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Abstract
Aim: The osteogenic potential of new premixed calcium-silicate-containing bioce-
ramic sealers (Ca-Si sealers) was tested with porcine vascular wall-mesenchymal 
stem cells (pVW-MSCs).
Methodology: Two Ca-Si-containing sealers: Ceraseal (MetaBiomed, Cheong-si, 
South Korea) and AH Plus Bioceramic (Maruchi, Wonju-si, South Korea), and an 
epoxy resin sealer (AH Plus; Dentsply, Konstanz, Germany) as a control, were pre-
pared according to the manufacturers' indications. All samples were allowed to set 
for 100% of their setting time in a sterile humid cabinet at 37°C and 95% relative 
humidity. pVW-MSC seeding efficiency and osteogenic differentiation were ana-
lysed as marker of gene/protein expression for up to 12 days. Mineralization assay 
and immunofluorescence staining were performed and evaluated over a period 
of 21 days. Statistical analyses were conducted using one-way analysis of variance 
(p < .05). Additional samples were prepared and stored under the same conditions 
and inspected using an environmental scanning electron microscope equipped with 
an energy dispersive X-ray spectroscopy system.
Results: Significantly higher cell seeding efficiency (p < .05) was observed for both 
Ca-Si sealers from day 8. pVW-MSCs showed a significant shift towards the osteo-
genic lineage only when seeded in contact with Ca-Si sealers. Gene expression of 
osteopontin was upregulated significantly. Collagen I and osteocalcin were clearly 
expressed by cells in contact with Ca-Si sealers. Mineralization granules were ob-
served in Alizarin red assays and confocal laser scanning microscopy analysis of both 
Ca-Si sealers. No gene expression or granule mineralization were observed on the 
epoxy resin sealer.
Conclusions: Premixed Ca-Si sealers displayed a higher potential for osteogenic 
activity on pVW-MSCs. Epoxy resin sealer was unable to induce any osteogenic ac-
tivity. The properties of both Ca-Si sealers suggest their potential as osteoinductive 
platforms for vascular MSCs in periapical bone.
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INTRODUCTION

The presence and persistence of an inflammatory status 
at the periapical area is triggered by a bacterial infection 
in the root canal that induces periapical lesion formation 
(García et  al.,  2007; Karamifar et  al.,  2020; Nair,  2006; 
Ricucci & Siqueira, 2010; Ricucci et al., 2018). Periapical 
lesions have a high occurrence worldwide and may result 
in larger bone defects if left untreated (Tibúrcio-Machado 
et al., 2021).

Previous histological and immunohistochemical stud-
ies have indicated the presence of a large number of mul-
tipotent cells and mesenchymal stem cells (MSCs) in the 
periapical area (Liao et al., 2011), such as human periapi-
cal cyst MSCs (Marrelli et al., 2013) and human stem cells 
from periapical papilla (Xue et al., 2023). This area is also 
characterized by a large vascularization network, simi-
lar to those of periodontal ligaments (Davey et al., 2008). 
Vascular wall-MSCs (VW-MSCs) have therefore been de-
tected in the periapical area (Estrela et al., 2019; Leonardi 
et al., 2003; Virtej et al., 2013).

VW-MSCs have been described as the main peri-
vascular multipotent populations in blood macro- and 
micro-vessels (Abedin, Tintut & Demer, 2004; Howson 
et  al.,  2005; Invernici et  al.,  2007; Iurlaro et  al.,  2003). 
These cells remain viable in inflamed periapical struc-
tures, such as large periapical lesions, and coincide with 
the vascularization and establishment of both periapical 
granuloma and periapical cysts (Estrela et al., 2019). The 
roles of VW-MSCs in new bone formation and bone re-
generation processes have been reported in several stud-
ies. VW-MSCs participate directly in bone formation and 
repair (Negri et al., 2020; Pasanisi et al., 2019), as well as 
indirectly in bone repair via interaction with native skele-
tal cells (Hong et al., 2022).

The differentiation of MSC populations may require or 
may be enhanced by the presence of biomaterials capable 
of supporting their osteogenic activity (Chen et al., 2016; 
Feng et  al.,  2023). Previous investigations have reported 
the beneficial activities of several biomaterials on MSC 
differentiation towards osteoblasts, in particular, calcium-
containing compounds, such as calcium phosphates (Viti 
et al., 2016; Wang et al., 2014), bioactive glasses (Turner 
et al., 2023) and calcium silicates (Rathinam et al., 2021; 
Sun et al., 2009).

Premixed calcium-silicate (Ca-Si)-containing sealers 
were introduced in the late 2000s and are often referred to 
as bioceramic sealers (Aminoshariae et al., 2022; Camilleri 

et  al.,  2022; Donnermeyer et  al., 2019 and 2022; Primus 
et al., 2019). The first premixed bioceramic sealers derived 
from hydraulic Ca-Si-based cements were composed of 
tricalcium silicate (up to 35%), dicalcium silicate (up to 
15%), thickening agents, and radiopacifiers (up to 45%) 
and no aluminates and were clinically proposed for cold-
filling obturation techniques (Cardinali & Camilleri, 2023; 
Donnermeyer et al., 2019; Primus et al., 2019).

Extensive data are available on the biological and bio-
mechanical properties of Ca-Si-based cements. These ma-
terials release calcium and nucleate apatite deposits when 
immersed in simulated body fluids (bioactivity) and have 
the capacity to remineralize dentin collagen (Gandolfi, 
Parrilli, et  al.,  2013; Lozano-Guillén et  al.,  2022; Tay 
et al., 2007). Additionally, they offer optimal biocompat-
ibility with different cells (Elsayed et al.,  2021; Gandolfi 
et  al.,  2010; Gandolfi, Shah, et  al.,  2011; Gandolfi, 
Taddei, et al.,  2011; Niu et al.,  2014; Taddei et al.,  2009; 
Tay et al., 2007). Studies on experimental flowable Ca-Si 
sealers have demonstrated good sealing ability after in-
sertion into the root canal using the carrier-based gutta 
percha system (Gandolfi, Taddei, et  al.,  2013). Further 
investigations have supported their use for wide root 
apexes (Aminoshariae et al., 2022; Camilleri et al., 2022; 
Donnermeyer et al., 2019; Primus et al., 2019).

All premixed flowable Ca-Si sealers are characterized 
by different chemical compositions of radiopacifiers and 
thickening agents and possess varying percentages of 
tricalcium silicate (the bioactive component) (Camilleri 
et al., 2022; Donnermeyer et al., 2022; Primus et al., 2019; 
Zamparini et al., 2022). Ceraseal, (MetaBiomed, Cheong-si, 
South Korea) is a recently marketed Ca-Si sealer that is 
comprised of tricalcium silicate (20%–30%), dicalcium 
silicate (1%–10%), tricalcium aluminate (1%–10%), zir-
conium dioxide (45%–50%), and trace amounts of thick-
ening agents. AH Plus Bioceramic (Maruchi, Wonju-si, 
South Korea), is another recently marketed premixed Ca-
Si-containing sealer. Its composition consists mainly of 
zirconium dioxide (50%–70%) for radiopacity, tricalcium 
silicate (10%–15%) as a bioactive component, dimethyl 
sulfoxide (5%–15%), lithium carbonate, and trace amounts 
of thickening agents.

The chemical–physical properties of these two re-
cently introduced sealers have been investigated in nu-
merous studies (Souza et al., 2023; Zamparini et al., 2022). 
Alkalizing activity and Ca++ release have been demon-
strated for both sealers (Souza et  al.,  2023; Zamparini 
et  al.,  2022). The in vitro apatite nucleation when 
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immersed in simulated body solution is modest for these 
sealers, whereas calcium carbonate formation is predomi-
nant (Zamparini et al., 2022).

The cytocompatibility and mineralization potential of 
these two premixed sealers have been confirmed only for 
sealer extracts (López-García et al., 2020; Sanz et al., 2022; 
Shokrzadeh et al., 2023). Additionally, the sealer extracts 
have been applied towards human periodontal ligament 
stem cells (López-García et al., 2020; Sanz et al., 2022) and 
human gingival fibroblast cells (Shokrzadeh et al., 2023).

The contribution to new bone formation processes in 
the presence of periapical lesions, such as apical granu-
loma and periapical cysts, is possible due to the availability 
of bone marrow-derived stem cells and periodontal liga-
ment stem cells, as well as to the ubiquitous presence of 
vascular MSCs (Estrela et al., 2019) and chronic periapical 
cyst MSCs (Marrelli et al., 2013). In this context, biomate-
rials would serve as stable substrates for cell attachment, 
proliferation, and differentiation into mature osteoblasts. 
It is therefore important to analyse the behaviour of MSCs 
when they come into direct contact with fully set sealers.

The porcine model is considered the most suitable ani-
mal prototype in the development of stem cell-based ther-
apy, regenerative medicine and transplantation (Ciavarella 
et al., 2022; Zaniboni et al., 2015), having close similarities 
to the human physiology and as being more ethically ac-
ceptable (Bharti et al., 2016; Zaniboni et al., 2014). Porcine 
VW-MSCs (pVW-MSCs) (Zaniboni et al., 2014) are able to 
differentiate not only into the three mesodermal lineages 
as MSCs isolated from different sources but also as endo-
thelial cells and smooth muscle cells. This extraordinary 
property makes them a very powerful tool of investigation 
in many fields including endodontic ones.

The primary objective of the present study was to as-
sess the osteogenic potential of Ceraseal and AH Plus 
Bioceramic root canal sealers by analysing the resulting 
osteogenic differentiation protein and gene expression, 
mineralization activity, and immunofluorescence staining. 
Additionally, the study delved into the surface morphology 
and elemental compositions of the constructs. The null hy-
pothesis is the expectation of significant differences in cell 
attachment, osteogenic differentiation, protein and gene 
expression, and mineralization of the two premixed seal-
ers, as compared with a standard epoxy resin-based sealer.

MATERIALS AND METHODS

This study has been written according to Preferred 
Reporting Items for Laboratory Studies in Endodontology 
(PRILE) 2021 guidelines (Nagendrababu et al., 2021).

Antibiotic–antimycotic, Phosphate-buffered saline 
(PBS), Dulbecco's phosphate-buffered saline (DPBS) were 

purchased from Thermo Fisher Scientific (Waltham, MA, 
USA). Trypsin–EDTA solution1X, Dimethyl sulphoxide 
(DMSO), FluoroshieldTM with DAPI mounting medium 
and Alizarin red S staining solution were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Pericyte growth me-
dium (PGM) was purchased from Promocell (Heidelberg, 
Germany). NucleoSpin RNA kit was purchased from 
Macherey-Nagel GmbH & Co. KG (Düren, Germany). iTaq 
Universal SYBR Green Supermix (Cat.172-5121, Bio-Rad 
laboratories Inc.). All plastic supports for cell culture were 
purchased from Corning-Beckton-Dickinson (Franklin 
Lakes, NJ, USA). The sealers composition, formulation, 
and final setting time are reported in Table  1. The anti-
bodies used in the different applications are reported in 
Table 2.

ESEM-EDX analyses of set sealers

Sealers were compacted into a mould (1.0 mm diameter, 
2.0 mm height, n = 3 per composition) to reach 100% of 
their final setting time at 37°C and 95%RH.

The surface of set sealers was examined by environ-
mental scanning electron microscopy (ESEM; Zeiss EVO 
50) with elemental dispersive X-ray microanalysis (EDX; 
Oxford Instruments). Operative parameters were re-
ported elsewhere (Gandolfi et al., 2010; Gandolfi, Parrilli, 
et al., 2013; Gandolfi, Taddei, et al., 2011). Microchemical 
spectra and semiquantitative compositional data were 
provided through EDX.

Cell culture and treatments

All procedures on pigs were reviewed and approved in 
advance by the Ethical Committee of the University of 
Bologna and were then approved by the Italian Ministry 
of Health (Protocol number n.43-IX/9 all.37; 20/11/2012). 
Primary pVW-MSCs previously isolated and expanded 
(Bernardini et al., 2019; Forni et al., 2020) were thawed, 
seeded and cultured in primary culture flasks (1.5 × 106 
cells/T75-flask) in PGM medium with 1 × antibiotic–an-
timycotic solution in a 5%CO2 atmosphere at 38.5°C. 
(Bernardini et al., 2019; Forni et al., 2020).

At ~70% confluence, cells were detached with trypsin–
EDTA 1X solution, counted and the expression of typical 
MSC markers was checked before the starting of exper-
iments. To confirm mesenchymal immunophenotyping 
after freezing, cells thawed and grown in standard culture 
conditions till 70% of confluence were analysed by flow cy-
tometry as previously described (Bernardini et al., 2019).

All procedures were made in sterile conditions under 
a laminar flow hood. The sealers were inserted into 1 mL 
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syringes and 0.10 mL/well were dispensed onto a 24 multi-
well plate using a 28G needle (n = 8 for each formulation). 
The quantity of the sealer used was calculated to corre-
spond to the sealer disks used in previous laboratory stud-
ies (Gandolfi et  al.,  2010; Gandolfi, Parrilli, et  al.,  2013; 
Gandolfi, Taddei, et al., 2011; Zamparini et al., 2022). The 
diameter of the mould in the previous study was 10 mm, 
the height was 2.0 mm, and was soaked in 10 mL solution 
(Zamparini et al., 2022).

The calculated volume (V = π r2. h, where V is the vol-
ume, r is the radius and h is the height) was 0.157 cm3 that 
is 0.157 mL to simulate the same conditions in 10 mL me-
dium. We used this ratio between sealer volume and cul-
ture medium in all tests. This ratio agreed with ISO tests 
that required at least 126.6 mm2/mL of surface contact 
(ISO 10993-12:2). The sealer was disposed of at the centre 
of the well and care was performed to obtain a smooth and 
regular surface.

Antibody
Product 
number Specie Supplier Dilution

Primary

CD45-APC K252-1E4 Mouse AbD Serotec 10 μL/106 cells

CD90-APC Ab139364 Mouse Abcam 10 μL/106 cells

CD105-FITC Ab53318 Mouse Abcam 20 μL/106 cells

CD56-PE 304 606 Mouse Biolegend 10 μL/106 cells

CD44-PerPC 103 036 Rat Biolegend 10 μL/106 cells

CD34-unconjugated Ab81289 Rabbit Abcam 1:60

Collagen I MA1-26771 Mouse Thermo 1:100

Osteocalcin MA1-20786 Mouse Thermo 1:100

Secondary

Anti-rabbit-PE Ab97070 Goat Abcam 1:200

Anti-mouse-FITC F4143 Goat Sigma 1:800

Anti-mouse-Alexa fluor 
594

A-11032 Goat Thermo 1 μg/mL

T A B L E  2   Antibody list used for 
the immunophenotyping of cells and 
osteogenic differentiation.

T A B L E  1   Sealer formulation, lot number, composition, and setting time used for the subsequent analyses.

Sealer Formulation Lot Composition
Final 
setting time

Ceraseal (MetaBiomed Cheong-si, South Korea) Premixed CSL2108201 Zirconium dioxide (45%–50%), 
tricalcium silicate (20%–30%), 
dicalcium silicate (1%–10%), 
tricalcium aluminate (1%–10%), 
thickening agents, polyethylene 
glycol

660 min

AH Plus Bioceramic (Maruchi Wonju-si, South 
Korea)

Premixed KI211103 Zirconium dioxide (50%–70%), 
tricalcium silicate (5%–15%), 
dimethyl sulfoxide (10%–30%), 
lithium carbonate (0.5%), 
thickening agents (<6%)

720 min

AH Plus (Dentsply Konstanz, Germany) Paste to paste 2109000972 Paste A: diepoxide, calcium 
tungstate, zirconium oxide, aerosil, 
pigment (iron oxide)
Paste B: 1-adamantane 
amine, N,N′-dibenzyl-5-oxa-
nonandiamine-1,9, TCD-diamine, 
calcium tungstate, zirconium oxide, 
aerosil, silicone oil

1300 min
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Additional samples were prepared by dispensing 
0.10 mL/chamber sealer for each formulation onto 8-slide 
chambers. The unset sealers were positioned along all the 
available surfaces and maintained in a sterile humidified 
cabinet at 37°C, 95%RH for 100% of their final setting time 
(Table 1) (Zamparini et al., 2022).

All the experiments were performed with cells at the 
sixth passage. Upon their setting, cells were seeded in 24 
multiwells or 8-slide chambers previously coated with 
sealers (1 × 105 /well or chamber).

Cells were maintained in culture for 12 days, the mor-
phology was carefully checked at every medium change 
by an inverted microscope (Eclipse TS100, Nikon, Tokyo, 
Japan) equipped with a digital camera (Digital C-Mount 
Camera TP3100, Kowa, Aichi, Japan). Cell seeding ef-
ficiency (CSE) was estimated as previously described 
(Zaniboni et al., 2015).

RNA extraction and qPCR

RNA extraction was performed using TRI Reagent 
and the NucleoSpin RNA II kit (Forni et al., 2020) and 
500 ng of total high-quality RNA (A260/A280 ratio 
above 2.0) was reverse-transcribed to cDNA using the 
iScript cDNA Synthesis Kit (Bio-RAD Laboratories 
Inc., CA, USA). Swine primers for secreted phospho-
protein 1 (SSP1), beta-Actin (B-ACT), Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) and Sus scrofa 
ribosomal protein L35 (RPRL 35) were used (Zaniboni 
et al., 2015). Quantitative real-time PCR was performed 
to evaluate gene expression profiles in iCycler (Bio-
RAD) using SYBR green I detection system. The speci-
ficity of the amplified PCR products was confirmed by 
agarose gel electrophoresis and melting curve analysis. 
Gene relative expression was normalized according 
to the geometric mean of the reference gene (RPLR) 
(Forni et al., 2020). mRNA relative expression was ana-
lysed as fold increase using the 2−ΔΔCT method (Livak & 
Schmittgen, 2001), the control group was constituted by 
pVW-MSCs cultured for 12 days without biomaterials.

Immunofluorescence analysis

To study osteoblast differentiation, cells were washed 
twice in DPBS and fixed in 4% paraformaldehyde for 
30 min. After three washes with DPBS, unspecific 
epitopes were blocked by incubating with a blocking 
solution of 0.3% Triton and 2% foetal bovine serum for 
1 h at room temperature. Then cells were stained by 
24 h incubation at 4°C with appropriate primary anti-
bodies in the blocking solution. The following day, cells 

were washed three times with DPBS and incubated 1 h 
at RT with appropriate secondary antibodies (Table 2). 
Negative controls consisted of the omission of the pri-
mary antibody in every run experiment. At the end of 
the procedure, coverslips were mounted on slides with 
mounting solution containing 0.1 μg/mL DAPI. Images 
were acquired using a confocal laser scanning micro-
scope (Nikon A1R, Amstelveen, The Netherlands). 
Emission peaks were 489 nm for DAPI, 561 nm for os-
teocalcin and 638 nm for collagen 1 respectively. The 
acquisition time was 120 s and all images were acquired 
with at least 1024 resolution.

Alizarin red staining

Staining of the extracellular matrix with Alizarin red S 
dye assay was performed. The culture medium was care-
fully removed, and cells were washed twice with PBS. 
Cells were then fixed with cold 4% paraformaldehyde for 
20 min at RT. After washing twice with distilled water, 
cells were stained by adding Alizarin red S staining solu-
tion. After an incubation time of 30 min in the dark, the 
Alizarin red S staining solution was removed, and the 
cells were washed twice with distilled water. The stain-
ing was analysed under an inverted microscope (Eclipse 
TS100, Nikon, Tokyo, Japan) equipped with a digital 
camera (Digital C-Mount Camera TP3100, Kowa, Aichi, 
Japan).

RESULTS

Environmental scanning electron 
microscopy–energy dispersive X-ray 
spectroscopy analyses of set sealers

Backscattered images of the tested sealers are displayed 
in Figure 1a–f. The set surface of Ceraseal was observed 
using environmental scanning electron microscopy 
(ESEM) at 3000× magnification. The surface was uniform 
and showed numerous electron-dense granules (size 
range: 2–5 μm) (Figure 1a). Zirconium (Zr) (the radiopac-
ifier), calcium (Ca), silicon (Si) (from calcium-silicate) 
and a trace of aluminium (Al) were detected (Figure 1b).

ESEM images at 3000× magnification of the AH Plus 
Bioceramic sealer presented a non-uniform surface with 
several pits and irregularities (Figure 1c). Energy disper-
sive X-ray spectroscopy (EDX) analyses indicated the pres-
ence of Zr Ca, and Si. There were no traces of sulphur (S) 
from dimethyl sulfoxide (Figure 1d).

ESEM images at 3000× magnification of AH Plus re-
vealed a uniform surface with few irregularities and 
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granules (size range: 5–10 μm) (Figure  1e). The surface 
showed a greater distribution of low electron-dense areas, 
related to the high atomic percentage of C (from epoxy 
resins and amines). The high electron-dense areas were 
attributable to Zr and wolframium (the radiopacifier) 
(Figure 1f).

Porcine vascular wall-mesenchymal stem 
cell (pVW-MSC) characterization

After thawing, 1 × 106 pVW-MSCs seeded in a T75 tis-
sue flask reached confluence in 7 days, with an aver-
age doubling time of 39.75 ± 2.21 h, and showed a thin 

F I G U R E  1   (a) ESEM image at 3000× of Ceraseal after 100% of setting time. The surface appeared regular with different electron-dense 
granules (b) EDX analyses showed the presence of Zr (radiopacifier), Ca and Si (from Ca-Si), Al from calcium aluminates. (c) ESEM image 
at 3000× of AH Plus Bioceramic after 100% of setting time. The surface was more homogeneous when compared with Ceraseal. (d) EDX 
analysis showed a higher Zr peak and lower Si and Ca peaks, revealing a lower presence of bioactive Ca-Si in the formulation. (e) ESEM 
image of AH Plus. The surface appears homogeneous with no superficial granules. (f) EDX analysis revealed the high presence of N and 
C (from the epoxy resins). The presence of W and Zr was attributable to the radiopacifier used in the formulation. Modest peak of Ca was 
present.
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spindle-shaped morphology, typical of mesenchymal vas-
cular wall stem cells (Figure 2a).

Flowcytometric analysis confirmed an MSC im-
munophenotype displaying an MSC profile. In line with 
the criteria for human MSC characterization (Dominici 
et al., 2006) and with that described for pig MSCs (Bharti 
et al., 2016), the cell population was positive for markers 
of mesenchymal stemness: CD105, CD90, CD44, CD56, 
and negative for haematopoietic markers CD45 and CD34 
(Figure 2b).

pVW-MSC growth in the presence of 
Ca-Si sealers

Cells cultured in the presence of Ceraseal and AH 
Plus Bioceramic showed adherence at 24 h after seed-
ing (Figure 3a). Cells failed to attach completely in the 
presence of AH Plus and showed a rounded form as ef-
ficient bonds amongst them were not well-established. 

As of day 8, the cells had become completely detached 
(Figure  3). Consequently, for cells cultured in the 
presence of AH Plus, none of the subsequent analyses 
were carried out. After 12 days of culture in the pres-
ence of Ceraseal and AH Plus Bioceramic, the cell 
morphology had changed from a thin spindle shape 
to a polygonal form. In addition, the area of overlap-
ping cells appeared at first near the biomaterials, but 
then spread around with the emergence of a typical 
‘spherical core’.

Osteogenic differentiation

No significative differences were observed in the cy-
toskeletal marker beta-actin or the metabolism marker 
of glyceraldehyde 3-phosphate dehydrogenase expres-
sion (Figure  4a,b). In contrast, the osteopontin gene 
expression (SPP1) was significantly increased in cells 
cultured in both biomaterials, with a greater increase of 

F I G U R E  2   Phenotypic analysis of pVW-MSCs after thawing. (a) Representative images of pVW-MSCs morphology at different stage 
of confluence. Scale bar = 100 μm. (b) Flowcytometric analysis of cell-surface markers in porcine vascular wall mesenchymal stromal cells. 
Each graph shows the percentage of cells expressing the specific marker reported [cultured area under the curve (AUC)] and the relative 
negative control (violet AUC, cells not incubated with any antibodies). This analysis confirmed the mesenchymal stromal cell-like immune 
profile of porcine vascular wall mesenchymal stromal cells: CD105, CD90, CD 44 and CD 56 were highly expressed (>96%) whilst the 
haematopoietic markers CD45 and CD34 were nearly absent (<2.5%). AUC, Area under the curve.
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50-fold in Ceraseal (Figure 4c), compared with the cells 
cultured in the absence of bioceramic sealers (i.e. the 
control group, CTR).

Immunofluorescence staining showed clear positiv-
ity to collagen 1A (Figure  5a–c) and osteocalcin (OCN) 
(Figure 5d–f) for cells cultured in the presence of Ceraseal 
or AH Plus Bioceramic. No signal was detected in cells 
cultured in the absence of bioceramic sealers. Alizarin red 
staining (Figure 5g–l) displayed red mineralized deposits 

both for cells grown in the presence of Ceraseal and AH 
Plus Bioceramic; notably, spherical cores were evident 
with both sealers (Figure 5h,i,k,l).

Two representative spherical cores are shown in 
Figure  6a,b. The analysis revealed that cells formed a 
well-organized three-dimensional structure surrounding 
the calcium-rich spherical core. The cells exhibited a high 
degree of interconnectedness and expressed OCN, indicat-
ing their active involvement in the mineralization process.

F I G U R E  3   pVW-MSCs growth 
with bioceramic sealer. (a) Cell seeding 
efficiency. After 24 h from the seeding 
on the scaffold surface, the unattached 
cells were quantified and cell seeding 
efficiency was calculated by the equation: 
CSE (%) = (1 − cellsu/cellsi) × 100. 
Data represent the mean ± SD of three 
independent biological replicates (n = 3) 
and were analysed using one-way 
ANOVA followed by the Tukey's post 
hoc comparison. Significant differences 
amongst the experimental scaffolds are 
represented by asterisks (*) (p < .05). (b) 
Representative images of pVW-MSC 
morphology when cells were growing 
with Ceraseal, AH Plus Bioceramic and 
AH Plus scale bar: 100 μm.
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DISCUSSION

Our results showed that both premixed Ca-Si sealers 
(Ceraseal and AH Plus Bioceramic) supported pVW-MSC 
surface colonization and induced their differentiation into 
osteoblasts, as shown by cell seeding and osteogenic dif-
ferentiation assays. It is important to note that pVW-MSCs 
were cultured directly in contact with set sealers and with-
out adding any osteogenic differentiation supplements to 
the medium.

Significant mRNA expression of osteopontin by pVW-
MSCs was observed when cultured in contact with the two 
Ca-Si sealers. Osteopontin is a critical osteodifferentiation 
marker, and it is expressed in both early and late stages 
of osteoblast differentiation (Huang et  al.,  2007; Wang 
& Denhardt,  2008). Immunostaining analysis clearly re-
vealed the positivity of pVW-MSCs to collagen-1 and OCN, 
both detectable in fully differentiated osteoblasts (Huang 

et  al.,  2007; Wang & Denhardt,  2008) cultured on Ca-Si 
sealers. These differentiated osteoblast cells displayed a 
polygonal morphology and formed calcium nodules on 
the Ca-Si sealer surface. The in vitro mineralization of 
the deposits and the spherical cores were revealed by the 
Alizarin red assay.

The present data are well-supported by the find-
ings from a previous investigation by Sanz et  al.  (2022). 
Osteogenic expression and mineralization activity of 
AH Plus Bioceramic and another Ca-Si sealer extract 
(Endosequence-BC) on human periodontal ligament stem 
cells have been demonstrated (Sanz et al., 2022). The same 
study could not confirm mineralization with AH Plus 
Bioceramic (Sanz et al., 2022).

Another investigation (Giacomino et  al.,  2019) 
showed the osteogenic potential of a premixed Ca-Si 
sealer (Endosequence-BC) and an MTA Ca-Si based ce-
ment (Pro-Root MTA). A comparison of AH Plus and 

F I G U R E  4   Effect of biomaterials on gene expression of housekeeping ACT (a), GAPDH (b) and osteogenic marker SPP1 (c). The 
SPP1 expression increased in both biomaterials with different levels of increase: 50 and 7 more times in Ceraseal and AH Plus Bioceramic 
respectively. The data are reported as a fold of change with respect to cell culture in standard conditions. Different letters indicate 
statistically significant differences (p < .05, ANOVA post hoc Tukey test) amongst groups.
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zinc-oxide eugenol sealers did not indicate any osteo-
genic potential (Giacomino et al., 2019). A recent study 
analysed the osteogenic response of IRoot SP extracts 
on human stem cells from periapical papilla previously 
conditioned with osteogenic conditioned medium (Xue 
et al., 2023); their results revealed the osteogenic differ-
entiation of human stem cells by inhibiting the miR-
141-3p pathway.

There was no gene expression analysis of AH Plus, as 
we observed no cell adhesion on the sealer surface. AH 
Plus tends to show modest biocompatibility with cells 
during their setting time (Gandolfi et al., 2008, 2010; Jung 
et al.,  2018; Sanz et al.,  2022). AH Plus displayed mark-
edly less/lower cell seeding of <20% from day 8. The 
pVW-MSCs did not attach in the presence of AH Plus and 
showed a round morphology without having established 

F I G U R E  5   Osteogenic differentiation of pVW-MSCs cultured with Ceraseal (b, e, h and k) or AH Plus Bio (c, f, i, l) or in standard 
culture condition (a, d, g, j). Immunostaining of collagen IA (a–c, red signal) and osteocalcin, (d–f green signal). Nuclei were always 
counterstained with DAPI (blue signal). Alizarin red staining (g–l) demonstrated the presence of calcium-rich deposits in cells cultured with 
Ceraseal and AH Plus Bioceramic. CTR, control cells cultured without bioceramic sealers. Scale bar = 10 μm.
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efficient bounds. The hydrophobic behaviour of the AH 
Plus surface may explain the lack of adhesion of the cells 
on its surface (Lee et al., 2020).

The discrepancies between Ca-Si sealers and non-
Ca-Si sealers may be related to the different compo-
nents and their chemophysical properties. As previously 
mentioned, both Ca-Si sealers examined in this study 
released calcium ions during the early stages after set-
ting (Zamparini et  al.,  2022) and were able to alkalize 
the medium (Souza et al., 2023; Zamparini et al., 2022). 
These sealers create the conditions for the formation 
of a thin surface layer, composed mainly of calcium 
carbonate and apatite (Zamparini et  al.,  2022), previ-
ously described as bioactivity (Gandolfi et al., 2010; Niu 
et al., 2014). Bioactivity (apatite nucleation ability) has 
also been indicated for other Ca-Si sealers, specifically 
BioRoot-RCS, Total-Fill-BC, and Endosequence-BC, 
using ESEM–EDX and micro-Raman spectroscopy 
(Siboni et  al.,  2017; Zamparini et  al.,  2019), SEM-
EDX (Shokouhinejad et  al.,  2012), and SEM-EDX with 
X-ray diffraction (Moinzadeh et  al.,  2016) analyses, 
respectively.

Ca-Si bioceramic biomaterials have hydraulic and 
hydrophilic properties and release silicates (Primus 
et al., 2019), conditions that may favour MSC adhesion and 
their proliferation (Sun et  al.,  2009). Additionally, these 
materials promote the signalling required for osteodiffer-
entiation (Sun et al., 2009). Calcium ions provide power-
ful extracellular signals for osteoblast differentiation, as 
observed in previous investigations of MTA-like mate-
rials on several bone-specific cells (Gandolfi et al., 2010; 
Gandolfi, Shah, et  al.,  2011; Koutroulis et  al.,  2019; 

Rathinam et  al.,  2021; Santiago et  al.,  2021). Calcium 
ions stimulate the expression of bone-associated proteins 
(Jung et al., 2010) and are necessary for cell differentiation 
and mineralization. Calcium ions and phosphates from 
solutions/blood are needed for apatite formation phases 
(Gandolfi et  al.,  2010; Gandolfi, Taddei, et  al.,  2011). It 
is probable that surface apatite formation supports os-
teogenic differentiation and induces osteoblasts to pro-
duce and mineralize new bone tissue via the deposition 
of apatite crystals (Gandolfi, Shah, et al., 2011; Schröder 
et al., 2012; Turner et al., 2023). Silicates have the ability to 
increase the expression of osteogenesis-related genes such 
as collagen-type-I, alkaline phosphatase, OCN, Runx2, 
and the Wnt/-catenin signalling pathway (Santiago 
et al., 2021; Spencer et al., 2006; Turner et al., 2023; Zou 
et al., 2009).

Other Ca-Si-based cements, such as MTA-like ma-
terials, demonstrate a higher rate of calcium release 
(Candeiro et  al.,  2012; Gandolfi, Parrilli, et  al.,  2013; 
Gandolfi, Taddei, et al., 2013; Kharouf et al., 2020; Lee 
et  al.,  2017) and a stronger ability to increase the pH 
of solutions (Candeiro et al., 2012; Kharouf et al., 2020; 
Niu et  al.,  2014). Short-term clinical data evidenced 
an acceptable outcome in the first 12–24 months after 
obturation phases when used with both cold (Gautam 
et  al.,  2022; Song et  al.,  2022) and warm obturation 
techniques (Pontoriero et al., 2023; Spinelli et al., 2023; 
Zamparini et  al., 2023). Interestingly, these sealers 
showed a lower extrusion rate (Gautam et  al.,  2022; 
Pontoriero et  al.,  2023; Song et  al.,  2022; Zamparini 
et  al., 2023) and lower post-obturation pain compared 
with the gold-standard epoxy resin-based sealers (Song 

F I G U R E  6   CLSM analysis on two (a, b) mineralized spherical cores detected on the AH Plus Bioceramic group. Immunostaining of 
osteocalcin (green signal) and counterstaining of cell nuclei through DAPI.
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et  al.,  2022). The clinical use of the analysed Ca-Si 
should be supported by well-designed long-term studies 
to evaluate their long-term dimensional stability when 
apically extruded or when in the presence of large bone 
defects (Primus et al., 2022).

This study had some limitations. Freshly mixed ma-
terials were not tested, as testing the sealers in their 
freshly unset state was not feasible due to the intrinsi-
cally difficult setting conditions of premixed sealers not 
following a traditional base catalyst setting reaction. In 
such cases, sealer dissolution could lead to an unstable 
surface for cell interaction. In this regard, testing the 
freshly placed materials would have been useful with re-
spect to testing the initial cytotoxicity of the sealer when 
placed in contact with the cells, thus simulating the 
initial reactions (attributable to pH variations and ions 
released from sealers) that occur in the periapical area 
immediately upon contact of the sealer with the peri-
apical tissue. The use of extracts from premixed sealers 
at different concentrations was not considered, as this 
has previously been performed in a number of studies 
on both Ceraseal and AH Plus Bioceramic sealers (e.g. 
Giacomino et  al.,  2019; Sanz et  al.,  2022) and because 
this step is usually performed in preliminary investiga-
tions to assess the initial cytotoxicity of the material, 
or when a high concentration could potentially induce 
damage to cells (ISO 10993-5:2009).

The use of set sealers was applied to simulate the fur-
ther biological steps that occur after the sealing applica-
tion and the biological effect of a potential extrusion in the 
periapical area. Indeed, our investigations were performed 
over the course of 21 days, allowing for the observation of 
strong osteogenic differentiation of VW-MSCs and in vitro 
mineralization.

CONCLUSIONS

The present study demonstrated the capacity of new Ca-
Si-containing bioceramic sealers to induce osteodifferen-
tiation of pVW-MSCs. These cells showed osteopontin 
expression when in contact with the Ca-Si sealers.
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