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A B S T R A C T

Objectives: To evaluate the cytocompatibility, bioactivity, and mineralization potential of new tricalcium silicate- 
based Material (Biodentine XP) on human dental pulp stem cells (hDPSCs) compared to other calcium silicate- 
based materials (MTA-Ang and Ther-PT).
Materials and methods: Standardized discs and 1:1, 1:2, and 1:4 eluates of Biodentine XP (BD-XP), MTA-Ang, and 
Ther-PT were prepared after setting. Human dental pulp stem cells (hDPSCs) were isolated from extracted third 
molars of healthy patients and cultured under standard conditions. The following assays were performed: cell 
attachment and morphology were assessed by scanning electron microscopy (SEM); metabolic activity and cell 
viability was evaluated by MTT and cell cycle analysis; cellular calcium ion content was analyzed by energy 
dispersive X-ray (EDX) and calcium release analysis; cell migration/proliferation by wound healing assays; 
cytoskeletal organization, analysis of cell apoptosis and necrosis, reactive oxygen species production, osteogenic 
marker expression were quantified by flow cytometry and RT-qPCR; and cell mineralization potential was 
determined through Alizarin Red S staining. Comparisons were made with hDPSCs cultured in unconditioned 
media (negative control) and osteogenic culture media (positive control). Statistical significance was set at 
p < 0.05.
Results: Biodentine XP (BD-XP) showed significantly positive results in cytocompatibility assays, including cell 
metabolic activity, viability, attachment, and morphology, compared to the negative control group, whereas 
MTA-Ang and Ther-PT showed moderate results. BD-XP exhibited a significant upregulation of osteogenic 
markers, including ALP and DSPP, compared to both the negative and positive control groups. In terms of 
mineralization potential, BD-XP-treated cells showed significantly higher calcified nodule formation compared to 
MTA-Ang, Ther-PT, the negative control, and the positive control groups.
Conclusion: BD-XP exhibits superior cytocompatibility and promotes osteo/odontogenic differentiation of human 
dental pulp stem cells (hDPSCs). BD-XP significantly enhances the upregulation of osteo/odontogenic markers 
such as ALP and DSPP, and promotes calcified nodule formation more effectively than MTA-Ang and Ther-PT. 
The high calcium ion content of BD-XP plays a key role in its ability to promote cellular adhesion, prolifera
tion, and mineralization, making it a highly effective material for regenerative dental applications. These find
ings provide strong evidence to support the use of Biodentine XP in regenerative dental therapies, particularly in 
vital pulp treatments, where enhanced cellular adhesion and mineralization are critical for clinical success.

1. Introduction

Dental pulp is highly susceptible to infection from caries, trauma, 

retrograde periodontitis, and iatrogenic exposure, which can led to pulp 
inflammation or necrosis [1]. A common intervention for infected pulp 
tissue in permanent teeth is root canal therapy, a procedure that involves 

* Correspondence to: School of Dentistry, Hospital Morales Meseguer 2 pl., University of Murcia, Av. Marqués de los Vélez, s/n, Murcia 30008, Spain.
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the complete removal of the pulp. However, the dental pulp plays a 
critical role in maintaining tooth vitality through its nutritional, inner
vation, and immune response functions[2]. In immature permanent 
teeth, the loss of the dental pulp can significantly hinder root develop
ment and prevent the closure of the apical foramen [3].

An alternative treatment for vital pulp exposure or near-exposure is 
vital pulp therapy [4,5]. This method uses pulp capping materials to 
stimulate odontoblasts, promote the formation of reparative dentin at 

the site of injury and preserve pulp vitality. For successful regeneration 
of the dentin-pulp complex, these materials must be infused with 
bioactive factors to initiate the repair processes in endogenous cells. 
They must also be biocompatible and biodegradable in vivo [6,7].

Calcium silicate-based cements, often referred to as bioceramics, 
have shown considerable success in clinical endodontics[8,9]. Various 
formulations of bioceramics have been developed, including 
powder-liquid and premixed types. It is also important to note that 
materials based on calcium silicate are potentially bioactive when 
placed in direct contact with dentin and tissue fluids leading to the 
formation of apatite, and an interfacial layer with tag-like structures 
between the bioceramic material and dentin[10]. The therapeutic effi
cacy of bioceramic cements is also attributed to their anti-inflammatory 
and modulatory properties, which are essential for maintaining bone 
homeostasis and improving the regeneration of damaged tissues. These 
materials have been shown to reduce pro-inflammatory cytokine 
expression while stimulating the release of anti-inflammatory media
tors, such as transforming growth factor-beta (TGF-β) and interleukin-10 
(IL-10), which create a more favorable microenvironment for pulp 
repair[11]. Additionally, they modulate immune cell responses, partic
ularly macrophage polarization, shifting from an M1 (pro-in
flammatory) to an M2 (pro-regenerative) phenotype, thereby enhancing 
tissue healing and promoting cellular differentiation[12]. This immu
nomodulatory effect is particularly relevant for maintaining pulp vitality 
after injury or carious exposure, as excessive inflammation can lead to 
pulp necrosis rather than repair[13].

In vitro experiments are a reliable technique for evaluating various 
characteristics of novel materials [14]. The International Organization 

Table 1 
Tested materials.

Materials Manufacturer Composition Lot Number

MTA 
Angelus

Angelus, Londrina, 
PR, Brazil

Tricalcium silicate, 
dicalcium silicate, 
tricalcium aluminate, 
calcium oxide, calcium 
tugstate

69755

Theracal PT Bisco Inc. 
Shaumburg, IL, 
USA

SG-Mix cement, bisphenol 
A-glycidyl methacrylate 
(Bis-GMA), barium 
zirconate, ytterbium 
fluoride, initiator

2300002964

Biodentine 
XP

SEPTODONT. 58, 
rue du Pont de 
Créteil 
94,107 Saint-Maur- 
des-Fossés Cedex, 
France

Powder: Tricalcium silicate, 
Zirconium oxide, calcium 
oxide, calcium carbonate 
and iron oxides. 
Liquid: Calcium chloride, 
polycarboxylate and 
purified water

B31376AA

Fig. 1. A) MSC immunophenotype analysis of hDPSCs by flow cytometry. hPDLSCs were cultured in complete medium for 96 hours at 37º C. The expression of the 
MSC surface markers CD73, CD90, and CD105, as well as the expression of the hematopoietic markers CD14, CD20, CD34, and CD45 were then determined. The 
mean fluorescence intensity values obtained in each experimental condition are shown. Representative histograms obtained from three independent experiments are 
shown. B) Results of the MTT assays for the 1:1, 1:2 and 1:4 eluates of the tested cements (BD-XP, MTA-Ang, and Ther-PT) cultured with hDPSCs (time points: after 
24, 48, and 72 h). Data are presented as absorbance values (570 nm) compared to the negative control group. Results indicate that BD-XP supports cell viability 
better than Ther-PT, particularly at higher dilutions, suggesting superior cytocompatibility.*p < 0.05; * *p < 0.01; * **p < 0.001 (one-way ANOVA analysis).
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for Standardization (ISO) has established specific protocols to ensure 
consistency and reproducibility in the laboratory testing of biomaterials 
[15]. These protocols categorize cellular interactions into three types: 
extract-based, direct contact, and indirect contact. Extract-based 
methods expose cells to varying concentrations of a material, 
mimicking the diffusion of substances through tissues, particularly in 
scenarios involving irrigated tissues [4]. The assessment of cell viability 
is crucial in the selection process for new materials and provides 
important preliminary information before proceeding to clinical trials. 
Furthermore, there is a wide range of assays available to measure cell 
viability, each of which relies on different aspects of cellular function
ality [16–18].

In light of the aforementioned considerations, the aim of this study 
was to evaluate the biological and bioactivity potential of three vital 
pulp therapy materials. The null hypothesis was that there would be no 
significant differences between the materials and their dilutions in terms 
of their biological and bioactivity properties.

2. Material and methods

2.1. Cell culture and characterizations of hDPSCs

The protocol for the isolation of human dental pulp stem cells 
(hDPSCs) was approved by the Ethics Committee of the University of 
Murcia (IRB number: 3686/2021). Written informed consent was ob
tained from all participants prior to the study. hDPSCs were obtained 
from the pulp tissues of impacted wisdom teeth of patients aged 16–22 
years (n = 10). Cells were cultured in Dulbecco’s modified Eagle’s 
Medium (DMEM) (Sigma-Aldrich, St. Louis, MO, USA), supplemented 
with 10 % fetal bovine serum (FBS) (Sigma-Aldrich) and 1 % penicillin/ 
streptomycin (Gibco-BRL, Gaithersburg, MD, USA), according to stan
dard procedures.

For characterization, 1 x 105 cells were suspended in 100 mL of 
phosphate-buffered saline (PBS) containing 1 % FBS. To confirm their 
mesenchymal phenotype, cells were labelled with a panel of monoclonal 
antibodies conjugated to fluorescent markers (CD14, CD20, CD34, 
CD45, CD73, CD90, and CD105; Miltenyi Biotec, Bergisch Gladbach, 
Germany). The expression of these markers was then assessed by flow 
cytometry, according to previously established methods [19].

2.2. Material extracts and preparation

The materials evaluated are listed in Table 1. Thirty cylindrical 
moulds, each measuring 5 mm in diameter and 2 mm in height, were 
constructed from rubber. These moulds were sterilized using ultraviolet 
light for 30 min. Sealers were mixed according to the manufacturer’s 
instructions and allowed to cure. Each cured disc was then placed in an 
single well of a 24-well plate and immersed in freshly prepared growth 
medium at 37◦C for 24 hours. Initial extracts were prepared in a 1:1 ratio 
according to ISO 10993–5 standards. Different concentrations of these 
extracts, specifically dilution 1:1 (non-diluted), 1:2, and 1:4, were then 
prepared as previously described [20].

2.3. Cytocompatibility tests and cell cycle analysis

MTT assays were performed to assess the cell viability of hDPSCs in 
the presence of vital pulp materials [20]. For this analysis, 2.5 × 104 

cells per well were cultured in 100 μL of complete medium and incu
bated for 24 hours under standard cell culture conditions. Subsequently, 
the cells were exposed to different concentrations (25 %, 50 % and 
100 %) of each material extract for 24, 48, and 72 hours. Following 
incubation, the cells were washed with PBS (pH 7.4), and an MTT so
lution was added. The cells were incubated with the MTT solution for 
3 hours to allow formazan crystals to form. These crystals were then 
dissolved in a crystal dissolving buffer (11 g SDS in 50 mL of 0.02 M HCl 
and 50 mL isopropanol) by incubation at 37◦C with gentle shaking. 
Absorbance was measured at 570 nm using an ELISA plate reader 
(Epoch, Biotek, Germany). Cell cycle analysis by measuring the DNA 
content by flow cytometry was employed to distinguish cells in different 
cell cycle phases. The cells were cultured in 25-cm2 culture flasks at a 
density of 1 × 105 cells per well in presence of the different concen
trations (25 %, 50 % and 100 %) of each material extract for 72 h. After 
centrifuged at 400 × g for 4 min, cells were collected and fixed with 
70 % ethanol overnight at 4◦C and incubated with 40 μg/mL of 

Table 2 
Analysis of migration of hDPSCs after treatment with different dilutions of tested 
materials by wound healing assays.

2-way ANOVA

Multiple comparisons test Mean 
Diff,

Significant? Summary Adjusted P 
Value

Control vs. TheraCal PT 
ND

� 23,63 Yes * ** < 0,0001

Control vs. Biodentine XP 
ND

� 28,17 Yes * ** < 0,0001

MTA Angelus ND vs. 
TheraCal PT ND

� 23,45 Yes * ** < 0,0001

MTA Angelus ND vs. 
Biodentine XP ND

� 27,99 Yes * ** < 0,0001

MTA Angelus 1:2 vs. 
TheraCal PT ND

� 30,46 Yes * ** < 0,0001

MTA Angelus 1:2 vs. 
Biodentine XP ND

� 35 Yes * ** < 0,0001

MTA Angelus 1:2 vs. 
Biodentine XP 1:4

� 12,54 Yes * 0,0272

MTA Angelus 1:4 vs. 
TheraCal PT ND

� 21,58 Yes * ** < 0,0001

MTA Angelus 1:4 vs. 
Biodentine XP ND

� 26,11 Yes * ** < 0,0001

TheraCal PT ND vs. 
TheraCal PT 1:2

24,57 Yes * ** < 0,0001

TheraCal PT ND vs. 
TheraCal PT 1:4

25,87 Yes * ** < 0,0001

TheraCal PT ND vs. 
Biodentine XP 1:2

19,74 Yes * ** < 0,0001

TheraCal PT ND vs. 
Biodentine XP 1:4

17,93 Yes * ** 0,0002

TheraCal PT 1:2 vs. 
Biodentine XP ND

� 29,11 Yes * ** < 0,0001

TheraCal PT 1:4 vs. 
Biodentine XP ND

� 30,41 Yes * ** < 0,0001

Biodentine XP ND vs. 
Biodentine XP 1:2

24,28 Yes * ** < 0,0001

Biodentine XP ND vs. 
Biodentine XP 1:4

22,46 Yes * ** < 0,0001

Table 3 
Calcium ion release.

ANOVA: P value (Summary)

MTA Angelus VS Biodentine XP MTA Angelus VS TheraCal PT Biodentine XP VS TheraCal PT

Element MTA Angelus Biodentine XP TheraCal PT

Ca2þ ppm 26,49 ± 2,51 109,94 ± 5,68 40,61 ± 2,08 < 0,0001 (***) 0519 (ns) < 0,0001 (***)

Ppm=parts per millon
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propidium iodide and 200 μg/mL RNase for DNA content analysis. 
Finally, stained cells were immediately analyzed with a FACSCanto II 
Flow Cytometer (Becton Dickinson, San Jose, CA) applying an excitation 
wavelength of 488 nm and an emission wavelength of 617 nm. The 
percentage of cells in G0/G1, S, and G2/M phases was analyzed using 
CellQuest and Modfit LT programs (Becton Dickinson). Each experi
mental condition was performed in triplicate for each group and 
analyzed in three independent experiments.

2.4. Cell migration

The migratory capacity of human dental pulp stem cells (hDPSCs) in 
response to vital pulp materials was evaluated using in vitro wound 
healing assays. hDPSCs were seeded in 12-well plates, with each well 
containing 2 x 10⁴ cells. An artificial wound was created in each well 
using a sterile 100 µL pipette tip. Wound closure was monitored and 
recorded at 0, 24, 48, and 72 hours for both experimental and control 
groups. Images captured at these time points were analyzed quantita
tively using ImageJ (National Institutes of Health, Bethesda, MD, USA). 
These assays were performed in triplicate for each material to ensure 
reproducibility.

2.5. F-actin cytoskeleton staining

The cytoskeletal structure of hDPSCs, specifically the F-actin 

filaments, was examined using a phalloidin-based assay to detect 
changes following exposure to a pure (1:1) bioceramic material, as 
described in previous research [20]. After 72 hours of treatment, cells 
were fixed with 4 % paraformaldehyde (PFA) (Merck Millipore, Darm
stadt, Germany) for 10 min. After fixation, the cells underwent a 30-min
ute blocking step with 5 % bovine serum albumin (BSA) (Sigma-Aldrich, 
St. Louis, MO, USA). The cells were then incubated with 
TRITC-conjugated phalloidin (Invitrogen, Carlsbad, CA, USA) for 
1 hour, while the control group received phosphate-buffered saline. Cell 
nuclei were stained with 4,6-diamidino-2-phenylindole dihydrochloride 
(DAPI) (ThermoFisher Scientific, Waltham, MA, USA). Fluorescence 
images of the stained cells were captured using an advanced confocal 
microscope (Leica, Wetzlar, Germany). Each experimental condition 
was performed in triplicate for each material and analysed in three in
dependent experiments.

2.6. Scanning electronic microscopy and calcium release analysis

Human dental pulp stem cells (hDPSCs) were seeded at a density of 
5 × 103 cells per well onto disc surfaces (n = 9) placed in 48-well plates. 
The plates were incubated at 37◦C in a 5 % CO2 environment for 
72 hours to allow for cell attachment. After incubation, the discs with 
attached hDPSCs were washed three times with phosphate-buffered 
saline (PBS). The cells were then fixed with 2.5 % glutaraldehyde in 
0.1 M sodium cacodylate buffer. After fixation, samples underwent 

MTA Angelus TheraCal PT Bioden

Fig. 2. Results of wound healing assays for the 1:1, 1:2 and 1:4 eluates of the tested materials (BD-XP, MTA-Ang, and Ther-PT) cultured with hDPSCs (time points: 
after 24, 48, and 72 hours). Graphical results are presented as percentage of open wound areas compared to the negative control group. BD-XP-treated cells exhibited 
enhanced migration, supporting the hypothesis that this material promotes tissue healing and regeneration. Wound closure percentages are compared to the control. 
* **p < 0.001 (one-way ANOVA analysis). Scale bar for the images: 100 µm.
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dehydration through a graded ethanol series and dried with hexame
thyldisilazane (HMDS). The fully dried samples were sputter coated with 
a gold-palladium alloy to enhance conductivity. These samples were 
then examined using a scanning electron microscope (Jeol 6100 EDAX; 
Jeol Inc., Tokyo, Japan). Analyses were performed on three different 
regions of each sample at magnifications of 100x, 300x, and 1500x to 
ensure thorough observation. In addition, the chemical composition and 
morphological properties of the vital pulp materials were determined by 
energy dispersive X-ray spectroscopy (EDXSamples of the above di
mensions (n = 3) were prepared and stored at 37◦C in 100 % humidity 
for 24 h. After, each sample was suspended in 5 mL deionised water for 
24 h and the collected solution was analysed by inductively coupled 
plasma-optical emission spectrometry (ICP-MS; Agilent 7900, Stockport, 

United Kingdom). The proportion of calcium (Ca2+) released from each 
material was calibrated against pure deionized water. Analyses were 
performed independently in triplicate (n = 3).

2.7. Analysis of cell apoptosis and necrosis and reactive oxygen species 
production

To assess the cytotoxic effect of different concentrations of the tested 
materials on human DPSCs, cells were treated with 25 %, 50 % and 
100 % of tested materials for 3 days at 37ºC, or with cell culture medium 
as a negative control, then stained with Annexin-V and 7-AAD (BD 
Biosciences, San Jose, CA, United States) and analyzed by flow cytom
etry. A dot plot was generated for each condition, with viable cells 
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Fig. 3. Results of the hDPSC cytoskeleton staining after 72 h of culture with the undiluted tested materials (BD-XP, MTA-Ang, and Ther-PT) Scale bar: 100 µm. he 
images show variations in cell morphology and F-actin filament organization, which are crucial for cell adhesion, proliferation, and migration. BD-XP-treated cells 
maintained a well-organized cytoskeleton, supporting its biocompatibility. Asterisks denote significant differences compared to the control group (*p < 0.05; 
**p < 0.01; ***p < 0.001), and pound signs indicate significant differences between groups (#p < 0.05; ##p < 0.01; ###p < 0.001). Two-way ANOVA analysis: 
asterisks above the bars indicate a significant difference with the negative control group; pound sign above the lines indicates a significant difference between the 
groups connected by the line.

A. Mora et al.                                                                                                                                                                                                                                   Dental Materials 41 (2025) 644–657 

648 

Descargado para Anonymous User (n/a) en Murcia Region Health Department de ClinicalKey.es por Elsevier en marzo 10, 2026. Para uso 
personal exclusivamente. No se permiten otros usos sin autorización. Copyright ©2026. Elsevier Inc. Todos los derechos reservados.





3. Results

3.1. Cell characterization,metabolic activity and cell cycle analysis

Flow cytometry was used to identify cell surface antigen molecules 
on the isolated cells. The results showed that the cells were positive for 
CD73, CD90, and CD105, which are specific markers for mesenchymal 
stem cells (MSCs), and negative for hematopoietic stem cell markers, 
consistent with the MSC immunophenotype (Fig. 1A). Metabolic activ
ity, assessed by the MTT assay (Fig. 1B), demonstrated that undiluted 
Ther-PT significantly reduced metabolic activity compared to the con
trol at all time points measured (p < 0.001). In contrast, 1:4 BD-XP 
showed no significant differences in metabolic activity compared to 
the control, with only a slight difference observed at 72 hours (p < 0.05). 
Overall, both MTA-Ang and BD-XP exhibited a trend towards increasing 
cell viability over time. Cell cycle analysis showed that Biodentine XP 
induces a higher accumulation of cells in the G2/M phase compared to 
MTA Angelus and Theracal PT, particularly at higher concentrations, 
indicating potential effects on cell-cycle arrest. Conversely, Theracal PT- 
treated cells predominantly remained in the G0/G1 phase across all 
tested concentrations, suggesting minimal interference with cell-cycle 
progression (Supplementary Figure 1).

3.2. Cell migration and cytoskeleton staining

Results from the wound healing assay revealed that MTA-Ang did not 
significantly alter cell migratory behaviour compared to the control 
group at any observed time point. However, cells treated with non- 
diluted Ther-PT and BD-XP showed a reduced rate of wound closure at 
48 and 72 hours, with statistically significant differences (p < 0.01 and 
p < 0.001) compared to the control according to two-way ANOVA 
(Table 2). Overall, the materials evaluated contributed to wound closure 
as depicted in Fig. 2. Phalloidin staining showed differential cellular 
confluence and F-actin stress fibers and focal adhesion complexes in the 
samples treated with the control, MTA-Ang, Ther-PT, and BD-XP. As 
shown in Fig. 3, quantification of phalloidin staining revealed that 
exposure to the different materials affects the cellular cytoskeleton ar
chitecture in a concentration-dependent manner. Less diluted materials 
displayed a stronger effect, mainly with Ther-PT and BD-XP, while the 
impact decreases significantly with dilution.

3.3. SEM assay and calcium ion release

Scanning electron microscopy (SEM) at 1500x magnification 
revealed that the experimental groups exhibited cellular filopodia that 
promoted attachment to the calcium silicate cement surface. In addition, 
these groups exhibited enhanced cell adhesion, as indicated by 

Fig. 5. Results of the SEM-EDS analysis for the cements tested (MTA-Ang (row A), Ther-PT (row B), BD-XP (row C)). The first column shows SEM images of each 
material (scale bar: 50 μm). The second column shows each EDS elemental spectrum. The third column lists the elements present per material by weight and atomic 
weight. BD-XP exhibited a high calcium content, which is associated with enhanced bioactivity and mineralization potential.
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Fig. 6. Results of cell apoptosis assays. Numbers within dot plots represent percentages of live (Q4 quadrants), early apoptotic (Q3 quadrants), and late apoptotic and 
necrotic cells (Q1 and Q2 quadrants). The dot plots shown are representative of n = 3 separate experiments. BD-XP exhibited the highest percentage of viable cells 
(>90 %), while Ther-PT showed a significant reduction in viability, indicating higher cytotoxicity. These findings suggest BD-XP as a more biocompatible material for 
vital pulp therapy.
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improved substrate attachment, cell spreading, and cytoskeletal devel
opment within the niche-like structures of the cement (Fig. 4). Energy 
dispersive X-ray spectroscopy (EDX) results indicated that MTA-Ang, 
Ther-PT, and BD-XP contained high percentages of calcium, carbon, 
and oxygen. Minor elements detected included silicon in BD-XP, 
aluminium and silicon in MTA-Ang and Ther-PT, and zirconium as a 
radiopacifier in all materials (Fig. 5). Biodentine XP exhibited signifi
cantly higher Ca²⁺ release (109.94 ± 5.68 ppm) compared to MTA 
Angelus (26.49 ± 2.51 ppm) and TheraCal PT (40.61 ± 2.08 ppm) 
(p < 0.0001). No significant difference was found between MTA 
Angelus and TheraCal PT (p = 0.519). These findings suggest that Bio
dentine XP may have greater mineralization potential due to its 
enhanced calcium release (Table 2).

3.4. Analysis of cell apoptosis and necrosis and reactive oxygen species 
production

The apoptosis/necrosis assay measures in real time the exposure of 
phosphatidylserine on the outer leaflet of cell membranes during the 
apoptotic process, allowing discrimination of cells at different stages. 
The numbers within the density plots represent the percentage of live 
(Q4), early apoptotic (Q3) and late apoptotic necrotic (Q1 and Q2) cells 
at different concentrations (1/1, 1/2, and 1/4) and are representative of 

three independent experiments performed in triplicate for each mate
rial. As shown in Fig. 6, BD-XP showed a percentage of live cells higher 
than 90 %. Conversely, Ther-PT showed a percentage of live cells lower 
than 90 %. The MTA samples showed similar percentages of live cells 
(88–90 %), early apoptotic cells, late apoptotic and necrotic cells at all 
concentrations. On the other hand, the percentages of human DPSCs 
stained with the general oxidative stress indicator CM-H2DCFDA were 
analyzed by flow cytometry (Fig. 7). Although the increases in intra
cellular ROS levels were not substantial, a significant increase in ROS 
production was observed when DPSCs were treated with increasing 
concentrations of MTA and Ther-PT for 72 hours, but not with BD-XP 
(*p < 0.01; ***p < 0001).

3.5. Gene expression and Alizarin red staining

The effect of vital pulp materials on gene expression profiles asso
ciated with osteogenic and odontogenic differentiation and minerali
zation was investigated in detail using quantitative reverse transcription 
PCR (qRT-PCR) and Alizarin red staining. The qRT-PCR analysis 
revealed a significant upregulation of ALP and DSPP expression levels in 
the BD-XP and MTA-Ang groups compared to the other groups on day 3. 
Furthermore, the MTA-Ang group demonstrated a significant upregu
lation of ALP, DSPP, and COL-1 expression compared to the control 

Fig. 7. Reactive oxygen species (ROS) production assays. Intracellular reactive oxygen species (ROS) production in hDPSCs after 72 hours of exposure to BD-XP, 
MTA-Ang, and Ther-PT. BD-XP maintained ROS levels similar to the control, whereas MTA-Ang and Ther-PT led to increased oxidative stress, which may 
contribute to cytotoxic effects. In the histograms, the y-axis indicates the number of cells, and the x-axis shows the mean fluorescence intensity (MFI) on a logarithmic 
scale. Asterisks denote significant differences compared to the control group: * *p < 0.01 and * **p < 0001, respectively.
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group on day 7 (p < 0.01) (Fig. 8). Alizarin red staining results indicated 
that all vital pulp materials tested induced varying degrees of calcium 
deposition. At day 21, the BD-XP-treated group exhibited significantly 
higher levels of calcium deposition, along with more pronounced colour 
and size of calcified nodules, compared to the other materials and the 
control group (***p < 0.001), as shown in Fig. 9. These findings 
collectively indicate that BD-XP and MTA-Ang are robust inducers of 
osteogenic and odontogenic differentiation in human dental pulp stem 
cells (hDPSCs).

4. Discussion

The aim of this study was to investigate the hypothesis that the 
biological properties and differentiation potential of human dental pulp 
stem cells (hDPSCs) are enhanced in the presence of bioactive materials, 

specifically Biodentine XP. Experimental groups exposed to Biodentine 
XP showed changes in cellular behaviour and gene expression compared 
to the control groups. In particular, our results revealed that Biodentine 
XP significantly upregulated the expression of key osteo/odontogenic 
markers, including alkaline phosphatase (ALP) and dentin sialophos
phoprotein (DSPP), which are closely associated with the mineralization 
process. These findings suggest that Biodentine XP plays a pivotal role in 
promoting the osteo/odontogenic differentiation of hDPSCs. Therefore, 
the data obtained in this study provide strong evidence to partially reject 
the null hypothesis, indicating that the presence of Biodentine XP en
hances the differentiation capacity and mineralization potential of 
hDPSCs.

Assessment of the cytocompatibility of a material through in vitro 
evaluation provides an important preliminary indication of its potential 
suitability for clinical applications [21]. In this study, human dental 

Fig. 8. Quantitative RT-qPCR analysis of osteo/odontogenic marker expression in hDPSCs treated with BD-XP, MTA-Ang, and Ther-PT at 3 and 7 days, BD-XP 
significantly upregulated ALP, DSPP, and COL1A1, along with key osteogenic regulators RUNX2, osteonectin (ON/SPARC), bone sialoprotein (BSP), osteopontin 
(OPN), and osterix (SP7), indicating enhanced mineralization and extracellular matrix formation. *p < 0.05; * *p < 0.01; * **p < 0.001. Two-way ANOVA analysis: 
asterisks above the bars indicate a significant difference with the negative control group; asterisks above the lines indicate a significant difference between the groups 
connected by the line.
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Fig. 9. Results of the Alizarin Red S staining assay of hDPSCs after 21 days of culture with the tested vital pulp materials, DMEM (negative control), or OsteoDiff 
(postive control). BD-XP-treated cells formed the highest number of calcified nodules, suggesting its superior osteogenic potential.*p < 0.05; * *p < 0.01; 
* **p < 0.001. Two-way ANOVA analysis: asterisks above the bars indicate a significant difference with the negative control group; asterisks above the lines indicate 
a significant difference between the groups connected by the line. Representative images: areas stained red indicate mineralization.
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pulp stem cells (hDPSCs) were used due to their accessibility, low 
morbidity associated with their extraction, high harvesting efficiency 
and significant differentiation capacity. Moreover, hDPSCs have 
demonstrated favourable interactions with biomaterials, making them 
particularly suitable for applications in regenerative tissue therapies. 
Given these attributes, the biocompatibility of materials selected for 
vital pulp therapy requires careful evaluation. Such materials must 
support the survival and proliferation of hDPSCs within pulp tissues, 
which are believed to possess inherent reparative capabilities [22].

Recent advances in this field have focused on the development of 
calcium silicate-based cements, which are designed to exhibit bioactive 
properties [21,23]. These materials promote the release of calcium and 
hydroxide ions, contributing to the formation of hydroxyapatite and 
subsequently facilitating the formation of dentin bridges [24]. Despite 
these advances, there is still a paucity of data on the biological and 
bioactive potential of newer materials such as Biodentine XP. This 
knowledge gap highlights the need for further research to comprehen
sively evaluate the effects of Biodentine XP on the biological functions 
and differentiation potential of hDPSCs, with implications for its use in 
clinical applications.

The ISO 10993–5 standard, as established by the International Or
ganization for Standardization in 2009, provides comprehensive 
guidelines for the evaluation of the cytotoxicity of materials used in 
medical applications [15]. In this study, we followed the protocols 
outlined in ISO 10993–5 and used the MTT assay as a reliable method for 
evaluating the cytotoxicity of dental materials. The MTT assay is widely 
recognized as a standard approach for the cytotoxic evaluation of bio
materials, particularly in the dental field. Our findings are consistent 
with previous research showing that bioactive materials have an 
increased tendency to increase cell viability over time. This observation 
is consistent with existing literature and further supports the biocom
patibility of bioceramic-based materials in dental applications [20,25].

In relation to cellular migration, the literature suggests that the 
mechanisms responsible for wound closure in the scratch assay involve 
both cellular proliferation and migratory ability [26]. The interaction 
between biomaterials and cellular structures can lead to cellular 
degeneration, which may hinder the wound healing process [27]. 
Within the scope of this study, cells treated with bioceramic materials 
displayed responses similar to those observed in the untreated control 
group throughout the wound healing assay [26,28]. In addition, an 
initial evaluation of cytotoxicity was made by morphological analysis 
using immunofluorescence techniques. As noted by Rohr et al. [29], 
cytotoxic components in dental materials can disrupt cell integrity, 
leading to pyknotic nuclei and alterations in cytoskeletal organization. 
However, despite the potential for such adverse effects, cytological 
changes indicative of cytotoxic responses, particularly those involving 
the cytoskeleton, were not observed in the materials tested in this study. 
This lack of cytological damage is consistent with the findings of both 
the MTT assay and migration assays, supporting the conclusion that the 
materials tested are biocompatible under the conditions investigated.

Consistent with the aforementioned findings, our scanning electron 
microscopy (SEM) analysis provided additional insight into the cellular 
interactions with the tested materials, revealing the presence of cellular 
filopodia that facilitate the anchoring of cells to the material surfaces. 
This morphological evidence is indicative of active cell-material in
teractions, with calcium playing a critical role in mediating these bio
logical processes, particularly in the context of fibroblast adhesion. The 
observed improvement in cell attachment is strongly associated with the 
release of Ca2+ from the vital pulp materials used in this study [30,31].

As documented in Table 1, the inclusion of Ca2+ in the composition 
of these materials is likely responsible for the observed increased cell 
attachment. This correlation emphasizes the critical role of calcium as a 
key element in promoting cell adhesion, thereby enhancing the 
biocompatibility and therapeutic efficacy of the materials [32]. The 
importance of calcium in these interactions is further supported by En
ergy Dispersive X-Ray (EDX) analysis, which revealed a higher peak of 

Ca2+ in Biodentine XP (BD-XP) compared to other materials, such as 
MTA-Ang and Ther-PT. However, it is important to acknowledge the 
limitations of EDX analysis, particularly its inability to distinguish be
tween calcium hydroxide peaks and other crystalline phases in 
post-setting hydraulic cements [33]. To overcome this limitation and 
gain a more comprehensive understanding of the material composition 
and its interactions, other complementary analytical techniques, such as 
attenuated total reflection Fourier transform infrared (ATR-FTIR) spec
troscopy or X-ray diffraction (XRD) analysis, could be employed [34]. 
These techniques would provide additional information on the chemical 
and crystalline structure of the materials, giving further insight into the 
mechanisms underlying their biocompatibility.

The apoptosis/necrosis assay revealed a reduced number of viable 
cells in samples treated with Ther-PT, as compared to BD-XP, which 
maintained over 90 % cell viability at all concentrations tested. The 
lower viability observed with Ther-PT may be related with its 
biochemical properties, potentially leading to membrane deterioration 
and cell death [35]. The comparable performance of MTA and BD-XP in 
terms of cell viability suggests that the underlying mechanisms of 
cytotoxicity may differ between different bioactive materials. The role of 
oxidative stress in this context is critical, as materials that induce higher 
levels of reactive oxygen species (ROS) are often associated with 
increased cytotoxicity and genotoxicity [36]. The results showed that 
MTA and Ther-PT significantly increased ROS production in human 
dental pulp stem cells (hDPSCs) over 72 hours, whereas BD-XP did not 
induce such an increase. This suggests that BD-XP is associated with 
reduced oxidative stress, which is beneficial for maintaining cell 
viability and function. Excessive ROS production is known to cause DNA 
damage, telomere shortening, and accelerated cell senescence, ulti
mately leading to cell death [37].

Osteo/odontoblastic differentiation of hDPSCs was assessed by 
quantifying key differentiation-related gene expressions using RT-qPCR, 
as well as through mineralization assays [19]. Alkaline phosphatase 
(ALP) is widely recognized as a key marker of early osteoblast and 
odontogenic differentiation. This enzyme plays a pivotal role in pro
moting dentin matrix formation within the pulp tissue, which is essential 
for the repair processes and recovery after pulpal injury [38]. In the 
current study, a significant overexpression of ALP was observed in the 
BD-XP group at the 3-day time point. This early upregulation of 
osteogenic-related markers appears to be a consistent finding in studies 
where pulp cells are treated with calcium silicate-based cements [39]. 
Dentin sialophosphoprotein (DSPP) is a major non-collagenous matrix 
protein that is initially expressed in pre-odontoblasts and dental pulp 
cells during tooth development and remains highly expressed in mature 
odontoblasts [23]. According to our findings, DSPP expression was 
upregulated on day 3 after treatment with both MTA-Ang and BD-XP. By 
day 7, MTA-Ang maintained a higher level of DSPP expression compared 
to the control group. This early upregulation of DSPP may be due to the 
use of a 2D experimental model [23]. Conversely, in a separate study 
using 3D cultured cells in direct contact with MTA and Biodentine™, no 
significant difference was observed between the materials and the 
control at day 7. However, at days 14 and 21, both cements were found 
to promote the upregulation of DSPP in a similar pattern [40].

Mineralization of the extracellular matrix is the ultimate indicator of 
bone regeneration in vitro, and Alizarin red staining is a reliable tech
nique for assessing the formation of calcified nodules [41]. In this study, 
hDPSCs treated with BD-XP exhibited a more intense Alizarin red 
staining, indicating a greater presence of mineralized nodules compared 
to untreated cells or those treated with MTA-Ang, Ther-PT, and Osteo
Diff over the same time period. Previous studies have documented the 
ability of MTA Angelus to induce calcium deposition, highlighting its 
bioactivity and potential to promote osteogenic differentiation [42]. 
However, the lack of research investigating the bioactivity of Biodentine 
XP on hDPSCs hinders a direct comparison with the findings of this 
study.

However, this study has certain limitations. Although these findings 
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may not be directly applicable to clinical situations in humans, they are 
scientifically valuable as they provide a suitable model for assessing 
early properties of dental materials. Therefore, further research using in 
vivo animal models is needed to validate these results.

5. Conclusion

In conclusion, the findings of this study demonstrate that Biodentine 
XP significantly enhances the biological properties and mineralization 
potential of hDPSCs due to its high calcium ion content. The biocom
patibility of the material and its ability to promote cellular adhesion 
highlight its potential in regenerative dental therapies. Further studies 
using complementary analytical techniques are recommended to deepen 
the understanding of its bioactive properties.
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