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Abstract
Objective The aim of this study was to evaluate the microstructural composition, ion release, cytocompatibility, and minerali-
zation potential of Bio-C Sealer ION+ (BCI) and EndoSequence BC Sealer HiFlow (BCHiF), compared with AH Plus (AHP), in
contact with human periodontal ligament cells (hPDLCs).
Materials and methods The sealers’ ionic composition and release were assessed using energy-dispersive spectroscopy (EDS)
and inductively coupled plasma mass spectrometry (ICP-MS), respectively. For the biological assays, hPDLCs were isolated
from third molars, and sealer extracts were prepared (undiluted, 1:2, and 1:4 ratios). An MTT assay, wound-healing assay, and
cell morphology and adhesion analysis were performed. Activity-related gene expression was determined using RT-qPCR, and
mineralization potential was assessed using Alizarin Red staining (ARS). Statistical analyses were performed using one-way
ANOVA and Tukey’s post hoc test (α < 0.05).
Results The three sealers exhibited variable levels of silicon, calcium, zirconium, and tungsten release and in their composition.
Both BCI and BCHiF groups showed positive results in cytocompatibility assays, unlike AHP. The BCHiF group showed an
upregulation of CAP (p < 0.01), CEMP1, ALP, and RUNX2 (p < 0.001) compared with the negative control, while the BCI
group showed an upregulation of CEMP1 (p < 0.01), CAP, and RUNX2 (p < 0.001). Both groups also exhibited a greater
mineralization potential than the negative and positive controls (p < 0.001).
Conclusions The calcium silicate–based sealers considered in the present in vitro study exhibited a high calcium ion release,
adequate cytocompatibility, upregulated osteo/cementogenic gene expression, and increased mineralized nodule formation in
contact with hPDLCs.
Clinical relevance From a biological perspective, BCI and BCHiF could be clinically suitable for root canal filling.
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Introduction

Endodontic procedures require the use of materials with
specific biological properties, in order to increase their
predictability and improve the prognosis of the affected
tooth [1]. Regarding root canal treatment, endodontic
sealers will be placed in direct contact with both organic
and inorganic tissue, with a substantial cellular compo-
nent. Thus, these biomaterials should at least exhibit an
absence of cytotoxicity towards surrounding tissues [2]
and ideally promote an active biological response that
favors cell survival, differentiation, and consequent tissue
repair or neoformation [3].
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Within endodontic sealers, those with calcium silicate–
based compositions have shown high clinical success rates
in root canal treatment [4, 5] and bioactive properties
in vitro [6–8]. Their ion release and interchange with tissue
fluids result in the formation of a hydroxyapatite-like layer on
their surface, and a consequent mineral attachment to the in-
organic component of dentine [9, 10].

The complex healing process of any pre-existent periapical
lesion after root canal disinfection and sealing depends on the
reparative potential of surrounding cells and tissues [11].
Current investigations with regard to endodontic sealers have
centered on their interaction with dental stem cells (DSCs).
Since the characterization of DSCs from different local
sources [12–14] and the description of their active role in
reparative dentinogenesis [15, 16], properties like
cytocompatibility have become essential for endodontic
sealers. Among DSCs, periodontal ligament stem cells
(PDLSCs) have been shown to contribute to the repair and
regeneration of the periodontium and other tissues [17].

Most recently, a new hydraulic calcium silicate–based end-
odontic sealer (hCSS), Bio-C Sealer ION+ (Angelus,
Londrina, PR, Brazil), has been released. Along with other
silicate-based endodontic sealers such as EndoSequence BC
Sealer HiFlow (Brasseler, Savannah, GA, USA), Bio-C Sealer
ION+ is presented in a pre-mixed ready-to-use format that can
be used for both cold and warm vertical obturation techniques,
according to the manufacturer. Recent evidence suggests that
the traditional epoxy resin–based sealer AH Plus (Dentsply,
Konstanz, Germany) could also be suitable for warm tech-
niques [18]. Differences in biomaterial composition may lead
to variable ionic interactions with surrounding tissues and cel-
lular responses [19, 20]. To the authors’ knowledge, there is
no evidence about the biological properties of the newly in-
troduced Bio-C Sealer ION+, compared with traditional and
well-established endodontic sealers which share its clinical
indications.

Accordingly, the aim of this study was to determine the
microstructural composition, ion release, and evaluate the
cytocompatibility and mineralization potential of Bio-C
Sealer ION+ and EndoSequence BC Sealer HiFlow, com-
pared with AH Plus, in contact with human periodontal liga-
ment cells (hPDLCs). The null hypothesis was that there is no
difference between the tested materials in relation to their
microstructural composition, ion release, cytocompatibility,
and mineralization potential on hPDLCs.

Materials and methods

Cell isolation, culture, and characterization

The present in vitro study was formerly approved by the
Ethics Committee from the Universidad de Murcia (ID:

2199/2018), following the Helsinki Declaration guidelines.
Human PDLCs were isolated from healthy extracted third
molars (n = 10) and cells at passages 2–4 were used for con-
secutive experimentation, as described previously [6]. In brief,
third molars were transported in Minimum Essential Medium
with Alpha modifications (α-MEM; Gibco, Invitrogen,
Waltham, MA, USA) supplemented with 1% penicillin/
streptomycin (Sigma-Aldrich, St. Louis, MO, USA) and
amphotericin B (Fungizone; Sigma-Aldrich, USA), at a tem-
perature of 4 °C. The teeth were then rinsed thrice with
phosphate-buffered saline (PBS) and their periodontal tissues
were scraped from the middle and apical thirds of the root
surface. Tissues were then sliced into smaller fragments and
digested with collagenase type I solution (Gibco, USA) for 1 h
at 37 °C. Finally, periodontal cells were seeded in α-MEM
supplemented with 10% fetal bovine serum (FBS; Sigma-
Aldrich, USA) and 1% penicillin/streptomycin (Sigma-
Aldrich, USA). Prior to their use, hPDLCs were characterized
using flow cytometry (FACSCalibur Flow Cytometry
System; BD Biosciences, San José, CA, USA) and the high
expression of the mesenchymal stem cell (MSC)–specific sur-
face markers CD73, CD90, and CD105, and low expression
of the hematopoietic markers CD34, CD45, CD14, and CD20
were confirmed [6].

Preparation of BC-Sealer ION+, EndoSequence
HiFlow, and AH Plus extracts

For the in vitro assays, the hCSSs Bio-C Sealer ION+ (BCI;
Angelus, Londrina, PR, Brazil) and EndoSequence BC Sealer
HiFlow (BCHiF; Brasseler, Savannah, GA, USA) were used,
along with the epoxy resin–based sealer AH Plus (AHP;
Dentsply, Konstanz, Germany). Their respective composi-
tions, as stated by their manufacturers, are listed in Table 1.

The materials were prepared according to their manufac-
turers’ instructions under sterile conditions. To allow for a
complete setting of the sealers, they were placed individually
in 2-mm-depth and 5-mm-diameter casts with Hank’s bal-
anced salt solution (HBSS; H6648; Sigma-Aldrich,
Gillingham, UK), sterilized under UV radiation for 15 min,
and stored in an incubator at 37 °C, 5% CO2, and 95% hu-
midity for 48 h (n = 30). After the setting time, sample discs
were incubated in Dulbecco’s Modified Eagle Medium
(DMEM; Gibco, USA) for 24 h at the previously mentioned
conditions, achieving a sample surface area/medium ratio of
1.5 cm2/mL. Sample preparation and conditioning for in vitro
experimentation were carried out in accordance with the cur-
rent International Organization for Standardization (ISO)
guidelines [21]. For the cell viability, migration, RT-qPCR,
and mineralization assays, material extracts were filtered
(0.22μ pore size) and left undiluted, diluted to 1:2, and diluted
to 1:4 ratios.
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Scanning electronic microscopy and energy-
dispersive spectroscopy

Two-millimeter-high and 5-mm-diameter sample discs for
BCI, BCHiF, and AHP were prepared using the aforemen-
tioned process (n = 9), with a sample surface area/HBSS ratio
of 6 cm2/mL. After 48 h of setting in the previously described
conditions, i.e., 37 °C, 5% CO2, and 95% humidity, the discs
underwent a carbon-coating process in a CC7650 SEM
Carbon Coater unit (Quorum Technologies Ltd., East
Sussex, UK). Then, the coated discs were examined individ-
ually under a SEM unit (Jeol 6100 EDAX; Jeol Inc., Peabody,
MA, USA) attached to an EDS system (INCA 350 EDS;
Oxford Instruments, Abingdon, UK) for element analysis.

Inductively coupled plasma mass spectrometry

Three sample discs with the previously described dimensions
were immersed in 5-mL purified water (Milli-Q; Merck
KGaA, Darmstadt, Germany) for 7 days and the proportion
of calcium, iron, zirconium, silicon, and tungsten release from
each sealer was determined by means of ICP-MS (Agilent
7900 ICP-MS; Agilent, Santa Clara, CA, USA).

Cytotoxicity assay (MTT)

Cell viability of hPDLCs in contact with sealer extracts was
evaluated by means of the 3-(4,5-dimethylthiazol-2-yl)-2,5
diphenyltetrazolium bromide (MTT) assay. Cells were seeded
onto 96-well plates with 180μL of DMEMand stored for 24 h
at 37 °C, 5% CO2, and 95% humidity. 1 × 104 hPDLCs were
then placed in contact with the undiluted, 1:2, and 1:4 material
extracts (n = 3), and incubated for 24, 48, and 72 h in the same
conditions. At each of the time intervals, 1 mg/mL of MTT
solution was added to the hPDLC-sealer samples and incubat-
ed for a further 4 h. To solubilize the formazan crystals pro-
duced by viable cells through the reduction ofMTT, 0.2 mL of
dimethyl sulfoxide (DMSO) solution was added to each sam-
ple. Light absorption was then evaluated for each of the sam-
ple wells using a Synergy H1 multi-mode microplate reader

(BioTek,Winooski, VT, USA) at 570 nm (Abs570), using the
control group (cells cultured in unconditioned medium) as a
reference, following previous evidence [22].

Cell migration assay (wound healing)

A wound healing assay was performed to assess hPDLC mi-
gration within the different material samples (undiluted, 1:2,
and 1:4). Cells were seeded onto 6-well plates (2 × 105

hPDLCs per well, n = 3 for each dilution) and left to prolifer-
ate until confluent. Using a 200-μL pipette tip, a scratch was
made on the surface of each cell monolayer, and eachwell was
then rinsed three times with PBS to clear away any remaining
cell debris. Wound healing (closure) was evaluated on an un-
conditioned sample (used as a control) and sealer-conditioned
samples (non-diluted, 1:2, and 1:4) at 24, 48, and 72 h. Cell
migration distances were assessed at three time-intervals: first
24-h period (0–24 h), second 24-h period (24–48 h), and third
24-h period (48–72 h). To account for width variations among
the scratch wounds, migration rates were presented as percent-
age areas of relative wound closure or RWC and calculated as
follows: RWC (%) = (wound closure area (pixels)/total num-
ber of pixels) × 100. Results were measured as the percentage
of the total wound area at the different time points relative to
the total wound area at 0 h for each respective well [23], using
ImageJ software (National Institutes of Health, Bethesda,MD,
USA).

Cell morphology and adhesion

Sample discs with the aforementioned standardized dimen-
sions were obtained (n = 15) for each of the sealers and allo-
cated into three groups (n = 5). 5 × 104 hPDLCs were seeded
onto the surface of each disc and left to culture for 72 h. Cells
were then fixed with 4% glutaraldehyde in PBS for 4 h, after
which they were dehydrated via a gradual series of ethanol
dilutions (30–90% v/v), air-dried, and coated with sputtered
gold/palladium. Once coated, the analysis of cell morphology
and adhesion was performed under SEM at × 100, × 300, and
× 1500 magnifications.

Table 1 Tested sealers

Sealer Manufacturer Composition Lot number

Bio-C Sealer ION+ Angelus, Londrina,
PR, Brazil

Calcium silicate, magnesium silicate, polyethylene glycol,
zirconium oxide, silicon dioxide nanoparticles,
potassium sulphate, calcium sulphate hemihydrate

151018

EndoSequence
BC Sealer HiFlow

Brasseler, Savannah,
GA, USA

Zirconium oxide, tricalcium silicate, dicalcium silicate,
calcium hydroxide, fillers

(10)1802SPWF

AH Plus Dentsply, Konstanz,
Germany

Epoxy paste: diepoxy, calcium tungstate, zirconium oxide,
aerosol, and dye

1705000999

Amine paste: 1-adamantane amine, N’dibenzyl-5 oxanonandiamine-1,9,
TCD-diamine, calcium tungstate, zirconium oxide, aerosol, and silicone oil

1453Clin Oral Invest (2021) 25:1451–1462



Activity-related gene expression

hPDLC differentiation was evaluated by means of the expres-
sion of activity-related genes using real-time quantitative
reverse-transcriptase polymerase chain reaction (RT-qPCR).
The sequences of primers for the differentiation markers
assessed are presented in Table 2. hPDLCs were seeded onto
12-well plates (2 × 104 cells/well, n = 3) with undiluted sealer-
conditioned medium and incubated for 7 days, as previously
reported [22]. The undiluted sealer-conditioned medium was
previously prepared by immersing sealer discs in culture me-
dium (DMEM; Gibco, USA) for 24 h. Total RNA of hPDLCs
was extracted using the RNeasy Mini Kit (Qiagen, Hilden,
Germany). RNA (1 μg) was reverse transcribed for first-
strand complementary DNA (cDNA) synthesis using
iScript™ Reverse Transcription Supermix for RT-qPCR
(Bio-Rad Laboratories Inc., Hercules, CA, USA). Both the
total RNA extraction and cDNA synthesis were carried out
following their respective manufacturers’ instructions. The
analysis of relative gene expression data was calculated using
the 2−ΔΔCT method [24]. hPDLCs cultured in uncondi-
tioned medium (DMEM; Gibco, USA) acted as the negative
control, and an osteo/cementogenic medium (OsteoDiff me-
dia; Miltenyi Biotec, Bergisch Gladbach, Germany) acted as
the positive control.

Mineralization assay (Alizarin Red staining)

Alizarin Red staining (ARS) was used to assess the minerali-
zation potential of hPDLCs in contact with BCI, BCHiF, and
AHP. Cells were seeded onto 12-well plates (2 × 104 cells/
well, n = 3) and left to proliferate until confluent. hPDLCs
were then cultured in an undiluted sealer-conditioned medium
for 21 days. After the culture period, the samples were washed

(PBS) and fixed with 70% ethanol for 1 h, and then stained
with 2% Alizarin Red solution (Sigma-Aldrich, USA) for
30 min in the dark at room temperature. Absorbance values
of the samples were measured using Synergy H1 multi-mode
microplate reader (BioTek, USA) at 405 nm. hPDLCs cul-
tured in unconditioned medium (DMEM; Gibco, USA) acted
as the negative control, and OsteoDiff media (Miltenyi Biotec,
Germany) acted as the positive control.

Statistical analysis

All of the in vitro assays were performed in triplicate. Data are
expressed as mean ± standard deviations (SD) and were ana-
lyzed using one-wayANOVA and Tukey’s post hoc test using
GraphPad Prism v8.1.0 (GraphPad Software, San Diego, CA,
USA). Statistical significance was considered at p < 0.05.

Results

SEM-EDS analysis

Regarding the chemical composition of the surface of each
sealer, BCHiF presented the highest calcium (Ca) content.
BCI, on the other hand, contained the highest percentage of
zirconium (Zr) and silicon (Si). Interestingly, the percentage
of Ca in BCHiF was higher than that of Zr, whereas the op-
posite was exhibited by BCI.With reference to AHP, the main
difference in terms of composition was the presence of high
amounts of tungsten (W). Both hCSSs exhibited an irregular
prismatic crystalline structure on their surface, as opposed to
the regular surface morphology shown by AHP (Fig. 1).

ICP-MS analysis

Results of the analysis of ion release from the different end-
odontic sealers are presented in Table 3. BCHiF exhibited a
significantly higher concentration of Zr release when com-
pared with BCI and AHP (p < 0.05). Both hCSSs showed a
higher release of Ca than the epoxy resin–based sealer AHP
(p < 0.05), which was greater in BCI than in BHiF (p < 0.05).
BCI released a significantly higher amount of Si compared
with the other sealers (p < 0.05), whereas the highest concen-
tration of W release was detected in AHP (p < 0.05).

MTT assay

After the treatment of hPDLCs with endodontic sealer ex-
tracts, a cytotoxicity assay was performed using MTT. Cells
which were cultured with BCHiF and BCI extracts (undiluted,
1:2, or 1:4) showed a similar formazan production in compar-
ison with the control group, evidencing the cytocompatibility
of bothmaterials. At 48 h, the undiluted BCHiF group showed

Table 2 RT-qPCR primer sequence

Gene Sequence (5′-3′) Size (bp)

CEMP1 Forward: GGGCACATCAAGCACTGACAG 165
Reverse: CCCTTAGGAAGTGGCTGTCCAG

CAP Forward: TTTTTCTGGTCGCGTGGACT 142
Reverse: TCACCAGCAACTCCAACAGG

ALP Forward: TCAGAAGCTCAACACCAACG 177
Reverse: TTGTACGTCTTGGAGAGGGC

RUNX2 Forward: TCCACACCATTAGGGACCATC 136
Reverse: TGCTAATGCTTCGTGTTTCCA

GAPDH* Forward: TCAGCAATGCCTCCTGCAC 117
Reverse: TCTGGGTGGCAGTGATGG

CEMP1: cementum protein 1; CAP: cementum-derived attachment pro-
tein; ALP: alkaline phosphatase; RUNX2: runt-related transcription factor
2; GAPDH: glyceraldehyde-3-phosphate dehydrogenase. bp: base pairs

*Housekeeping gene
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a higher production than the control (p < 0.05). Conversely,
for all AHP extracts, the relative formazan formation was
significantly lower than that of the control at all end time
points (p < 0.001), indicating the cytotoxicity of the AHP ex-
tracts towards hPDLCs. The relative formazan formation by
hPDLCs having been exposed to undiluted (1:1) and diluted
(1:2 and 1:4) material extracts for 24, 48, and 72 h is summa-
rized in Fig. 2.

Wound healing assay

The migration rates of hPDLCs exposed to undiluted (1:1)
and diluted (1:2 and 1:4) sealer extracts are illustrated in

Fig. 3 as changes in the open wound area at 24, 48, and
72 h. In the BCI group, significant differences were found
in the 1:4 diluted group at 48 h when compared with the
control group (p < 0.05), whereas no significant differences
were observed at 24 nor 72 h in any dilution. At 24 h,
significant differences were detected in all dilutions of
BCHiF compared with that of the control group (undiluted,
p < 0.01; 1:2 and 1:4, p < 0.05), while at 48 h, significant
differences were only observed in the undiluted extracts
(p < 0.05). Regarding the AHP group, at all time-periods
and dilutions, the cell migration rate was significantly low-
er than that of the control group (p < 0.001), being unable
to heal the wound.

Fig. 1 SEM-EDS analysis results for BCI, BCHiF, and AHP discs. The
first row presents SEM images of each sealer (scale bar: 100 μm). The
second row illustrates the elemental spectra produced by the EDS system.

The third row classifies the list of elements present per sealer by weight
and atomic weight

Table 3 ICP-MS results for
endodontic sealer extracts 28 Si [He] 44 Ca [He] 56 Fe [He] 91 Zr [He] 182 W [He]

Sample Conc. (ppm) Conc. (ppm) Conc. (ppm) Conc. (ppm) Conc. (ppm)

BCI 109.88 ± 0.06AB 157.36 ± 0.03AB < 0.000 2.36 ± 0.01A 16.50 ± 0.00AB

BCHiF 3.11 ± 0.00A 69.64 ± 0.02AC < 0.000 4.20 ± 0.02AC 52.82 ± 0.01AC

AHP 5.17 ± 0.01B 1.22 ± 0.00BC < 0.000 2.17 ± 0.02C 4522.27 ± 0.01BC

A Significant difference (p < 0.05) between BCI and BCHiF
B Significant difference (p < 0.05) between BCI and AHP
CSignificant difference (p < 0.05) between BCHiF and AHP

Conc., concentration; ppm, parts per million
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Cell morphology and adhesion

The analysis of hPDLC morphology and adhesion onto the
surfaces of the different sealers showed the presence of a low
quantity of cells and debris in the AHP group, evidencing cell
death, whereas BCI and BCHiF groups showed abundant cell
adhesion with a greater spread. Additionally, cells adhered to

the surface of BCHiF exhibited an intense growth and elon-
gation (Fig. 4).

RT-qPCR assay

The relative expressions of CEMP1, CAP, RUNX2, and ALP
from hPDLCs, cultured with undiluted sealers for 7 days, are

Fig. 2 MTT assay results for BCI, BCHiF, andAHP extracts on hPDLCs. Data are presented absorbance values (570 nm) at 24, 48, and 72 h of exposure
of the sealer extracts to hPDLCs, compared with the control. *p < 0.05; ***p < 0.001

Fig. 3 hPDLCsmigration rates at 24, 48, and 72 h of exposure to undiluted (1:1) and diluted (1:2 and 1:4) sealer extracts. Graphical results are presented
as mean RWC percentages at each of the time points, relative to the total wound area at 0 h. *p < 0.05; **p < 0.01; ***p < 0.001
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summarized in Fig. 5. GAPDH was used to normalize the
results. The BCHiF group showed an upregulation of CAP
(p < 0.01), CEMP1, ALP, and RUNX2 (p < 0.001) compared
with the negative control, while the BCI group showed an
upregulation of CEMP1 (p < 0.01), CAP, and RUNX2
(p < 0.001). At the same time, cells exposed to BCHiF exhib-
ited a higher expression of ALP (p < 0.01), CEMP1, and
RUNX2 (p < 0.001) than those treated with BCI or Osteodiff
(positive control). However, CAP expression was higher in
the BCI and Osteodiff groups when compared with the
BHiF group (p < 0.001). For the AHP group, RT-qPCR anal-
ysis was not performed, due to the evidenced cell death from
the previous cytocompatibility assays.

Mineralization assay

The mineralization potential of the tested sealers is presented
in Fig. 6. After 21 days of culture with undiluted sealer ex-
tracts, no mineralization was observed in the AHP group,
showing similar rates to the untreated hPDLCs (control

group). Both the BCI and BCHiF groups exhibited a greater
mineralized nodule formation than the negative and positive
control groups (p < 0.001). Likewise, cells treated with BCI
showed a higher mineralization potential than those treated
with BCHiF (p < 0.05).

Discussion

Traditionally, sealer-based obturations using hCSSs for root
canal treatment were performed by means of cold compaction
techniques, due to the lack of evidence on the effect of tem-
perature and heating time on the properties of endodontic
sealers [25, 26]. Recent evidence demonstrated that various
sealers—with the well-established epoxy resin–based sealer
AHP among them—can withstand a rise in temperature up
until 100 °C and a subsequent cooldown, without suffering
irreversible changes in their structure [18]. In view of this,
AHP was used in the present study as a reference material to
compare with two newly introduced hCSSs, as done by

Fig. 4 SEM images of hPDLCs morphology and adhesion to sealer sample surfaces after 72 h of culture. Magnifications: × 100X, × 300, and × 1500.
Scale bars: 500 μm, 100 μm, and 30 μm
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previous studies in the field [27, 28]. Both BCI and BCHiF are
also indicated for warm compaction techniques according to
their respective manufacturers, but their biological properties
and, in particular, the biological response of hPDLCs towards
them have not been described.

Accordingly, the present in vitro study aimed to outline the
main clinically relevant chemical and biological properties of
BCI and BCHiF, to anticipate their behavior in direct contact
with the inorganic and organic tissues present within the root
canal, and surrounding the root apex. The biological assays
carried out comprise cell cytotoxicity, morphology, adhesion,
proliferation, differentiation, and mineralization analyses, in
accordance with similar studies within this framework [8,
29]. With regard to the chemical and ionic profiling of the
assessed biomaterials, SEM-EDS and ICP-MS were used, re-
spectively, as performed by various studies [6, 30].

The results from SEM-EDS and ICP-MS analyses revealed
a high calcium content and ionic release in both BCI and
BCHiF, as previously shown by other hCSSs: BioRoot
RCS, MTA Fillapex [31]; Bio-C Sealer, TotalFill BC Sealer
[32]; NeoMTA-Plus, Endocem-MTA [33]; EndoSequence
BC Sealer, Ceraseal, Endoseal MTA [6]. The dissolution of

calcium silicate–based biomaterials and release of their major
cationic components, namely Ca2+, in contact with tissue
fluids, results in an ionic interchange which resolves in the
formation of a superficial mineral layer [34–36]. In the present
study, calcium release was higher from BCI than from BCHiF
samples after 48 h of setting (p < 0.05). The differences in ion
release may influence the clinical sealing ability or, at least,
the characteristics (i.e., thickness and composition) of the min-
eral attachment formed to the dentin substrate [36].

For the biological assays, hPDLCs were used as cell sub-
strates, in an attempt to extrapolate their in vitro response to
hCSSs, to their clinical behavior. These cells have shown
long-term survival, self-renewal, and a capability to form
bone/cementum-like mineralized tissue and ligament struc-
tures with associated vasculature [37, 38]. In root canal treat-
ment, hPDLCs can be exposed directly to sealer extrusions
from the root canals, and therefore these materials should at
least ensure cell survival [32, 39]. Regarding the results from
the present study, hPDLCs exposed to both BCI and BCHiF
independently, exhibited adequate formazan production, high
proliferation, and abundant adhesion when compared with
AHP and the negative control. These results act as evidence

Fig. 5 RT-qPCR results for
osteo/cementogenic gene expres-
sion by hPDLCs treated at 7 days
of incubation with DMEM (neg-
ative control), BCI, BCHiF, or
Osteodiff (postive control); rela-
tive to GAPDH expression.
**p < 0.01; ***p < 0.001
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of the cytocompatibility of hCSSs on hPDLCs, coinciding
with previous studies in the field [6, 32, 39].

To assess the influence of sealer concentration on hPDLC
viability and proliferation, various dilutions were prepared
for each of the tested materials (undiluted, 1:2, and 1:4 ra-
tios). With regard to cell viability, all BCI and BCHiF dilu-
tions showed a similar formazan formation when compared
with the control group after 48 h of incubation. In contrast,

recent evidence reported that BCHiF eluates showed lower
periodontal ligament fibroblast viability at higher concentra-
tions (1:4 vs 1:8, 1:16, and 1:20 dilutions), significantly de-
creasing from 24 to 72 h of incubation [40]. Nevertheless, as
highlighted in their study, it is expected that clinically,
periapical tissues come into contact with considerably lower
concentrations of the endodontic sealers and thusmay exhib-
it a greater cytocompatibility.

Fig. 6 hPDLCmineralized nodule formation after 21 days of culture with DMEM (negative control), BCI, BCHiF, AHP, or Osteodiff (postive control).
*p < 0.05; **p < 0.01; ***p < 0.001
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Cytocompatibility assays, however, revealed negative re-
sults for the reference material used, AHP. hPDLCs incubated
with the epoxy resin-based sealer extracts exhibited a signifi-
cantly lower formazan production and migration than the con-
trol group in all of the sealer dilutions (undiluted, 1:2, 1:4).
These results concur with those from previous in vitro studies
[27, 41]. This, added to the evidenced hPDLC death on the
surface of AHP sample discs observed under SEM and dis-
couraged the inclusion of AHP on the posterior gene expres-
sion assays.

To evaluate the osteo/cementogenic differentiation of
hPDLCs, the expression of a series of target genes was quan-
tified using RT-qPCR, as follows: ALP, mediator in osteo-
blast activity and osteogenic potential [42, 43]; RUNX2, in-
volved in the early stages osteogenesis as a transcriptional
regulator factor [44]; CAP and CEMP1, cementoblast and
cementocyte markers implicated in cementogenesis [45, 46].
hPDLCs cultured with both BCI or BCHiF exhibited a signif-
icant upregulation of osteogenic and cementogenic genes at
7 days of incubation compared with the negative control
group. Likewise, both BCI and BCHiF groups showed a sig-
nificant increase in mineralized nodule formation in compar-
ison with the negative and positive control. Altogether, results
indicate that both hCSSs are not only cytocompatible but also
capable to induce the osteo/cementogenic differentiation and
increase the mineralization potential of hPDLCs. These prop-
erties have also been reported for other hCSSs [6], supporting
that they may be a shared characteristic among this group of
biomaterials. In addition, recent evidence suggests that
silicate-based endodontic materials may also induce the an-
giogenic stimulation of various DSCs [47].

Available evidence on the biological response of hPDLCs
and other DSCs towards hCSSs is still limited and remains at an
in vitro level, with the limitations that this may imply. The
cellular behavior in controlled sealer-conditioned media shown
in the present study and similar studies may provide an insight
as to how these biomaterials may perform at a clinical level, but
the presence of factors that may influence this behavior clini-
cally [11] limits the extrapolation of the results. Nonetheless, to
the authors’ knowledge, this is the first study to assess the
biological properties of the recently introduced BCI. The re-
lease of calcium ions, the cytocompatibility and upregulation
of osteo/cementogenic markers, and the increased mineraliza-
tion in contact with hPDLCs shown in the present study act as
evidence for its potential use in root canal treatment.

Conclusions

The calcium silicate–based sealers considered in the present
in vitro study exhibited a high calcium ion release, adequate
cytocompatibility, upregulated osteo/cementogenic gene

expression, and increased mineralized nodule formation in
contact with hPDLCs.
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