealer. In the ISO tests, the Sr–Si sealer showed longer setting time, better flowability, and radiopacity 
(p < 0.01). The force to initiate the flow in simulated tubules for the Sr–Si sealer was 11.00 ± 0.74 N, significantly lower than 
the Ca–Si sealer's 21.51 ± 2.59 N. The results were also consistent with the observation on extracted teeth that Sr–Si sealer 
penetrated further than Ca–Si sealer.
Conclusions The properties of the Sr–Si sealer suggest that it possesses desirable characteristics based on current in vitro 
criteria. While these results provide a strong foundation for its application, conclusions regarding its long-term clinical suit-
ability depend on further clinical trials.
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Introduction

Obturation of the root canal system is critical for creating 
a fluid-tight seal after instrumentation, aiming to prevent 
reinfection by microorganisms and isolate any bacteria 
that survived the cleaning process [1]]. Given the complex 
anatomy of the root canal system [2], a sealer is used with 

gutta-percha to fill voids and accessory canals, ensuring a 
better seal and embolizing the residual microorganism [3]. 
Additionally, the sealer acts as a lubricant for the obturation 
material and possesses antibacterial properties [4]. However, 
traditional zinc oxide-eugenol (ZOE) sealers are soluble, 
potentially leading to recurrent infections [5, 6].

Silicate-based bioceramic sealers have emerged as a 
promising alternative, offering superior volume stability and 
bioactivity. These materials are biocompatible and reduce 
leakage, leading to their increasing popularity among den-
tists and endodontists [7]. Calcium silicate-based (Ca–Si) 
sealers, in particular, require moisture for setting and release 
calcium ions, contributing to their bioactivity [1]. How-
ever, some Ca–Si sealers have prolonged setting time (up 
to 168 h) and contain aluminum, which raises concerns in 
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dental clinics and general health [8, 9]. A prolonged set-
ting time presents at least two concerns: an increased risk of 
higher toxicity due to extended leaching of unset material, 
and the potential for inconsistent performance in clinical 
settings [10]. Additionally, it increases the vulnerability of 
the root canal filling to coronal microleakage and contamina-
tion before the placement of a definitive restoration, thereby 
impacting reinfection rates and the overall success of endo-
dontic treatment [11]. Given the considerable heterogeneity 
among commercial Ca–Si sealers, Endosequence BC Sealer 
was selected for this study as it is a first-generation product 
and a widely studied and reported commercial bioceramic 
sealer [12].

In 2021, a strontium silicate-based (Sr–Si) pre-mixed 
injectable bioceramic sealer received FDA approval. How-
ever, in vitro, in vivo, and clinical studies on the Sr–Si sealer 
are rare. The chemical composition of the Sr–Si sealer was 
disclosed by the manufacturer, as well as the Ca–Si manu-
facturers (Table 1). Strontium is proposed to have osteogenic 
and biocompatible properties, and the Sr–Si sealer is said to 
be insoluble, aluminum-free, and free from shrinkage upon 
setting [13, 14]. Recent publications showed low cytotoxic-
ity and excellent biocompatibility the Sr–Si sealer. However, 
its physical and mechanical properties, particularly dentin 
tubule penetration, remain unreported [15].

Despite the lack of high-quality clinical studies, it is gen-
erally accepted that sealer penetration correlates with posi-
tive clinical outcomes primarily due to the sealer’s ability to 
seal off and entomb residual microorganisms [16]. Although 
the FDA requires basic physical properties and biosafety 
disclosures, ISO standards primarily address fundamental 
physical and mechanical tests. Standardized tests conducted 
bench-top inadequately replicate clinical complexities. For 
example, the ability of a sealer to flow and penetrate acces-
sory canals and dentin tubules is critical to insulate and 
entomb infection. The ISO flow test can only evaluate the 
flowability of sealers between two glass plates. Alternative 
models evaluating sealer penetration into dentinal tubules 
are necessary. Sealer penetration is key for creating a strong, 
impermeable seal that prevents bacterial infiltration and 
minimizes reinfection risks. Therefore, evaluating and opti-
mizing sealer penetration are crucial for successful, durable 
outcomes in endodontic therapy.

Despite the increasing use of Sr–Si sealers, no study 
has compared their properties to those of Ca–Si sealers. 
This study aimed to analyze the composition of Sr–Si and 

Ca–Si sealers using energy-dispersive spectroscopy (EDS) 
and compare their particle size by SEM (scanning electron 
microscopy) and flow, setting time, film thickness, and radi-
opacity per ISO standards. Furthermore, a customized “pres-
sure flow” test and an SEM observation on “dentin tubule 
penetration” were performed for a comprehensive evaluation 
on the flowability. The null hypothesis was that there would 
be no statistically significant differences in the physical 
and mechanical properties, including flowability and den-
tin tubule penetration, between the strontium silicate-based 
sealer and the calcium silicate-based sealer.

Materials and methods

The manuscript of this laboratory study has been written 
according to Preferred Reporting Items for Laboratory stud-
ies in Endodontology (PRILE) 2021 guidelines.

The Sr–Si sealer (C-Root SP, C-Root, Beijing, China, 
LOT #20220101) and Ca–Si sealer (Endosequence BC 
Sealer, Brasseler, Savannah, USA, LOT #22001SP) sealers 
were used in this study.

The sealer was smeared onto an aluminum SEM stub 
and left in a 37 °C incubator with 100% relative humidity 
until the sealers were set. The stub was then placed into the 
SEM (Hitachi SU6600, Japan) and EDS elemental analysis 
was done for both sealers. For particle-size evaluation, a 
total of 50 particles were measured from 5 different, ran-
domly selected SEM images per sealer. All visible particles, 
regardless of elemental composition, were included in the 
measurement to ensure a non-biased representation of both 
sealers. The diameter of the particle was measured using 
ImageJ software.

The flow, setting time, film thickness, and radiopacity 
were assessed following ISO 6876/2012 standards [17]. 
However, despite the use of these standardized and well-
accepted methods, results are often difficult to compare 
across various studies. For flow, the weight equivalent of 
0.05 mL of each sealer (n = 10 per group) was placed onto a 
glass plate. Another glass plate was put on top of the sealer, 
followed by a weight with a mass of 100 g. After 10 min, the 
minimum and maximum diameters were measured using the 
ImageJ software, and the average of the minimum and maxi-
mum diameters was calculated for each specimen. Setting 
time was evaluated by placing the sealers (n = 5 per group) 
into a gypsum mold and put into an incubator at 37 °C with 

Table 1  Manufacturer’s chemical composition of tested sealers in weight %

Sealer Tricalcium silicate Dicalcium silicate Zirconium oxide Calcium hydroxide Strontium silicate Calcium phosphate

Sr–Si 0.0 0.0 10.0–30.0 1.0–4.0 20.0–45.0 2.0–20.0
Ca–Si 20.0–35.0 7.0–15.0 35.0–45.0 1.0–4.0 0.0 0.0



Odontology 

100% relative humidity. An Mitutoyo Digimatic Indicator 
was used to apply 100 g of force to the surface of the sealer 
using a probe with a 2 mm-diameter flat end. Measurements 
were repeated every 30 min until the primary surface setting 
of the sealers was observed. After the observation of the sur-
face setting, the measurements were repeated every 15 min 
until the probe did not make a visible indentation on the sur-
face of the sealer. Film thickness testing involved compress-
ing the sealers (n = 10 each group) between two glass plates. 
The plates with the sealer were then placed under the Instron 
5566A (Instron Corp, Norwood, MA) electromechanical 
universal testing machine with a load cell of 1kN capacity 
in compression mode, and a 150 N load was applied until 
the sealer filled the space between the glass plates. After 
10 min, the combined thickness of plates and sealer was 
measured with a micrometer to obtain sealer film thickness. 
For radiopacity, specimens (n = 10 per group) were incu-
bated at 37 °C and 100% relative humidity until the sealers 
were set. They were then irradiated along with an aluminum 
step wedge using the Heliodent Plus X-ray unit, operating 
at 60 kV and 7 mA with an exposure time of 0.10 s. Using 
ImageJ, the gray pixel values of 3 areas from each specimen 
and each aluminum step were measured and converted into 
millimeters of aluminum using a calibration curve.

The pressure-flow experiment was designed to mimic 
sealer flow into dentin tubules and determine the force 
required to initiate the flow (Fig. 1). This test was developed 
de novo to mechanically simulate the hydraulic condensation 
technique, where pressure from the master cone is used to 
push the sealer into the dentin tubules. Sealers (n = 10 per 
group) were injected into a glass syringe and the syringe 
with the sealer was subjected to a push test through a 32G 
needle with 0.108 mm inner diameter capillary, using the 
Instron 5566A electromechanical universal testing machine 
with a load cell of 1kN capacity at room temperature (21 °C) 

and 55% relative humidity using a 10 mm-diameter plunge 
with a crosshead speed of 10 mm/min for 5 mm. Force was 
plotted against time and the force required to get the sealer 
flowing was obtained from the graph.

For sealer penetration, 20 single-canaled extracted teeth 
were used. Teeth obtained were free of caries, prior restora-
tions or endodontic treatment. The teeth were from anony-
mous donors, and the reason for extraction was unknown. 
The use of unidentified extracted teeth did not meet the 
regulatory definition of human subjects research; therefore, 
IRB review was not required (Boston University IRB deter-
mination letter H-46261). The extracted teeth were disin-
fected in a 6% sodium hypochlorite solution for 3 days, and 
then stored in PBS solution at 4 °C until use. All teeth were 
accessed and instrumented to a Protaper Gold size F3 rotary 
file (Dentsply Tulsa Dental Specialties, Tulsa, USA). The 
canals were irrigated with 1 mL of 6% sodium hypochlorite 
with the change of each file. The final rinse was performed 
with 2 mL of 17% EDTA for 1 min followed by 2 mL of 
6.0% sodium hypochlorite. Using the hydraulic condensation 
technique (when a pre-fitted gutta percha cone and sealer 
is used to create hydraulic pressure and seal a canal), teeth 
were then obturated with either C-Root (10 root canals) or 
BC sealer (10 root canals). All specimens were placed in a 
37 °C incubator with 100% relative humidity for 1 week to 
allow the sealers to set. The teeth were then decoronated, 
fractured in half, and viewed using the SEM. Sealer penetra-
tion was measured at the coronal, middle and apical portions 
of the teeth. At each standardized location, 120 images were 
taken and a total of 360 measurements were performed per 
location for each sealer group. Penetration was defined as 
the distance the sealer travelled starting from the canal wall 
to the furthest point the sealer went in the dentinal tubule. 
Distance was measured using the ImageJ software. All meas-
urements were performed by a single investigator. Sealer 
penetration was compared between the different portions of 
the tooth as well. Penetration was compared between the 
different portions of the tooth as well.

Statistical analysis

Statistical analyses were performed using JMP Pro 18.0.2 
(SAS, Cary, NC) with the significant level set at 5% for all 
experiments.

A power analysis was performed to determine sam-
ple sizes using the DOE (Design of Experiment) function 
“power for two independent sample means” with a signifi-
cant level of α = 0.05 and a power of β ≥ 0.85. Preliminary 
analysis confirmed that the data of film thickness, flow, set-
ting time, and opacity met the assumptions for parametric 
testing using a Shapiro–Wilk normality test (α = 0.05). Data 
analysis was then done using a Student’s t test for all experi-
ments, except for the comparison of sealer penetration of the Fig. 1  Diagram of pressure-flow experimental setup



 Odontology

different locations of the tooth, for which a one-way ANOVA 
test was used. Pressure-flow data were not confirmed for 
the normal distribution, and therefore, the nonparametric 
Kruskal–Wallis test was applied.

Results

EDS analysis showed that the Sr–Si sealer was composed 
of oxygen (31.4%), tantalum (16.2%), zirconium (18.2%), 
calcium (11.5%), strontium (10.6%), phosphorus (7.6%), 

and silicon (4.5%). The Ca–Si sealer was composed of 
oxygen (30.8%), zirconium (35.6%), calcium (27.0%), and 
silicon (6.6%). Although the manufacturers claimed to be 
a calcium or strontium silicate-based sealer, silicon only 
comprised 6.6% and 4.5% of the composition respectively 
(Table 2).

The Sr–Si sealer had a mean  particle diameter of 
1.59 ± 0.97 µm, and the Ca–Si sealer had a mean parti-
cle diameter of 8.05 ± 5.66 µm (Table 3 and Fig. 2). The 
Sr–Si sealer had smaller average particle sizes with statis-
tical differences (p < 0.05). In the meantime, the standard 

Table 2  Element 
weight% ± standard deviation of 
Sr–Si and Ca–Si sealers by EDS

Sealer O Ta Zr Ca Sr P Si

Sr–Si 31.4 ± 0.5 16.2 ± 0.6 18.2 ± 0.5 11.5 ± 0.2 10.6 ± 0.5 7.6 ± 0.2 4.5 ± 0.2
Ca–Si 30.8 ± 0.3 0.0 ± 0.0 35.6 ± 0.4 27.0 ± 0.3 0.0 ± 0.0 0.0 ± 0.0 6.6 ± 0.1

Table 3  Particle size, flow, setting time, film thickness, radiopacity, and pressure-flow of the sealers. 

Statistical analysis is done using t test or Kruskal–Wallis test. All means are listed with their standard deviations

Sealer N Mean particle 
diameter (µm)

N Mean flow 
diameter 
(mm)

N Mean setting time (hr) N Mean film 
thickness 
(µm)

N Mean 
radiopacity 
(mmAl)

N Mean 
pressure-flow 
force (N)

Sr–Si 100 1.59 ± 0.97 10 27.47 ± 1.08 5 66.25 ± 3.50 10 29.30 ± 3.95 10 7.21 ± 0.13 10 11.00 ± 0.75
Ca–Si 100 8.05 ± 5.66 10 24.70 ± 0.98 5 40.55 ± 3.39 10 30.60 ± 3.81 10 6.79 ± 0.10 10 21.51 ± 2.59
p-Value p < 0.0001 p < 0.0001 p < 0.0001 p = 0.23 p < 0.0001 p < 0.0001

Fig. 2  SEM images of particles 
from the sealers. A and C Sr–Si 
sealer; B and D Ca–Si sealer. 
C and D Higher magnification 
images under 2000 × magnifica-
tion at the square on (A) and 
(B) under 1000× magnifica-
tion, respectively. Sr–Si sealer 
presented homogeneous and 
smaller particle sizes in low and 
high magnification images
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deviation of particle sizes in Sr–Si sealer group was much 
less, which represented a higher homogeneity.

The flow, setting time, film thickness, radiopacity, and 
pressure-flow results are shown in Table 3. Briefly, the Sr–Si 
sealer had a higher flow, radiopacity, longer setting time, and 
required less force to initiate flow with statistical differences 
(p < 0.05). Therefore, the null hypotheses on flow, radiopac-
ity, setting time, and force to initiate the flow were rejected. 
There was no significant difference in film thickness between 
the two sealers (p > 0.05). Therefore, the null hypothesis on 
film thickness failed to be rejected.

Penetration depth assessed by SEM was significantly 
greater for the Sr–Si sealer than the Ca–Si sealer in all loca-
tions of the tooth (Fig. 3 and Table 4). It is also consistent 
with the results from “pressure-flow” test. For the Ca–Si 
sealer, there was no significant difference among the differ-
ent locations of the tooth, but for the Sr–Si sealer, the middle 
portion of the tooth had the greatest penetration, followed by 
the coronal portion, and lastly, the apical section.

The SEM photos (Fig. 3) showed the sealers (both Ca–Si 
and Sr–Si) moving through the dentin tubules from the 
main canal space. The Sr–Si sealer penetrates deeper into 
the tubules compared to the Ca–Si sealer.

Discussion

Elemental analysis confirmed the elements listed in the SDS 
sheets disclosed by the manufacturers. Tantalum oxides are 
commonly used as an alternative radiopacifier to bismuth 
oxide, which has been shown to cause tooth discoloration 

[18]. Previous studies have also shown that tantalum oxide 
has a high radiopacity [19] and good biocompatibilty [20]. 
The presence of tantalum oxide is indicated in the C-Root 
510(k) approval document (K212983) [21]. The authors sus-
pect the tantalum detected in the current study served for the 
radiopacity of the Sr–Si sealer. In the following ISO tests, 
the Sr–Si sealer showed higher radiopacity than the Ca–Si 
sealer, likely due to the presence of both tantalum oxide 
(10.1%) and zirconium oxide (9.4%). In contrast, the Ca–Si 
sealer only contained zirconium oxide. The combination of 
high atomic number elements (tantalum, Z = 72; zirconium, 
Z = 40) in the Sr–Si sealer provided superior radiopacity. 
Both sealers met the minimum ISO standard for radiopacity 
(≥ 3 mm Al). Despite being intended as bioactive compo-
nents within their respective sealers, Sr, Ca, and Si are pre-
sent only in small amounts, which is reflected in their low 
weight percentages. Setting time is another critical factor 

Fig. 3  SEM images of dentin 
tubule penetration for the seal-
ers. A and C are from the Sr–Si 
sealer group; B and D are from 
the Ca–Si sealer group. C and 
D are the higher magnification 
images under 500× magnifica-
tion at the square on (A) and 
(B) under 200 × magnifica-
tion, respectively. Sr–Si sealer 
penetrated further into dentin 
tubules in low and high magnifi-
cation images. D dentin, DT 
dentin tubule, GP gutta percha, 
S sealer

Table 4  Depth of sealer penetration in dentin tubules

* Levels not connected by same letter have a statistically significant 
difference (p < 0.05)

Sealer Location N Mean length ± std 
dev (µm)

Sig-
nificance 
group*

Sr–Si Coronal 360 112.77 ± 5.30 B
Middle 360 159.00 ± 8.36 A
Apical 360 42.36 ± 4.38 C

Ca–Si Coronal 360 5.22 ± 0.93 D
Middle 360 2.72 ± 0.44 D
Apical 360 2.25 ± 0.70 D
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that influences the practical use of sealers. A sealer should 
not set too quickly, as it may not provide enough time for the 
clinician to manipulate and place it into the canal [22]. Con-
versely, a prolonged setting time (observed in both sealers) 
poses a clinical risk, primarily by delaying the achievement 
of the final seal, due to possible washout of the sealer when 
setting [23]. This delay increases the potential for microle-
akage and contamination, which is a major factor contribut-
ing to treatment failure and reinfection [24]. Furthermore, 
prolonged setting times can lead to cytotoxicity and tissue 
irritation [25]. In this experiment, the Sr–Si sealer had a 
longer setting time than the Ca–Si sealer. According to the 
manufacturers, the Sr–Si sealer should set in 8 h, while the 
Ca–Si sealer should set in 4 h. Although the setting time in 
each group is clinically acceptable, both sealers exceeded 
the manufacturers' expectations. The setting time measured 
in our study was tested under in vitro conditions, which may 
not directly reflect the clinical scenario.

In ISO tests, flow and film thickness are indicators of how 
well a sealer can penetrate dentinal tubules and fill root canal 
irregularities [26, 27]. In this study, the Sr–Si sealer exhib-
ited greater flow and smaller thickness than the Ca–Si sealer, 
with both meeting ISO standards for flow and being under 
the maximum limit for film thickness. These results indicate 
that the Sr–Si sealer may perform better in sealing complex 
canal systems and accessory canals. The above results were 
verified by non-ISO tests.

The novel "pressure-flow" experiment, using a glass 
syringe to simulate sealer penetration, showed that the Ca–Si 
sealer required more force to initiate flow, whereas the Sr–Si 
sealer flowed more easily with less force. While previous 
studies have utilized various capillary systems to mimic 
dentinal tubule environment [28, 29], our custom-developed 
test was specifically designed to better replicate the in vivo 
scenario of hydraulic condensation—a clinical technique 
increasingly favored for use with bioceramic sealers. This 
difference, along with increased friction and surface tension, 
may explain why the Ca–Si sealer penetrated less effectively.

Penetration is a critical factor for creating a strong, imper-
meable seal that prevents bacterial infiltration and minimizes 
reinfection risks. Effective penetration also improves the 
bond between the sealer and dentin, enhancing treatment 
stability and longevity. Previous studies have reported that 
the Ca–Si sealer can achieve a maximum tubular penetration 
of approximately 2 mm [30, 31]. The differences between 
these results and the present study may be attributed to the 
different microscopy techniques used: SEM in the present 
study and confocal laser scanning microscopy in the earlier 
research. SEM provides detailed insights into the surface 
structures of sealers at high resolution [32], while confo-
cal microscopy may be affected by the autofluorescence 
properties of dentin, potentially leading to false readings 
[33]. Additionally, nonspecific binding of fluorescent tags to 

dentin can result in inaccurate findings when using confocal 
microscopy [34]. While confocal microscopy is useful for 
visualizing tubule penetration, it lacks the ability to analyze 
the composition of sealers, which is crucial for understand-
ing their performance [32].

The significantly greater dentin tubule penetration 
observed for the Sr–Si sealer compared to the Ca–Si sealer 
(Table 4) correlates with its greater flowability observed 
(Table 3). This finding is consistent with the recent litera-
ture, as demonstrated by Chew et al. 2023, who showed that 
sealers with superior flowability achieved greater sealer 
penetration [35]. This highlights the role of material flow 
in achieving an effective seal, a factor also emphasized in 
a review done by La Rosa et al. These authors noted that 
bioceramic sealers exhibit different physical properties 
based on their composition [36].

One of the reasons that could explain the differences 
in flow, film thickness, pressure-flow, and penetration is 
particle size. In this study, the Ca–Si sealer had a larger 
average particle diameter (8.05 ± 5.66 µm) compared to the 
Sr–Si sealer (1.59 ± 0.97 µm). Considering that dentin tubule 
diameters in the root typically range from approximately 
4.32 µm in the coronal third, to 3.74 µm in the middle third 
and as small as 1.73 µm in the apical third [37], the Sr–Si 
sealer’s small particles are optimally sized to penetrate all 
three regions. This difference in particle size was also evi-
dent in the "pressure-flow" tests, where the Ca–Si sealer, 
with its larger and more heterogeneous particle size, required 
more force to initiate flow compared to the Sr–Si sealer, 
which had a more uniform particle distribution. It is impor-
tant to note that the finding of smaller and more homogenous 
particle size is specific only to the tested Sr–Si product and 
may not be generalizable to other strontium silicate-based 
sealers.

The study utilized extracted teeth where the specific donor 
age and reason for extraction were unknown. It is noteworthy 
that the intra-group results for sealer penetration appeared 
very consistent, despite the natural variations inherent in 
human dentin. Within each sealer group, the greatest pen-
etration was observed in the middle section, followed by the 
coronal, with the least penetration in the apical third. This 
is likely due to the decreasing size of dentin tubules toward 
the apex [38]. The middle third showed greater penetration, 
possibly due to better fitting of the gutta-percha cone dur-
ing hydraulic condensation. In contrast, the Ca–Si sealer 
showed no significant location-based differences, likely due 
to its lower flowability, which resulted in limited penetration 
throughout the tooth.

Sealers that penetrate dentinal tubules provide microme-
chanical retention and help entomb residual bacteria to pre-
vent reinfection [39]. Therefore, optimizing sealer penetra-
tion is essential for ensuring durable outcomes in endodontic 
therapy.
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However, this in vitro study has several important limita-
tions. First, the evaluation was restricted to a single commer-
cial product from each sealer class, which limits the gener-
alizability of the findings to the entire heterogenous class of 
bioceramic sealers. Second, the study’s in vitro nature does 
not incorporate dynamic biological factors, such as tissue 
fluid pressure or a microbial challenge, which are critical 
components of the clinical environment. Finally, this inves-
tigation focused on the immediate physical properties and 
did not include experiments on long-term stability, solubil-
ity, and chronic biocomptability. To comprehensively assess 
the biological effects and clinical performance, particularly 
regarding long-term durability and resistance to bacterial 
penetration, future in vivo and clinical studies are necessary.

Conclusion

The properties of the Sr–Si sealer suggest that it possesses 
desirable characteristics based on current in vitro criteria. 
While these results provide a strong foundation for its appli-
cation, conclusions regarding its long-term clinical suitabil-
ity depend on further clinical trials.

Funding This study was not supported by external funding.

Declarations 

Conflict of interest All the authors declare that no conflicts of interest 
are involved in this study.

References

 1. Primus CM, Tay FR, Niu LN. Bioactive tri/dicalcium silicate 
cements for treatment of pulpal and periapical tissues. Acta Bio-
mater. 2019;96:35–54.

 2. Peters OA. Current challenges and concepts in the preparation of 
root canal systems: a review. J Endod. 2004;30:559–67.

 3. Berman LH, Hargreaves KM. Cohen’s pathways of the pulp. 12th 
ed. St Louis: Elsevier; 2021.

 4. Rathi CH, Chandak M, Nikhade P, et al. Functions of root canal 
sealers- a review. J Evol Med Dent Sci. 2020;9:1454–8.

 5. Spangberg L, Pascon EA. The importance of material preparation 
for the expression of cytotoxicity during in vitro evaluation of 
biomaterials. J Endod. 1988;14:247–50.

 6. Vieira AR, Siqueira JF Jr, Ricucci D, Lopes WS. Dentinal tubule 
infection as the cause of recurrent disease and late endodontic 
treatment failure: a case report. J Endod. 2012;38:250–4.

 7. Kaul S, Kumar A, Badiyani BK, et al. Comparison of sealing 
ability of bioceramic sealer, AH plus, and GuttaFlow in conserv-
atively prepared curved root canals obturated with single-cone 
technique: an in vitro study. J Pharm Bioallied Sci. 2021;13(Suppl 
1):S857–60.

 8. Loushine BA, Bryan TE, Looney SW, et al. Setting properties and 
cytotoxicity evaluation of a premixed bioceramic root canal sealer. 
J Endod. 2011;37:673–7.

 9. Willhite CC, Karyakina NA, Yokel RA, et al. Systematic review 
of potential health risks posed by pharmaceutical, occupational 
and consumer exposures to metallic and nanoscale aluminum, 
aluminum oxides, aluminum hydroxide and its soluble salts. 
Crit Rev Toxicol. 2014;44(Suppl 4):1–80.

 10. Sfeir G, Zogheib C, Patel S, et al. Calcium silicate-based root 
canal sealers: a narrative review and clinical perspectives. Mate-
rials. 2021;14:1–21.

 11. Siquiera JF, Rocas IN, Lopes HP, De Uzeda M. Coronal leakage 
of two root canal sealers containing calcium hydroxide after 
exposure to human saliva. J Endod. 1999;25:14–6.

 12. Lim M, Jung C, Shin D, et al. Calcium silicate-based root canal 
sealers: a literature review. Restor Dent Endod. 2020;45:1–17.

 13. Kontogianni GI, Coelho C, Gauthier R, et al. Osteogenic poten-
tial of nano-hydroxyapatite and strontium-substituted nano-
hydroxyapatite. Nanomaterials. 2023;13:1881.

 14. Abert J, Bergmann C, Fischer H. Wet chemical synthesis 
of strontium-substituted hydroxyapatite and its influence 
on the mechanical and biological properties. Ceram Int. 
2014;40:9195–203.

 15. Yang X, Xia L, Chen Y, et al. Cytotoxicity and bone biocom-
patibility of the C-Root SP experimental root canal sealer. Aust 
Endod J. 2025;51:124–32.

 16. Orstavik D, Kerekes K, Eriksen HM. Clinical performance of 
three endodontic sealer. Endod Dent Traumatol. 1987;3:178–86.

 17. International Organization for Standardization (ISO) (2012) 
Dentistry—root canal sealing materials. ISO 6876:2012. 
Geneva: International Organization for Standardization

 18. Yoldas SE, Bani M, Atabek D, Bodur H. Comparison of the 
potential discoloration effect of bioaggregate, biodentine, 
and white mineral trioxide aggregate on bovine teeth: in vitro 
research. J Endod. 2016;42:1815–8.

 19. Chan DC, Titus HW, Chung KH, et al. Radiopacity of tantalum 
oxide nanoparticle filled resins. Dent Mater. 1999;15:219–22.

 20. Hoekstra JW, van den Beucken JJ, Leeuwenburgh SC, et al. 
Tantalum oxide and barium sulfate as radiopacifiers in inject-
able calcium phosphate-poly(lactic-co-glycolic acid) cements 
for degradation. J Biomed Mater Res A. 2014;102:141–9.

 21. U.S. Food and Drug Administration (2024) Injectable root 
canal bioceramic sealer, 510(k) Number: K212983. 2021, U.S. 
Department of Health and Human Services, Public Health Ser-
vice, Center for Devices and Radiological Health. Retrieved 
from https:// www. acces sdata. fda. gov/ cdrh_ docs/ pdf21/ K2129 
83. pdf. Accessed 7 Jul 7 2024

 22. Komabayashi T, Colmenar D, Cvach N, et  al. Comprehen-
sive review of current endodontic sealers. Dent Mater J. 
2020;39:703–20.

 23. Kim Y, Kim S, Shin YS, et al. Failure of setting of mineral 
trioxide aggregate in the presence of fetal bovine serum and its 
prevention. J Endod. 2012;38:536–40.

 24. Allan NA, Walton RC, Schaeffer MA. Setting times for endo-
dontic sealers under clinical usage and in vitro conditions. J 
Endod. 2001;27:421–3.

 25. Dahl JE. Toxicity of endodontic filling materials. Endod Top. 
2005;12:39–43.

 26. Ferreira GC, Pinheiro LS, Nunes JS, et al. Evaluation of the 
biological and physicochemical properties of calcium silicate-
based and epoxy resin-based root canal sealers. J Biomed Mater 
Res B Appl Biomater. 2022;110:1344–53.

 27. Weis MV, Parashos P, Messer HH. Effect of obturation tech-
nique on sealer cement thickness and dentinal tubule penetra-
tion. Int Endod J. 2004;37:653–63.

 28. Lacey S, Pitt Ford TR, Watson TF, Sherriff M. A study of 
the rheological properties of endodontic sealers. Int Endod J. 
2005;38:499–504.



 Odontology

 29. Xuerev M, Vella P, Damidot D, et al. In situ assessment of the 
setting of tricalcium silicate-based sealers using a dentin pressure 
model. J Endod. 2015;41:111–24.

 30. McMichael GE, Primus CM, Opperman LA. Dentinal tubule pen-
etration of tricalcium silicate sealers. J Endod. 2016;42:632–6.

 31. Eymirli A, Sungur DD, Uyanik O, et al. Dentinal tubule pen-
etration and retreatability of a calcium silicate-based sealer 
tested in bulk or with different main core material. J Endod. 
2019;45:1036–40.

 32. Gerardi D, Bernardi S, Bruni A, et al. Characterization and mor-
phological methods for oral biofilm visualization: where are we 
nowadays? AIMS Microbiol. 2024;10:391–414.

 33. Matsumoto H, Kitamura S, Araki T. Applications of fluorescence 
microscopy to studies of dental hard tissue. Front Med Biol Eng. 
2001;10:269–84.

 34. Pautke C, Tischer T, Vogt S, et al. New advances in fluorochrome 
sequential labelling of teeth using seven different fluorochromes 
and spectral image analysis. J Anat. 2007;210:117–21.

 35. Chew ST, Eshak Z, Al-Haddad A. Evaluation of interfacial adap-
tation and penetration of bioceramic-based sealers in oval root 
canals: a confocal laser scanning microscope study. Microsc Res 
Tech. 2023;86:754–61.

 36. La Rosa GRM, Canova FS, Leotta ML, Pedulla E. Effects of heat-
ing on bioceramic sealers: a scoping review of chemo-physical 
properties and clinical implications. Odontology. 2025;113:1–14.

 37. Giudice GL, Cutroneo G, Centofanti A, et al. Dentin morphology 
of root canal surface: a quantitative evaluation based on a scannign 
electronic microscopy study. Biomed Res Int. 2015;2015:1–7.

 38. Garberoglio R, Brännström M. Scanning electron microscopic 
investigation of human dentinal tubules. Arch Oral Biol. 
1976;21:355–62.

 39. Caceres C, Larrain MR, Monsalve M, Peña Bengoa F. Dentinal 
tubule penetration and adaptation of Bio-C sealer and AH-Plus: a 
comparative SEM evaluation. Eur Endod J. 2021;6:216–20.

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

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.


