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Abstract

Objective The aim of the present study was to evaluate the in vitro biocompatibility of Theracal PT, Theracal LC, and MTA
Angelus, considered as bioactive materials used for vital pulp treatment, on human dental pulp stem cells (hDPSCs).

Materials and methods Human dental pulp stem cells (hDPSCs) were isolated from third molars, and material eluates
were prepared (undiluted, 1:2, and 1:4 ratios). The hDPSC cytotoxicity, adhesion, morphology, viability, and cell
migration were assessed. The mineralization nodule formation was determined by Alizarin red S staining (ARS). The
odonto/osteogenic differentiation potential was assessed by osteo/odontogenic marker expression real-time qPCR. The
chemical composition and ion release of the vital pulp materials were determined by energy dispersive X-ray (EDX)
and inductively coupled plasma-mass spectrometry (ICP-MS), respectively. Statistical differences were assessed by
ANOVA and Tukey’s test (p < 0.05).

Results The three vital pulp materials showed variable levels of calcium, tungsten, silicon, and zirconium release and in their
chemical composition. Cytocompatibility assays revealed higher hDPSC viability and migration rates when treated with Theracal
PT than with Theracal LC. The lowest cell adhesion and spreading were observed in all Theracal LC-treated groups, whereas the
highest were observed when treated with MTA. Theracal PT and MTA promoted the upregulation of DSPP and RUNX2 gene
expression (p < 0.05). After 21 days, both MTA Angelus and Theracal PT—treated cells exhibited a significantly higher miner-
alized nodule formation than the negative control (p < 0.05).

Conclusions This study demonstrates the favorable in vitro cytocompatibility and bioactive properties of the recently introduced
Theracal PT and the well-established MTA Angelus on hDPSCs, as opposed to Theracal LC. More studies, including in vivo
animal testing are suggested before these new formulations might be used in the clinical setting.

Clinical relevance Theracal PT is a new material that could be clinically suitable for vital pulp therapy. Further studies consid-
ering its biocompatibility and bioactivity are necessary.

Keywords Tricalcium silicate materials - Vital pulp therapy - Cytotoxicity - Mineral trioxide aggregate - Bioactivity - Human
dental pulp stem cells
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Introduction

Dental pulp cells can be exposed to a number of different po-
tentially harmful stimuli, such as dental caries, trauma, or even
iatrogenic factors; which can compromise their survival. The
dentin-pulp complex presents a number of physiological defen-
sive mechanisms, which are encompassed within the term re-
parative dentinogenesis [1, 2]. Thus, the maintenance of pulp
vitality is the ultimate goal of biologically based minimally
invasive therapeutic approaches. Within this framework, vital
pulp treatment (VPT) has gained interest among daily dental
practice, including procedures which range from indirect and
direct pulp capping to partial and full pulpotomy [3-5].

Previous studies have reported the ability of human dental
pulp stem cells (hDPSCs) to regenerate dentin, measured by the
expression of odontogenic genes in vitro and/or dentin bridge
formation in vivo in the process of dentinogenesis [6, 7]. Under
favorable circumstances, hDPSCs are thought to differentiate
into odontoblast-like cells and produce reparative dentin, which
is the goal of VPT. However, the characteristics and extent of
the tissue repair resulting from VPT depend on the clinical
situation of the affected tooth and the type of materials used
for vital pulp therapy. In fact, one of the ideal requirements of
vital pulp materials is to induce and modulate the healing pro-
cess and repair of the dentin-pulp complex [8, 9].

Traditionally, the material considered as the gold standard
for the treatment of pulp exposures was calcium hydroxide,
until studies demonstrated the superior clinical performance of
calcium silicate-based materials, e.g., mineral trioxide aggre-
gate (MTA) [1, 10]. Both materials have similar mechanisms
of action, but calcium silicate—based cements induce the for-
mation of a mineralized barrier with a higher uniformity and
thickness, and elicit lower inflammatory responses and pulp
tissue necrosis. Due to their favorable biological, physical,
and mechanical properties, new versions of calcium silicate—
based materials have been developed for their use as vital pulp
materials [11]. These materials can enhance the process of
mineralized-tissue formation by inducing the differentiation
of precursor cells into mineral-secreting cells [12]. They also
stimulate odontoblast-like differentiation and the secretion of
growth factors and modulators of tissue repair [13].

Theracal LC (Bisco, Inc., Schamburg, IL, US) is a
light-curable resin—modified tricalcium silicate—based
material with easy handling, greater release of calcium
ions compared to MTA and Dycal (Dentsply, York, PA,
USA), but with controversial biological properties,
which hinder its recommendation as pulp capping mate-
rials [14, 15]. Recently, Theracal PT (Bisco, Inc.,
Schamburg, IL, USA), a new dual-cured, resin-
modified calcium silicate material designed for VPT,
has been presented for clinical use. According to its
manufacturer, this material maintains tooth vitality by
acting as a barrier to protect the dentin-pulp complex.
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Due to its recent introduction to the market, to the au-
thors” knowledge, there are no studies regarding this
material for VPT.

Studies assessing cytotoxicity act as the preliminary anal-
ysis of the biological responses of a variety of dental materials.
The advantage of these studies is that they present a controlled
design for the evaluation of different properties of the mate-
rials, while evaluating their possible health risks [16, 17].

Accordingly, this study aimed to evaluate the bioactivity
and biological properties of Theracal PT, and to compare these
properties to those of MTA (Angelus, Londrina, PR, Brazil)
and Theracal LC. The null hypothesis was that there is no
difference between the tested materials in relation to their
cytocompatibility and bioactivity potential on hDPSCs.

Materials and methods
Preparation of vital pulp material extracts

MTA (Angelus, Londrina, PR, Brazil), Theracal LC (Bisco
Inc., Schamburg, IL, USA) and Theracal PT (Bisco, Inc.,
Schamburg, IL, USA) were prepared following their respec-
tive manufacturers’ instructions into 5-mm diameter and 2-
mm high sterile cylindrical rubber molds, sterilized under ul-
traviolet irradiation for 15 min and stored in an incubator at 37
°C, 5% CO,, and 95% humidity, for 48 h to achieve complete
setting. TheraCal LC (Bisco) was light-cured with a LED
curing light (Bluephase 20i, Ivoclar Vivadent, Schaan,
Liechtenstein) at an output of 1200 mW/cm? for 20 s with a
2-mm light-curing distance; the intensity of the light was mea-
sured using a Marc Resin Calibrator (BlueLight Analytics,
Halifax, Canada). Their complete compositions are described
in Table 1 obtained from the data sheet available at the respec-
tive manufacturers’ websites.

In accordance with the International Organization for
Standardization (ISO), the eluates of the different materials were
extracted in sterile conditions, using DMEM culture medium as
an extraction vehicle. The extraction procedure was performed as
follows: the materials were stored in the culture medium for 24 h
at 37 °C in a humid atmosphere containing 5% CO, with agita-
tion. The ratio of material surface area to medium volume was set
at approximately 3 cm’/mL in accordance with the guidelines of
the International Organization for Standardization 10993-12
[18]. Finally, serial dilutions of the extraction medium were pre-
pared at 1/1, 1/2, and 1/4 ratios [19].

lon release of vital pulp material extracts

Specimens (n = 3) were prepared from each vital pulp mate-
rial. The ion release of each material in deionized water (Milli-
Q; Merck KGaA, Darmstadt, Germany) was analyzed using
inductively coupled plasma-optical emission spectrometry
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Table 1  Manufacturers and compositions of the tested materials
Materials Manufacturer Composition Lot number
MTA Angelus Angelus, Londrina, PR, Brazil Tricalcium silicate, dicalcium silicate, tricalcium aluminate, 101752
calcium oxide, calcium tugstate
Theracal LC Bisco Inc. Shaumburg, IL, USA Calcium oxide, calcium silicate particles (type III Portland 2000001054
cement), strontium glass, fumed silica, barium sulphate,
barium zirconate and resin containing bisphenol A-glycidyl
methacrylate (Bis-GMA) and polyethylene glycol dimethacrylate
(PEGDMA)
Theracal PT Bisco Inc. Shaumburg, IL, USA SG-Mix cement, Bis-GMA, barium zirconate, ytterbium fluoride, initiator 2000002968

(ICP-MS; Agilent 7900, Stockport, UK). The proportion of
aluminium (Al), silicon (Si), sulfur (S), calcium (Ca), stron-
tium (Sr), barium (Ba), and tungsten (W) released from each
material was analyzed at 1 day in triplicate, and the elements
were calibrated with pure deionized water.

Scanning electronic microscopy and energy-
dispersive spectroscopy

Disks of each cell-free material (n = 9) were immersed in
Ca”*/Mg**-free Hank’s balance salt solution (HBSS; Gibco,
Gaithersburg, MD, USA) at 3 cm?mL and stored at 37 °C for
24 h. Once set, the disks underwent a carbon-coating process
ina CC7650 SEM Carbon Coater unit (Quorum Technologies
Ltd, East Sussex, UK). Then, the element distribution was
analyzed using a scanning electron microscope with an
energy-dispersive X-ray spectrometer (SEM-EDX, JSM-
610LV; JEOL, Tokyo, Japan). A qualitative analysis was con-
ducted for the surface element distribution.

Isolation and culture of hDPCs

Cells were obtained from impacted third molars (n = 10) from
10 healthy subjects (18-30 years old). The human dental pulp
(hDP) isolation protocol was approved by the Human
Research Ethics Committee from the University of Murcia
(protocol ID: 2199/2018). hDP was obtained from the pulp
chamber and root canals using a barber broaches. After ex-
traction, hDP was thoroughly rinsed with HBSS, and subject-
ed to collagenase-A digestion (3 mg/mL) (Sigma-Aldrich, St.
Louis, MO, USA) for 1 h at 37 °C. Then, cells were main-
tained in Dulbecco’s Modified Eagle Medium (DMEM Gibco
BRL, CA, USA) supplemented with 10% fetal bovine serum
(FBS) (Gibco), 1% L-glutamine, 100-U/ml penicillin, and
100-pg/ml streptomycin (Gibco). Finally, cells were incubat-
ed at 37 °C in a 5% CO, humidified atmosphere. For subse-
quent experiments, hDPCs were used from culture passage 2
up to 6.

Characterization of hDPSCs

Cultured cells were identified following the guidelines of the
International Society of Cellular Therapy (ISCT) to confirm
their mesenchymal stem cell phenotype [20]. The surface an-
tigens of the hDPSCs were analyzed using antibodies conju-
gated to fluorophores under flow cytometry. The antibodies
used were CD73-APC (clone AD2), CD90-FITC (clone
DG3), CD105-PE (clone 43A4E1), CD34-PerCP (clone
AC136), CD19-PerCP (clone LT20.B4), CD14-PerCP (clone
TUK4), and CD45-PerCP (clone 5B1) (Human MSC
Phenotyping Cocktail, Miltenyi Biotec, Bergisch Gladbach,
Germany). Flow cytometry analysis was performed using a
FACS Calibur Flow cytometer (Becton Dickinson, Franklin
Lakes, NJ, USA). Furthermore, hDPSCs were cultured in os-
teogenic, adipogenic and chondrogenic medium (Miltenyi
Biotech) to evaluate the in vitro trilineage mesenchymal dif-
ferentiation, as previously described [21].

Cytotoxicity assay

Cytotoxicity was assessed by analyzing the mitochondrial
activity by means of a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. The extracts
were placed in contact with the cell culture and cell met-
abolic activity was measured at 24 h, 48 h and 72 h of
culture, as described by Sequeira et al. [22]. Cells cultured
in growth medium w/o any extract were used as the neg-
ative control. According to the manufacturer's instruc-
tions, the MTT reagent (Sigma-Aldrich) was added to
the wells for 4 h. When the purple precipitate was visibly
noticeable, dimethylsulfoxide (DMSO) (Sigma-Aldrich)
was added to solubilize the formazan dye (100 pl/well).
Covered plates were kept in the dark for 2—4 h. Finally,
the absorbance at 570-nm wavelength in each well was
measured in a microplate reader (ELx800; Bio-Tek
Instruments, Winooski, VT, USA). Each experimental
condition was performed in triplicate and analyzed in
three independent experiments.
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Cell migration

Cell migration was evaluated using an in vitro wound healing
assay. Cells were seeded onto 12-well plates (2 x 10* hDPSCs
per well, n = 3 for each dilution) and left to proliferate until
confluent. The culture medium was then replaced with serum-
free culture medium and cultured for an additional 24 h. Then,
a scratch was created using a sterilized-pipette tip and the cells
were exposed to complete growth medium alone (control) or
complete growth medium containing 1:1, 1:2, or 1:4 dilutions
of the tested materials, and imaged using a phase-contrast
microscope at 0, 24, 48, and 72 h. The percentage of open
wound area was quantified using Image J software (National
Institutes of Health, Bethesda, MD, USA). The data are
expressed as the mean of three independent experiments +
standard deviation (SD).

Cell adhesion evaluation

To test the effect of surface chemistry of the different cements
on cell adhesion and growth, scanning electronic microscopy
(SEM) was used. Sample discs with the aforementioned stan-
dardized dimensions were obtained (n = 15) for each of the
materials and allocated into three groups (n = 5). hDPSCs
were directly seeded onto the material’s surface and cultured
in normal growth medium. After 72 h, cells were fixed with
3% glutaraldehyde (Sigma-Aldrich) in PBS for 30 min. The
specimens were then dehydrated using a graded ethanol series,
followed by hexamethyldisilazane (Sigma-Aldrich) treatment
for 5 min. The samples were gold sputter—coated and observed
under SEM using x 100, x 300, and x 1500 magnifications.

Cell cytoskeleton staining

Phalloidin staining was used to analyze possible changes in
cell morphology and in the actin cytoskeleton structure and
organization of hDPSCs cultured with the different material
cluates. Briefly, cells were seeded on glass coverslips, allowed
to adhere, and cultured in complete growth medium alone
(control) or in complete growth medium containing 1:1, 1:2,
or 1:4 dilutions of the different eluates for 72 h at 37°C. Then,
hDPSCs were rinsed twice with prewarmed PBS at 37 °C,
fixed in 4% formaldehyde solution (Merck Millipore,
Darmstadt, Germany) for 10 min, permeabilized with 0.25%
Triton X-100 solution (Sigma-Aldrich) for 5 min, and rinsed 3
times with PBS. Cell cytoskeleton and nuclei were then
stained with AlexaFluor™594-conjugated phalloidin
(Invitrogen, Carlsbad, CA, USA) and 4,6-diamidino-2-
phenylindole dihydrochloride (DAPI) (ThermoFisher
Scientific, Waltham, MA, USA), respectively. Finally, immu-
nofluorescence images were observed under a Leica TCS SP2
confocal microscope (Leica, Wetzlar, Germany). Each
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experimental condition was carried out in triplicate for each
VTP material and analyzed in three independent experiments.

Apoptosis/necrosis assay

To evaluate hDPSC viability after exposure to the different
materials, hDPSCs were cultured in complete growth medium
alone (control) or in complete growth medium containing 1:1,
1:2, or 1:4 dilutions of the different eluates for 72 h at 37 °C.
Cell viability was assessed by Annexin-V-FITC and 7-AAD
staining (BD Biosciences, San Jose, CA, USA) following the
manufacturer’s instructions. Samples were analyzed in a
FACS Calibur Flow cytometer (Becton Dickinson) within
1 h of staining. Finally, the percentages of viable (double
negative), early apoptotic (Annexin-V-FITC positive, 7AAD
negative), and late apoptotic and necrotic (double positive and
Annexin-V-FITC negative/7-AAD positive respectively) cells
were determined. Each experimental condition was performed
in triplicate for each VPT material and analyzed in three inde-
pendent experiments.

Odontogenic marker expression (RT-qPCR)

The induction of odontogenic differentiation of hDPSCs cul-
tured with undiluted material-conditioned medium was eval-
uated by analyzing the expression of a series of odontogenic
markers by real-time quantitative reverse-transcriptase poly-
merase chain reaction (RT-qPCR). The sequences of primers
for the odontogenic markers used were as follows (forward/
reverse): alkaline phosphatase (ALP): 5- TCAGAAGC
TCAACACCAACG-3"/5'-TTGTACGTCTTGGA
GAGGGC-3"; collagen type 1 (CollAl): 5'-CCCGGGTT
TCAGAGACAACTTC-3'/5- TCCACATGCTTTAT
TCCAGCAATC-3"; osteonectin (ON): 5'-GCATCAAG
CAGAAGGATA-3'/5-AATAGTTAAGTTACAGCTAA
GAAT-3"; dentin sialophosphoprotein (DSPP): 5°-
GCATTTGGGCAGTAGCATGG-3"/5"-CTGACACA
TTTGATCTTGCTAGGAG-3"; runt-related transcription
factor 2 (RUNX2): 5'-TCCACACCATTAGGGACCATC-
3'/5"-TGCTAATGCTTCGTGTTTCCA-3"; and Bone
Sialoprotein Progenitor (BSP): 5'-TGCCTTGAGCCTGC
TTCCT-3"/ 5'-CTGAGCAAAATTAAAGCAGTCTTCA-
3’. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as a housekeeping gene to quantify and normalize
the results, with the following primers sequences (forward/
reverse): 5'-TCAGCAATGCCTCCTGCAC-37/5"-
TCTGGGTGGCAGTGATGG-3".

hDPSCs (2 x 10* cells/well n = 3) were seeded onto 12-
well plates with the material-conditioned medium (1:1) and
cultured for 7 days. The analysis of relative gene expression
data was calculated using the 224CT method. Cells cultured
in unconditioned medium (DMEM) acted as the negative
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control, and an osteo/odontogenic medium (OsteoDiff media;
Miltenyi Biotec) acted as the positive control.

Mineralization assay (Alizarin red S staining)

Alizarin Red S staining was used to assess the mineralization
potential of hDPSCs in contact with Theracal PT, Theracal
LC, and MTA Angelus. Cells were seeded onto 12-well plates
(2 x 10* cells/well, n = 3) and left to proliferate until confluent.
Then, hPDLSCs were cultured in undiluted material-
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 S solution
(Sigma Aldrich) for 30 min in the dark at room temperature.
The staining was solubilized with 10% cetylpyridinium chlo-
ride monohydrate (Sigma-Aldrich, MO, USA) solution and
the absorbance was measured at 570 nm using a spectropho-
tometer. hDPSCs cultured in unconditioned medium
(DMEM) acted as the negative control, and OsteoDiff media
(Miltenyi Biotec) acted as the positive control.

Statistical analysis

All of the in vitro assays were performed in triplicate, and
analyzed in three independent experiments. After confirming
the homogeneity of variance and normal distribution of the
data, we performed one-way ANOVA followed by pair-wise
Tukey’s post hoc test using Graph-Pad Prism v8.1.0
(GraphPad Software, San Diego, CA, USA). Data are
expressed as mean + standard deviations (SD). Statistical sig-
nificance was considered at p < 0.05.

Results
lon release
The analysis of the ion release demonstrated by ICP-MS is

presented in Table 2. The results revealed that silicon (Si) ion
release was higher in Theracal PT and Theracal LC compared

to MTA Angelus (p < 0.05), while barium (Ba) and tungsten
(W) ion release was significantly increased in MTA (p <
0.05). Calcium (Ca) ion release was significantly lower in
MTA Angelus compared to Theracal PT and Theracal LC (p
< 0.05).

SEM-EDS analysis

The qualitative analysis of the chemical elements on the spec-
imens’ surfaces was comparable to the material composition
according to the manufacturers’ information, as shown in Fig.
1 and Table 1. MTA showed the highest Ca content. Theracal
PT, on the other hand, exhibited the highest percentage of
zirconium (Zr) and Si. Interestingly, the percentage of Si in
Theracal PT was higher than Theracal LC and MTA Angelus.
However, fluoride (F) was not detected in Theracal PT.
Additionally, the SEM-EDS analysis disclosed other elements
not mentioned in the manufacturers’ information: Aluminium
(Al) was found in Theracal LC and Theracal Pt and W was
found in Theracal LC and Theracal PT.

hDPSC characterization

The results of flow cytometry showed that isolated hDPSCs
were CD73 (99.9%), CD90 (99.7%), and CD105 (99.9%)
positive; and negative for CD34, CD45, CD14, and CD20
(2.5%) (Fig. 2a). The percentages are presented relative to
the proper expression of mesenchymal stem cell surface
markers. Furthermore, hDPSCs exhibited ability to differenti-
ate into osteoblasts, chondroblasts, and adipocyte-like cells
(Fig. 2b).

Cytotoxicity assay

hDPSCs were exposed to several dilutions of Theracal PT,
Theracal LC and MTA Angelus for 72 h, and cell viability
was determined using an MTT assay (Fig. 3). Theracal LC
showed a significant reduction in cell viability compared to
the negative control in all concentrations and time-points (p <
0.001), whereas MTA Angelus exhibited no significant

Table 2 ICP-MS analysis of vital pulp materials (n = 3)

Al Si S Ca Sr Ba w
Sample name  Conc. [ppm] Conc. [ppm] Conc. [ppm] Conc. [ppm] Conc. [ppm] Conc. [ppm] Conc. [ppm]
MTA Angelus 20.65+0.02*®  6.34+0.00*® < 0.000"P 8.56£0.00"®  413.48£0.01*" 2682.96 £ 0.04*® 4267 +0.00*®

< 0.000 £ 0.00%C  20.25 + 0.024¢
68.89 + 0.035¢

Theracal PT
Theracal LC

17.00 £ 0.022€  15.33 +0.024€
14.76 + 0.005¢  63.58 +0.025¢  670.56 = 0.005C  106434,83 + 0.005¢ 1.68 + 0.00®

120,87 + 0.004¢
50,65 + 0.005¢

897.60 + 0.034€ 291 +0.034

Uppercase A (*) indicates significant difference (p < 0.05) between MTA Angelus and Theracal PT. Uppercase B (® ) indicates significant difference (p
< 0.05) between MTA Angelus and Theracal LC. Uppercase C (©) indicates significant difference (p < 0.05) between Theracal PT and Theracal LC

ppm parts per millon, Conc. concentration
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Electron Image 1

100um Electron Image 1

Element | Weight%  Atomic%
CK 17.93 39.36
OK 18.38 30.30
AlK 1.59 1.55
SiK 4.11 3.86
CakK 3227 21.23
WM 25.73 3.69
Totals 100.00
2 6 g
Full Scale 6555 cts Cursor: 0.000
Element | Weight%  Atomic%
CK 37.23 54.87
OK 27.00 29.88
MgK 0.39 0.28
AlK 2.01 1.32
SiK 10.59 6.68
SK 0.45 0.25
CaK 12.68 5.60
ZrL 1.10 0.21
BaL 3.08 0.40
WM 5.47 0.53
# 8 Totals | 100.00
Full Scale 6555 cts Cursor: 0.000 otals :
Element | Weight%  Atomic%
CK 25.21 44.35
OK 21.61 28.54
AlK 5.24 4.10
SiK 22.06 16.60
SK 0.77 0.51
CaK 4.80 2.53
SrL 5.07 1.22
ZrL 1.74 0.40
BalL 4.29 0.66
YbL 4.08 0.50
WM 5.13 0.59
B 8 Totals | 100.00
Full Scale 6555 cts Cursor: 0.000 kev|

Fig. 1 SEM-EDS analysis results for MTA Angelus (a), Theracal LC (b),
and Theracal PT (c) disks (n = 9). The first column presents SEM
micrographs of each materials (scale bar: 100 pm). The second column

differences in cell viability. Theracal PT 1:1 and 1:2 showed a
discrete cell viability compared to the control, while in the 1:4
dilution, no difference was found compared to the control
group in the first time-points (24 and 48 h).

Migration assay

An in vitro wound healing assay was performed to evaluate
cell migration. Cells cultured in medium without any material
eluate were employed as the negative control. 1:1 and 1:2
Theracal LC displayed a statistically significant decreased cell
migration after 24, 48, and 72 h of culture (p < 0.001), while
no significant differences were found between 1:4 Theracal
LC and the negative control (Fig. 4). Cell migration rates
exhibited by hDPSCs cultured with undiluted Theracal PT
were significantly lower at 24, 48, and 72 h compared to the
control group (p < 0.001), while this inhibitory effect was not
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illustrates the EDS plots with correspondent peaks detected. The third
column classifies the list of elements present per materials by weight
and atomic weight

so evident with Theracal PT 1:2 and 1:4. Regarding MTA
Angelus, the cell migration rate was similar than that of con-
trol group at all time-periods and dilutions (Fig. 4).

Cell adhesion

The analysis of cell adherence and morphology of hDPSCs on
the surfaces of the different material specimens showed the
presence of few cells and debris in the Theracal LC samples,
evidencing cell death, whereas abundant and functionally ori-
ented cells were exhibited by MTA. Theracal PT samples
exhibited a moderate growth of elongated cells (Fig. 5).

Cell cytoskeleton staining

In the MTA group, at all dilutions, a high number of well-
adhered and spread cells with a fibroblastic spindle-shaped
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morphology and increased F-actin content were observed,
similar to that observed on the cells from the negative control
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Fig. 3 MTT assay. In vitro cytotoxicity of hDPSCs after exposure to
extracted medium prepared from MTA Angelus, Theracal LC, and
Theracal PT. Data are presented absorbance values (570 nm) at 24, 48,
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group (Fig. 6). 1:1 and 1:2 Theracal LC showed lower num-
bers of attached cells, some of them exhibiting an aberrant
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mm Theracal PT

= MTA Angelus
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control. *p < 0.05; **p < 0.01; ***p < 0.001. Each experimental
condition was performed in triplicate for each VPT material and
analyzed in three independent experiments
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Fig. 4 Cell migration was evaluated using a scratch assay. Cells were
exposed to undiluted (1:1) and diluted (1:2 and 1:4) eluates from materials.
The control condition was cells maintained in normal growth medium.
Graphical results are presented as mean RWC percentages at each of the

morphology, while Theracal LC 1:4 specimens exhibited a
similar number of cells with well-evident actin cytoskeleton
compared to the control group. Conversely, cells from the
Theracal PT specimens showed a favorable growth and simi-
lar well-organized F-actin filaments compared to the control
group, especially at 1:2 and 1:4 dilutions (Fig. 6).

Apoptosis/necrosis assay

The apoptosis/necrosis rate in each group was obtained by
flow cytometry. As shown in Fig. 7, undiluted materials
displayed the following percentage of viable cells: MTA
Angeluls (90.5%) > Theracal PT (80.5%) > Theracal LC
(10.5%). At 1:2 dilutions all materials displayed a high per-
centage of viable cells (> 89%), except Theracal LC (21.1%).
Similarly, at 1:4 dilution, all materials displayed a similar
biocompatibility compared to the control medium, exhibiting
more than 89% of viable cells, excluding Theracal LC
(64.6%). These findings were in agreement with those obtain-
ed in the MTT and migration assays.
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time points, relative to the total wound area at 0 h. Asterisk designates
significant differences compared with the control. *p < 0.05; **p < 0.01;
*#%p < 0.001. Each experimental condition was performed in triplicate for
each VPT material and analyzed in three independent experiments

RT-qPCR assay

The mRNA expression of odonto/osteogenic markers was eval-
uated at day 7 after culturing hDPSCs with the different materials
(Fig. 8). GAPDH expression was used to normalize the results.
Due to the in vitro toxicity exhibited by Theracal LC in the
aforementioned assays, this material was not employed in the
cell differentiation assays. The MTA Angelus group displayed
an upregulation of ALP, DSPP, RUNX2 (p < 0.001), ON,
CollAl (p < 0.01), and BSP genes (p < 0.05) compared to the
negative control, while the Theracal PT group showed an upreg-
ulation of DSPP and RUNX2 (p < 0.001). Interestingly, the
expression of DSPP and RUNX2 was significantly different in
the Osteodiff group (positive control) compared to the negative
control at day 7. However, a marked decrease in the expression
CollAl and ALP was observed.

Mineralization assay

Calcium deposition, as a final product of the odonto/
osteogenic differentiation process, was assessed by using
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Theracal PT

Fig. 5 Sample discs with the aforementioned standardized dimensions
were obtained (n = 15) for each of the materials and allocated into three
groups (n = 5). Representative SEM micrographs illustrate the adhesion

Alizarin Red S staining on day 21 (Fig. 9). There were signif-
icant differences between the tested groups, with Osteodiff
(positive control) exhibiting the highest amounts of calcium
deposition (p < 0.001). In contrast, Theracal LC exhibited the
lowest amounts of mineralized nodules. MTA Angelus and
Theracal PT showed higher amounts of mineralized nodules
when compared to the negative control (p < 0.001).

Discussion

The present study investigated the effects of the three vital
pulp materials on the viability, morphology, migration, adhe-
sion, osteo/odontoblastic differentiation, and mineralization
potential of hDPSCs. It is crucial that the material placed in
direct contact with the pulp tissue during VPT procedures
presents, at least, an adequate biocompatibility and ideally, a
bioactive effect. A lack of biocompatibility will result in an
intense irritation to the pulp tissue, which can irreversibly

heracal LC

Y A " <\ 2E 8 205

of hDPSCs directly seeded on Theracal PT, MTA Angelus and Theracal
LC. Magnifications: x 100, x 300, and x 1500. Scale bars: 500 pm, 100
pum, and 30 um

compromise its defensive mechanisms and in turn, its vitality
[23-25]. For this reason, mesenchymal stem cells from dental
pulp where used as the target cells for the cytotoxicity
analyses.

A high number of quantitative and qualitative assessments
of in vitro and in vivo cytotoxicity highlight the effectiveness
of vital pulp materials [26]. These studies were generally per-
formed to gain an increased understanding of the biological
mechanisms involved in tertiary dentin formation. However,
the limitations of those reports were the types of target cells
used, the duration of the exposure to the tested materials, and
the formulation of such materials [4]. The biological proper-
ties of well-established vital pulp materials have been exten-
sively described among available literature. However, to our
knowledge, this the first study assessing Theracal PT.

ICP-MS and SEM-EDS assays showed calcium content
and ion release in all materials, as previously reported for
other vital pulp materials: NeoMTA Plus (Avalon Biomed,
Houston, TX, USA), MTA Repair HP (Angelus), or

@ Springer
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Control

Theracal PT

MTA Angelus

Theracal LC

Non diluted

Fig. 6 Analysis of cell morphology changes, in the actin cytoskeleton
structure and organization on hDPSCs after treatment with Theracal PT,
MTA Angelus and Theracal LC by confocal fluorescence microscopy. F-
actin fibers were stained with AlexaFluor™ 594-conjugated phalloidin
(red), whereas cell nuclei were counterstained with DAPI (blue).

Biodentine (Septodont, Saint-Maur-des-Fossés, France) [27].
Furthermore, ytterbium (Yb) was detected in Theracal PT. It
has been described that the incorporation of Yb as a
radiopacifying agent for calcium silicate—based cements does
not alter their physicochemical and biological properties, and
preserves their bioactive potential [28]. Also, Si release was
higher from Theracal PT than from Theracal LC samples after
setting (p < 0.05). Previous studies demonstrated that Si ions
from silicate bioceramics stimulated the osteogenic differenti-
ation of mesenchymal stem cells [29]. Thus, the differences in
ion release may influence the biological effects or, at least, the
characteristics of the mineral attachment formed to the dentin
substrate.
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Confocal fluorescence microscopy images shown are representative from
n = 3 separate experiments. Scale bar: 100 um. Each experimental con-
dition was performed in triplicate for each VPT material and analyzed in
three independent experiments

The materials used for VPT, in addition to possessing
antiinflammatory properties, play an important role in the pro-
liferation, migration, and mineralization of dental pulp stem
cells [30]. In the present study, the MTT assays revealed that
Theracal LC negatively affected hDPSC viability at all extrac-
tion medium concentrations, whereas this effect was lower in
the Theracal PT group. Unsurprisingly, MTA group exhibited
a higher cell viability compared to the other materials and the
control. These findings were in agreement with previous re-
ports demonstrating that Theracal LC exhibited a cytotoxic
effect [15, 31].

It is well known that bioactive materials release substances
that could potentially delay or enhance the healing process
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Fig.7 Flow cytometry analysis of cell apoptosis and necrosis induced by
the different vital pulp material extracts on hDPSCs by annexin V-PE/7-
AAD staining. Numbers inside dot plots represent percentages of live (Q4

[32]. For this reason, wound healing assays were performed in
order to preliminarily predict how the coordinated migration
of hDPSC would occur during pulp inflammation or after
injury. The marked decrease in cell migration in the
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quadrants), early apoptotic (Q3 quadrants), and late apoptotic and
necrotic cells (Q1 and Q2 quadrants). Dot plots shown are
representative from n = 3 separate experiments

Theracal LC—treated group could be due to the effect of this
material on cell viability. Nevertheless, no significant differ-
ences were observed in 1:2 and 1:4 Theracal PT groups,
evidencing an optimal biological response with these
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Fig.8 The expression of osteo/odontogenic genes expression detected by
RT-qPCR. Data are expressed as mean + SD; relative to GAPDH expres-
sion. *p < 0.05; **p < 0.01; ***p < 0.001. Each experimental condition

dilutions. The cell migration results correlated with the cell
attachment and spreading results, as expected, since cells re-
quire an adequate attachment and spreading on a surface for
subsequent migration. Low cell attachment and F-actin fibers
content and an aberrant morphology were evidenced in the 1:1
and 1:4 Theracal LC—treated group as observed by phalloidin
staining and SEM. Hence, their migration would also be
affected.

Apoptosis/necrosis assay evidenced a reduced number of
viable cells in Theracal LC—treated group. This phenomenon
was less evident in Theracal PT—treated group. It has been
speculated that the cytotoxicity of Theracal LC may be due
to remaining unpolymerized resin monomers which leads to
their leaching [25, 33]. Furthermore, other authors have dem-
onstrated that cured Theracal LC released specific additives
such as ethyl-4-(dimethylamino) benzoate and
camphorquinone [34]. Primary human pulp fibroblasts ex-
posed to camphorquinone evidenced increased reactive oxy-
gen species production [35, 36]. Taken together, it can be
suggested that the light curing additives released from
Theracal LC may induce cell death by increasing the produc-
tion of reactive oxygen species.

To evaluate the potential effects of the tested materials for
VTP on the osteo/odontoblastic differentiation of hDPSCs,
expressions of ALP (alkaline phosphatase), BSP (bone
sialoprotein), Col1 A1 (collagen type I alpha 1), DSPP (dentin

@ Springer

was performed in triplicate for each VPT material and analyzed in three
independent experiments

sialophosphoprotein), ON (osteonectin), and RUNX2 (runt-
related transcription factor 2) genes were used as markers of
different phases of this process. As mentioned previously, the
marked cytotoxicity exhibited by Theracal LC resulted in its
exclusion from the differentiation assays, since no gene up-
regulation was to be expected. MTA exhibited an upregula-
tion of all of the tested markers. A similar outcome was ob-
served in a previous study, in which the cytotoxicity and os-
teogenic potential of MTA and Theracal LC, among other
materials, was assessed together with hDPSCs [37]. Theracal
LC exhibited no upregulation of osteo/odontogenic markers,
while MTA showed a significant upregulation of ALP, OCN
(osteocalcin), BSP, DSPP, and DMP1 (Dentin matrix acidic
phosphoprotein 1) at 7 days when compared to a control (p <
0.05). In contrast with our study, however, MTA did not in-
duce an upregulation of RUNX2.

In addition, both MTA and Theracal PT—cultured cells
showed a significant upregulation of DSPP and RUNX2
genes at day 7. Since, to the authors’ knowledge, this is the
first study to assess the biological properties of Theracal PT,
these results cannot be compared with other studies.
Nevertheless, the upregulation of RUNX2, a key transcription
factor for osteoblast differentiation [38], and DSPP, involved
in the process of mineralization of dentin [39], highlights the
potential influence of both of the assessed materials on
hDPSC osteo/odontogenic differentiation.
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Regarding the mineralization potential of the tested mate-
rials for VPT, a similar pattern was observed. hDPSCs treated
with Theracal LC exhibited the lowest calcified nodule forma-
tion, and both MTA and Theracal PT—treated cells showed a
significant mineralization potential. These results are in accor-
dance with previous studies: in direct contact with stem cells
from human exfoliated deciduous teeth (SHEDs), MTA
showed a higher mineralization potential than Theracal LC
[40]; and significantly higher mineralized nodule formation
compared to a negative control when cultured with human
dental pulp cells (hDPCs) [41]. Again, no available evidence
was found regarding Theracal PT. Nonetheless, the results
from the mineralization assays from the present study high-
light its comparable mineralization potential to that exhibited
by MTA. In VPT procedures, the materials used should pos-
sess the ability to induce the superficial mineralization of the
viable pulp tissue to form a calcified bridge. However, in order
to preserve the correct functioning of the pulp tissue, its dif-
fused calcification should be avoided, as it will lead to pulp
inflammation and loss of vitality, and eventually to treatment
failure [42].

Altogether, the biological properties and bioactive potential
of hydraulic calcium silicate—based cements, such as those
assessed in the present study, have been evidenced by numer-
ous studies [5]. Still, the rapid introduction of new material
compositions into the market calls for an updated biological
and chemical-mechanical profiling of each new composition
before its clinical use. This highlights the importance and rel-
evance of in vitro studies as a preliminary approach to the
assessment of new materials. However, results from these as-
says should be interpreted with caution, since the behavior of
the tested materials could be potentially influenced by a num-
ber of external factors in the clinical setting.

Conclusions

This study demonstrates the favorable in vitro cytocompatibility
and bioactive properties of the recently introduced Theracal PT
and the well-established MTA Angelus on hDPSCs, as opposed
to Theracal LC. More studies, including in vivo animal testing
are suggested before these new formulations might be used in the
clinical setting.
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