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Experimental resin-based dual-cured
calcium aluminate and calcium titanate
materials for vital pulp therapy

Abstract: This paper evaluates the physicochemical and biological
properties of experimental resin-based dual-cured calcium aluminate
(CA) and calcium titanate (CTi) materials for vital pulp therapy (VPT).
The experimental dual-cured materials were obtained as two pastes: a)
Bis-EMA 10, PEG 400, DHEPT, EDAB, camphorquinone, and butylated
hydroxytoluene; and b) fluoride ytterbium, Bis-EMA 10, Bis-EMA 30,
benzoyl peroxide, and butylated hydroxytoluene. The materials were
divided into six groups based on the added calcium component: MTA
(MTA®, Angelus); CLQ (Clinker-Fillapex®, Angelus); CA (calcined at
,1200°C in pastes a and b); CA800 (calcined at 800°C in paste a); CA1200
(calcined at 1,200°C in paste a); and CTi (paste a). The real-time degree
of conversion and rate of polymerization (n = 3), diametral tensile
strength (n = 10), hydrogen potential (n = 15), calcium ion release
(n = 10), water sorption and solubility (n = 10), and cell viability (n = 6)
were evaluated. One- and two-way ANOVA and Tukey’s post hoc test
were used in the analysis of the parametric data, and Kruskal-Wallis
and Dunn’s multiple tests were used to analyze the nonparametric data
(o = 0.05). CLQ, CA800 and CA1200 had the highest diametral tensile
strength. The water solubility of MTA was similar to that of CA800,
CA1200 and CTi. CA800 and CA1200 resulted in cell viabilities similar
to those of MTA and CLQ. The experimental dual-cured CA-based
material that calcined at 800°C showed physicochemical and biological
properties suitable for VPT, and similar to those of MTA.

Keywords: Cytotoxins; Dental Pulp Capping; Dental Pulp Exposure;
Pulp Capping and Pulpectomy Agents; Dental Materials.

Introduction

The ability to maintain pulp tissue sound after deep carious lesions and
traumatic or iatrogenic injuries continues to pose a challenge to clinicians.'?
Treatments based on vital pulp therapies (VPTs), such as pulp capping,
can be performed to avoid extensive treatment, maintain pulp vitality
and improve tooth survival.** VPT consists of placing a pulp capping
agent directly over the exposed pulp (direct pulp capping), or a cavity
liner or sealer above the residual caries lesion (indirect pulp capping).*

Several pulp capping materials can be used for VPT, such as calcium
hydroxide cements, mineral trioxide aggregate (MTA), and biomaterials
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derived from MTA (calcium silicate, calcium
phosphate and calcium aluminate-based materials).*
Calcium hydroxide cements are widely used, but
their long-term solubility and gradual disintegration
are their main drawbacks.®” MTA was developed to
counter the limitations of calcium hydroxide cements.
The properties of MTA are dependent on humidity,®
and have improved mechanical properties in wet
environments.” MTA is a Portland cement-based
formulation composed mainly of tricalcium silicate,
tricalcium aluminate, bismuth oxide and tetracalcium
aluminoferrite.® Calcium release may improve the
antibacterial properties, dentinogenesis, and apatite
formation.”" Some recent studies have shown that
MTA is the material with the best physicomechanical
and biological properties for VPT4+'*1

However, researchers have worked to improve
the physicochemical and handling properties of
biomaterials derived from MTA.*® Experimental
light-cured MTA materials have been developed
with physicochemical properties similar to those of
conventional MTA, but with shorter working times
(photoactivation time: 20-60 s).">"” Furthermore, the
resin-based materials used in VPT have the additional
advantage of allowing chemical bonding with the resin
composite, which could decrease the failures at the
capping-restorative material interface.” Some studies
have shown that even a light-cured calcium silicate-
based material for pulp capping (TheraCal® Bisco,
Schaumburg, IL, USA) could have suitable calcium-
release ability after polymerization.”’®” The ability
of calcium hydroxide to disassociate into calcium
and hydroxyl ions could lead to alkalization of the
environment, and improve the bioactive properties,
including apatite formation, followed by new dentin
production, as well as cell growth and proliferation.”*®
A recent clinical study showed that the clinical
success (maintenance of pulp vitality) of the light-
cured calcium silicate-based material (TheraCal®)
was similar to that of MTA applied by direct pulp
capping of primary molars after 12 months.” Moreover,
the incorporation of calcium aluminate or calcium
titanate into pulp capping materials may enhance
the hydration reaction, and result in a continuous
process of dissolution and precipitation, as well as
enhanced reparative ability of the material.*** On
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the other hand, studies have revealed the molecular
toxicity of substances released by resin-based dental
materials, given that some monomers can cause
cytotoxic and genotoxic effects in the oral cavity.2
To solve this problem, new monomers have been
proposed that can reduce diffusion of the monomer
through dentin, and improve the biocompatibility
of resin-based dental materials.””*?! Despite several
optional materials, none seems ideal for VPT. Thus,
the development of new VPT-targeted materials able
to incorporate all the properties required for optimal
performance seems to be an interesting strategy to
offset the limitations of currently available materials.
Therefore, this study aimed to develop and evaluate
the biological and physicochemical properties of
experimental dual-cured calcium aluminate- and
calcium titanate-based materials designed for
VPT. The null hypothesis is that the biological and
physicochemical properties of the experimental
materials are similar to those of commercial materials.

Methodology

Study design and formulation of
experimental materials

Two types of materials (calcium aluminate and
calcium titanate) were synthesized using chemical
methods. Then, the two synthesized materials were
subjected to heat treatments at different temperatures.
Calcium aluminates (CA) CA800 and CA1200 were
synthesized and heat-treated at 800°C and 1200°C,
respectively. Calcium titanate (CTi) was synthesized
and heat-treated at 700°C. These three samples were
incorporated into resin composites in two pastes.

All the commercial and experimental materials
evaluated are presented in Table 1. Experimental resin-
based materials were composed of two blended pastes.
The following six groups were evaluated: MTA (MTA®,
Angelus, Londrina, PR, Brazil; commercial reference);
CLQ (Clinker-Fillapex®, Angelus); CA (with 60% of
calcium aluminate - 3CaO-AlLQ,; - calcined at 1200°C
in two pastes); CA800 (with 60% of CA calcined at
800°C in one paste); CA1200 (with 60% of CA calcined
at 1200°C in one paste); and CTi (with 60% of calcium
titanate - CaTiO; - in one paste). Fluoride ytterbium
was used as a radiopacifier in the CA 800, CA1200 and
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CTi groups. The MTA (chemical setting) samples were
mixed at a 3:1 ratio (powder/liquid) according to the
manufacturer’s instructions, while the other materials
(dual curing in two pastes) were used at 1:1 ratios.

CA and CTi were used as inorganic filler particles in
the experimental groups. Calcium nitrate tetrahydrate
(Ca(NOs;),*4H,0), aluminum nitrate nonahydrate
(AI(NO;);°9H,0) and urea (CO(NH,),) were used
as fuels to produce CA. These two reagents and the
fuel were obtained from Sigma-Aldrich (St. Louis,
USA), and used without any further treatment.
The amount of each component required for the
chemical reaction to produce tricalcium aluminate
was calculated based on the total valences of oxidizing
and reducing reagents, and on the fuel. These reagents
were previously weighed on a hot plate, placed on a
heating plate at 90°C, and subsequently transferred
to a preheated muffle furnace at 400°C. The material
obtained after this reaction was heat-treated at 800°C
or 1200°C for 4 h to promote the formation of CA
crystalline phases. A 45-um sieve was used to remove
the filler particle agglomerates obtained at the end
of this process, as previously published.??*

Table 1. Chemical composition of the materials tested.

Titanium isopropoxide [Ti(OC;H,),] (Vetec, Duque
de Caxias, Brazil), absolute ethyl alcohol (Vetec),
anhydrous citric acid (C;HO;) (Synth, Diadema, SP,
Brazil), calcium nitrate tetrahydrate (Ca(NOs),*4H,0)
(Sigma-Aldrich), and ethylene glycol (C,H,O,) (Vetec)
were used to produce calcium titanate. Stoichiometric
calculations determined the required amount of each
element to be used in the chemical reaction to yield
calcium titanate. The citric acid /ethylene glycol mass
ratio was 60:40.%

The amount of each reagent was weighed, and
added to a beaker placed on a heating plate under
constant agitation, in the same sequence as that
used for the reagents, as described above. Then, each
reagent was slowly heated to 100°C to promote citrate
polymerization by a polyesterification reaction to
evaporate the solvent and adjust the viscosity. The
material obtained (a polymeric resin) was placed in a
conventional furnace at 300°C for 2 h at a heating rate
of 1°C/min, which promoted both the pulverization of
the polymeric resin, and the formation of the precursor
powder. Finally, these materials were heat-treated in
a microwave oven at 700°C for 7 h at a heating rate of

Material
MTA®

(Angelus)
cQ
(CDC-Bio)
CA
(CDC-Bio)
CA800
(CDC-Bio)
CA1200
(CDC-Bio)
CTi

(CDC-Bio)

Composition
Powder: Portland cement, tricalcium silicate, dicalcium silicate, tricalcium aluminate, tetracalcium iron aluminate, bismuth oxide.

Liquid: distilled water.

Paste A: 60% clinker-Fillapex Angelus®, 20% Bis-EMA 10, 20% PEG 400, 1% DHEPT, 0.8% EDAB, 0.4% CQ, 0.05%
butylated hydroxytoluene

Paste B: 60% fluoride ytterbium, 20% Bis-EMA 10, 20% Bis-EMA 30, 1.5% benzoyl peroxide, 0.05% butylated hydroxytoluene

Paste A: 60% CA (1200°C), 20% Bis-EMA 10, 20% PEG 400, 1% DHEPT, 0.8% EDAB, 0.4% CQ,
0.05% butylated hydroxytoluene

Paste B: 60% CA (1200°C), 20% Bis-EMA 10, 20% Bis-EMA 30, 1.5% benzoyl peroxide, 0.05% butylated hydroxytoluene

Paste A: 60% CA (800°C), 20% Bis-EMA 10, 20% PEG 400, 1% DHEPT, 0.8% EDAB, 0.4% CQ,
0.05% butylated hydroxytoluene

Paste B: 60% fluoride ytterbium, 20% Bis-EMA 10, 20% Bis-EMA 30, 1.5% benzoyl peroxide, 0.05% butylated hydroxytoluene

Paste A: 60% CA (1200°C), 20% Bis-EMA 10, 20% PEG 400, 1% DHEPT, 0.8% EDAB, 0.4% CQ,
0.05% butylated hydroxytoluene

Paste B: 60% fluoride ytterbium, 20% Bis-EMA 10, 20% Bis-EMA 30, 1.5% benzoyl peroxide, 0.05% butylated hydroxytoluene

Paste A: 60% calcium titanate, 20% Bis-EMA 10, 20% PEG 400, 1% DHEPT, 0.8% EDAB, 0.4% CQ,
0.05% butylated hydroxytoluene

Paste B: 60% fluoride ytterbium, 20% Bis-EMA 10, 20% Bis-EMA 30, 1.5% benzoyl peroxide, 0.05% butylated hydroxytoluene

MTA: mineral trioxide aggregate. Bis-EMA: diether dimethacrylate. PEG 400: polyethylene glycol (400) dimethacrylate. DHEPT: dihydroxyethyl
p-toluidine. EDAB: Ethyl 4-(dimethylamino)benzoate. CQ: camphorquinone. CA: calcium aluminate. CDC-Bio: Center for Development and
Control of Biomaterials.
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20°C/min to obtain the filler particles. A 45-um sieve
was used to remove the filler particle agglomerates
obtained at the end of the process described above.

X-ray diffraction analysis (XRD), Fourier
transform infrared (FTIR) spectroscopy,
energy-dispersive X-ray (EDX)
spectroscopy and scanning electron
microscopy (SEM)

The filler particles were characterized by XRD,
FTIR, EDX and SEM. The crystalline phase analysis
using XRD was carried out using the Rigaku D/
Max2500 PC diffractometer (Rigaku Corporation,
Tokyo, Japan) and Cu Ko radiation at 30 mA and 30
kV, with detector rotations between 10° and 80°, a
sampling pitch of 0.02°, and a scan speed of 2°/min. The
materials were analyzed using an FTIR spectrometer
(Shimadzu Prestige21 Spectrometer, Shimadzu, Kyoto,
Japan) with Happ-Genzel apodization at a range of
4000 and 600 cm?, and at a spectral resolution of 4
cm™, with 10 scans per spectrum. The background
noise was removed prior to analysis by conducting
background scans. The elemental constitution of each
phase identified was determined by EDX analysis
using a fluorescence spectrometer (Shimadzu, Japan).
The filler particles were visualized by SEM (5400,
JEOL, Tokyo, Japan), and the particle microstructure,
typical particle agglomerates and grain morphology
were assessed in the backscatter electron mode at
1000x magnification.

Kinetics of polymerization

The degree of conversion (DC) of the experimental
materials was evaluated using real-time Fourier
transform infrared spectroscopy-attenuated total
reflectance (FTIR-ATR) spectroscopy (ZnSe crystal,
PIKE Technologies, Madison, USA). A support was
used to control the distance between the fiber tip
of the light-curing unit (LED, Radii® Curing Light,
SDJ, Bayswater, Victoria, Australia) and the sample,
at 5 mm. Light-curing of each material (n = 3) was
performed at 1400 mW/cm? The IRSolution software
(Shimadzu) program was used for Happ-Genzel
apodization, at a range of 1750 and 1550 cm?, at a
resolution of 4 cm™ and a mirror-speed of 2.8 mm/s,
and at monitoring mode during photoactivation;
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the scans were conducted every 1s. A standardized
amount of the sample (0.1 g) was manipulated for 60 s
and dispensed directly onto the ZnSe crystal. Then,
an initial scan was performed before light-curing
and sample-scanning for 60 s. DC was calculated
considering the intensity of the carbon-carbon
double-bond stretching vibration (peak height)
at 1635 cm™. The internal standard consisted of
stretching the symmetric ring at 1610 cm™ from
the polymerized and unpolymerized samples. The
plotted data were analyzed by means of curve-fitting,
and a logistic nonlinear regression was performed.
Data fitting was used to calculate the polymerization
rate (RP (s)), as the DC at time t subtracted from
the DC at time t*. The coefficient of determination
was higher than 0.97 for the CA, CA 800 and CLQ
curves, whereas it was lower for the CA1200 (0.92)
and CTi (0.92) curves; in addition, the latter curve
could not be fitted.

Diametral tensile strength (DTS)

The DTS was tested with a universal testing
machine (EMIC 2000, Equipamentos e Sistemas de
Ensaio, Sdo José dos Pinhais, Brazil) with a 100 kgf
load, at a crosshead speed of 1.0 mm/min. Standard
discs (n = 10; & = 6 mm, h = 3 mm) were prepared
for each experimental group. The sample borders
were gently polished with 600-grit abrasive paper.
The samples were stored at 37°C and 100% humidity
for 24 h. A digital caliper was used to measure the
discs before the test. The DTS (ot) values (MPa) were
calculated as follows:

ot = 2P/n x D x h, where D is diameter, h is the
height, and & = 3.14.

Hydrogenic potential

The evaluation of the hydrogenic potential (pH)
was performed at time intervals of 3, 24, 48, 72 h, 7
and 14 days using a digital pH meter (608 Analion PM
Plus, Ribeirdo Preto, Brazil) calibrated with reference
solutions. Standard discs (n =15 @ =4 mm, h=1
mm) were prepared for each experimental group.
All the discs were stored individually in Eppendorf
microtubes (Sigma-Aldrich) containing 1 mL of
distilled water, and stored at 37°C throughout the
entire test period.
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Calcium ion release

The calcium ion release was assessed by atomic
absorption spectrophotometry (Evolution 260 Bio
UV-Visible Spectrophotometer, Thermo Fisher
Scientific, Madison, USA) at time intervals of 3 h, 1,
4,7,14 and 28 days. Standard discs (n =10; @ =8 mm,
h =1.5 mm) of each experimental group were stored
individually in 1.5 mL distilled water at 37°C throughout
the entire test period. The calcium ion release test
was performed by placing 10 puL of the water inside
quartz microtubes with 1 mL of arsenazo (Calcium
Arsenazo 111, Bioclin, Quibasa Quimica Bésica, Brazil)
to obtain the spectrophotometric measurements.
The discs were placed into microtubes with fresh,
deionized water (1.5 mL), and stored according to the
storage time being researched. Absorbance values
(Abs) were calculated according to the following
equation: calcium release (ppm) = (Sample Abs/
Standard Abs) x 100.

Water absorption and solubility

Discs (n = 10; @ = 4 mm, h = 1 mm) of each
experimental group were stored in a glass desiccator
at37°C to dry the specimens, and to obtain a constant
mass (m,). The specimens were weighed daily using
an analytical balance (AUW 220D, Shimadzu) with
0.0001 g accuracy, until a constant mass was obtained.
Then, the surface water was removed from the
specimens with filter paper, after storage in deionized
water at 37°C for 7 days (m,). The samples were dried
again in the desiccator at 37°C to obtain a constant
mass (m;). The water solubility (WSL= [(m, - m;)/
m;] x 100) and sorption (WSR= [(m, - m;)/m;] x 100)
were calculated as percentages of the original weight.

Cell viability

The cytotoxicity assay was performed with an
immortalized cell line [L929 mouse fibroblasts] in
culture medium (Dulbecco’s Modified Eagle’s Medium
with4.5 g/L glucose and L-glutamine - DMEM, Lonza,
Walkersville, MD, USA) supplemented with 10% fetal
bovine serum and 1% antibiotics (10,000 IU/mL of
penicillin G and 10,000 mg/mL of streptomycin (Gibco
Laboratories, Grand Island, USA), according to ISO
10993-5 (2009). The cells were seeded in culture plates
and maintained in an incubator (37°C, 5% CO,) until

subconfluence was obtained. Next, 2 x 10* cells in 200
pL of culture medium were cultured in a 96-well plate
and incubated at a controlled temperature of 37°C
and pressure, in a humid environment of 95% air
and 5% CO, for 24 h. After this period, the cells that
adhered to the bottom of the culture plate formed a
cell monolayer that was deposited on the eluates. These
eluates were obtained by simultaneously immersing
the standard discs (n = 6; @ = 5.5 mm, h =1 mm) of
each material individually in Eppendorf microtubes
(Sigma-Aldrich) containing 1 mL of DMEM culture
medium, using the same incubation parameters of
37°C and 5% CO, for 24 h. The eluates were used to
replace the medium in the test wells, and the plate
was incubated again for the same time period under
the same conditions (37°C, 5% CO, for 24 h).

After 24 h, the medium in each well was replaced
with 20 pL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) solution (2 mg/ml
DMEM), and the plate was incubated again for 4 h
to trigger the cell metabolism. The cell viability was
assessed using the MTT assay, which determines the
ability of viable cells to reduce MTT metabolically
by mitochondprial succinic dehydrogenase enzyme
activity to blue-purple-colored formazan crystals that
accumulate in the cytoplasm. After the incubation
period, the medium was replaced with 200 pL
of dimethyl sulfoxide (DMSO) to resuspend the
formazan. A positive control (wells with cells without
the addition of eluates), a negative control (wells
without cells, containing only DMEM), and the
individual compounds used in the development of
the experimental materials were used in addition
to the wells corresponding to each material tested.
This plate was analyzed by Universal ELISA reader
spectrophotometry (ELX 800; BIO-TEK Instruments,
Winooski, VT, USA) at a wavelength of 540 nm. The
results were evaluated as cell viability indicators,
based on the absorbance values.

Statistical analysis

Statistical analyses were performed using
SPSS software 22.0 (SPSS Inc, Chicago, USA). The
Kolmogorov-Smirnov test was applied to evaluate
the Gaussian distribution of the data. One-way
ANOVA, followed by the Tukey post hoc test, was
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used to analyze the parametric data of DTS. The
Kruskal-Wallis test, followed by the Dunn multiple
test, was used to analyze the water absorption and
solubility nonparametric data. Moreover, two-way
ANOVA, followed by the Tukey post hoc test, was
used to analyze the parametric data of the calcium
ion release. In the analysis of the cytotoxicity assay,
one-way ANOVA, followed by the Tukey post hoc test,
was used for the 24-h data, and the Kruskal-Wallis
test, followed by the Dunn Multiple Comparison test,

was used for the 48-h data. The significance level
was set at o = 0.05.

Results

The micromorphological analysis of the powder
showed irregular morphology with particle
agglomerates, and varied grain sizes for the CA800,
CA1200 and CTi groups (Figure 1). The XRD patterns
were used for the crystalline phase analysis of MTA

Figure 1. SEM images (x1000 magnification) of the particles and grain morphology of the different groups: (a) MTA; (b) CLQ;

(c) CA800; (d) CA1200; and (e) CTi.

6 Braz. Oral Res. 2022;36:e037



Vieira FP, Gonini Junior, A, Piva E, Oliveira HL, Da Rosa WLO, Da Silva AF, et al.

and CLQ (Figure 2). The presence of tricalcium
silicate (C;S or Ca;SiO:;) (indicated by the main peaks
at 32.5° and 34.3°) and the dicalcium silicate (C,S or
Ca,Si0,) (indicated by the main peaks at 32.1° and
32.5° [Figure 2a]) - was confirmed. The pattern of the
MTA powder contained peaks at 274°, 33.2° and 46.3°,
representing bismuth oxide (Bi,O;), and a peak at 47.6°
attributed to tricalcium aluminate (C;A or Ca,Al,Oy)
(Figure 2a). The crystalline phase analyses of CA
calcined at 800°C (CA800) indicated the presence of
small crystallites, confirmed by diffused broad bands
and minor peaks in the X-ray diffraction pattern
(Figure 2b). However, the formation of crystalline
phases, mayenite (C,,A; or Ca;,Al;,O55) and tricalcium
aluminate (C;A or Ca;Al,Oy) also occurred in CA
calcined at 1200°C (CA1200); the higher intensity

A
3000 o
MTA
cQ
° Bi,O,
— 2000 4 # Cossio5
° *Ca,5i0,
= ; *CaAlLO,
g " # ° #
£ .
1000 .,
K
#
X #
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10 20 30 40 50 60 70 80
20
C
7000 T T :
i i
° TiZO3 -
— # CaTiO,
S *Ca,Ti,0,,
32 _
=
2
9
=
O T T T T T T T T T T T T T

10 20 30 40 50 60 70 80

20

peaks in the XRD patterns indicated larger grains
and particles (Figure 2b). The crystalline phase
analysis of the CTi powder revealed the presence
of calcium titanate indicated by the main peaks
at 32.9° 47.0° and 59.2° (CaTiO,, perovskite). The
powder pattern contained peaks at 37.4° and 53.7°
representing calcium oxide (CaO) and titanium
oxide (Ti,O;), respectively (Figure 2c).

FTIR analysis of the powders confirmed that the
crystalline phases of CA calcined at 800°C and 1200°C
were similar, and were also similar to those of MTA
and CLQ (Figure 2d). Absorption peaks of about
900-750 cm™ were associated with aluminate phases,
whereas those of about 875 cm™ indicated tricalcium
silicate. Intense absorption peaks below 700 cm™
were also observed, attributed to titanate phases

B
3000
¥ CA800
CA1200
# Ca A,
— 2000 " Ca,AlLO,
S
3
z oo
2 #*
[0
‘E #
— 1000
# # #
0
10 20 30 40 50 60 70 80
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clQ ’ TC%S‘OS
MTA -
Ti
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E X
5
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Figure 2. Characterization of the crystalline phases using XRD and FTIR: (A) MTA and CLQ (XRD); (B) CA800 and CA 1200 (XRD);

(C) CTi (XRD); and (D) all groups (FTIR).
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(Figure 2d). The constitution and the proportion of
elements after the elemental analysis of the powders
were determined by EDX. There was a predominance
of calcium in the powders (Table 2).

The DC and rate of polymerization of the
experimental materials were the highest for the
CLQand CA 800 groups (p < 0.05) (Figure 3). The CA
1200, CTi, and CA groups were unsuitable for use in
the light-cure mode (Figure 3). The CLQ, CA800 and
CA1200 groups were statistically similar (p > 0.05) and
showed the highest (p < 0.05) DTS values (Table 3).

Regarding water absorption, MTA showed the
highest values with no significant difference from
CLQ (p > 0.05) (Table 3). Regarding water solubility,
CA was not significantly different from CA800 and
CA1200 (p < 0.05) (Table 3). The solubility levels of
these two groups were similar to that of MTA (p>0.05).

Table 2. Results of the elemental analysis of each filler particle.

Material Ca (%) Al (%) Si (%)
MTA 70.3 6.1

CLQ 91.1 7.9

CA800 77.5 22.5

CA1200 76.5 23.5

CTi 76.1

The solubility of MTA did not significantly differ
from that of CLQ and CTi (p > 0.05) (Table 3).

All experimental materials showed an alkaline
pH value (~10.5), with increasing pH values, and
calcium ion release over time. After 28 days, the
CA group showed the highest mean ion calcium
release (p < 0.05). On the other hand, CLQ showed
the lowest calcium ion release values after 28 days
(p < 0.05) (Table 4).

Regarding cytotoxicity (Figure 4), CA800 and CA1200
showed 97.6% and 103.8% cell viability, respectively,
after 24 h, percentages that were statistically similar
to CLQ (105.4%), MTA (116.3%) and the BLD monomer
mixture (99%) (p > 0.05), but that differed statistically
from CTi (63.1%) (p < 0.05). After 48 h, the CA800 (88.8%)
and CA1200 (81.5%) groups differed statistically from
CTi (47.3%) (p<0.05) (Figure 4).

Ti (%) Bi (%)

21.4

Fe (%)
1.5

23.5

Elemental analysis by energy dispersive X-Ray (EDX) of MTA® and the filler particles, Clinker-Fillapex® (CLQ); CA calcined at 800°C (CA800)
and 1200°C (CA1200), and calcium titanate (CTi). Ca (Calcium), Al (Aluminum), Si (Silicon), Ti (Titanate), Bi (Bismuth) and Fe (Iron) are

expressed in percentages.

A
100
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80 CA1200
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Figure 3. (A) DC (%) and (B) rate of polymerization Ry(s™") profiles of the experimental materials.
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Table 3. Means (£SD) of the diametral tensile strength (DTS; MPa), and median (1%; 3¢ Quartile) of water absorption (Wsg; %)
and water solubility (Wq; %).

Material DTS W Wi,

MTA 3.80 (0.58)° 3.25 (2.64; 3.43)° -8.37 (-8.54; -7.95)b<d
CLQ 5.68 (1.28) 1.95 (1.63; 2.18)* -2.69 (-3.17; -1.68)
CA 4.82 (0.28) 1.10 (0.60; 1.63)° -17.78 (-18.75; -16.15)°
CA800 6.39 (0.99)¢ 0.74 (0.65; 1.10) -9.96 (-10.08; -9.77)
CA1200 6.10 (0.93)¢ 0.84 (0.45; 1.14)® -9.58 (-9.90; -8.59)¢
CTi 4.44 (0.96)° 0.30 (0.01; 0.47)® 2.78 (2.26; 3.07)¢

Different letters indicate a statistically significant difference for each test (p < 0.05)

Table 4. Means (+SD) of calcium ion release (ppm) for materials and time periods.

Material Time Cumulcﬁve
3h 1 day 4 days 7 days 14 days 28 days ion release
MTA 3547 (3.24)°F  38.17 (421 5579 (2.67)°°  65.92 (6.35)°C  89.01 (3.90)8 115.38 (2.51)4  399.74
clQ 5.80 (0.42)%  6.93 (13.74)F  9.67 (0.54)°  13.25(2.100C  18.32 (2.46)%  22.91 (2.86)*  76.88
CA 34.01 (3.93)*P  34.62 (2.54)*C  63.60 (3.76)*¢ 66.97 (4.65)*¢ 95.48 (3.45)*8  124.30 (3.81)=* 418.98
CAB00  10.86 (2.37)°  8.81 (2.65°  14.12 (2.02)°¢ 1529 (0.83)°C  17.48 (1.76)®  25.10 2.31)*  91.66
CA1200 21.53 (2.81)b¢ 21.83 (2.61)>¢  24.04 (3.25)48¢  25.75 (2.32)® 26.76 (2.75)4® 34.18 (2.43)¢4 154.09
CTi 2431 (0.97)F 2470 (1.86PF  29.06 (2.87)5°  34.28 (3.23)°C  41.42 (1.98)¢  53.15 (3.50)4  206.92

Different lowercase letters in columns and uppercase letters in rows indicate statistically significant differences (p < 0.05)

24h 48h
A a ] B
a
b a ab ab

100+ 100+
& 757 ¢ & 751
z z
g 50+ g 50+
> >
S 251 S 251

0- 0-

MTA CLQ CA CA800 CAI200 Ti  BLD MTA CLQ CA CA800 CAI200 Ti  BLD

Figure 4. Mean (= SD) cell viability (%) after 24 h (A) and 48 h (B). The cell control was considered equal to 100%. Different
letters indicate statistically significant differences (p < 0.05). BLD is a mixture of 50% Bis-EMA 10 and 50% PEG 400. *Statistically
similar to the cell control (p > 0.05).

Discussion

The characterization of the inorganic particles
revealed a mixture of phases resulting from the
synthesis process. Preparation of the CA powder by
solution combustion synthesis, using only urea as
the fuel, produced a mixture of CA phases, C;A and

C,A,®and additional annealing promoted the degree
of crystallinity, grain growth and formation of the CA
crystalline phases.” Similarly, the chemical method
used to synthesize CaTiO; perovskite generated
amorphous carbon powders from residual organic
compounds, pulverized citric acid, and ethylene
glycol. The microwave oven system used for annealing
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promoted rapid phase formation, which was related
to TiO, formation; the MTA and CLQ groups also
showed a mixture of phases, which could be observed
in micrographs of the MTA powder (Figure 2b).
Therefore, this condition was balanced between the
samples. However, it may have led to some differences
in the test results (Figure 2).

The polymerization kinetic results indicated
the highest DC and rate of polymerization values
for CLQ and CAB800, respectively. Since the tested
materials consisted of the same polymeric matrix, this
difference could be explained by the filler particles.
All the diffraction peaks were attributed to the
phase described, as corroborated by the literature.”
Pastes with smaller crystalline phases (CLQ and
CAB800) showed better results in terms of DC and
polymerization rates (Figure 3), as confirmed by the
broad diffusion bands and minor peaks in the X-ray
diffraction pattern (Figure 1). This could be attributed
to a light-scattering effect in the materials that showed
the poorest results, caused by non-agglomerated
larger-sized particles. Thus, a possible attenuation
in the light intensity may have decreased the DC
and polymerization rate.*® Furthermore, although
calcium aluminate was used in the different pastes,
there was a substantial change in the results, because
the factors previously described were related to
the calcination temperature, which promoted the
difference in particle size and phase distribution.??

DTS was used to evaluate the physical properties
of the experimental materials, so that these materials
could be reused in future clinical applications.
Materials used in VPT are subjected to significant load
during restorative procedures.” The performance of
MTA and CTi was similar to that of CA, according to
the DTS results (Table 3). CA1200, CA800, and CLQ
had superior DTS results (Table 3), in agreement
with a previous study.” These results showed how
a ternary photoinitiation system (DHEPT, EDAB and
camphorquinone) can be used to boost the potential
of the dual-cure system to improve the mechanical
properties. Moreover, the good mechanical properties
of the calcium aluminate can be attributed to the
presence of CA phases (mainly C,,A;), which hydrate
rapidly, thus improving the material setting time.>*-
2 In particular, CA800 contained small crystallites,
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as shown by the broad diffusion bands and low peak
heights in the X-ray diffraction pattern. On other
hand, the CA1200 material had lower CA1200 content
than the CA material, but CA1200 showed higher
DTS than CA. This is because there is no fluoride
ytterbium in the CA material. Fluoride ytterbium was
added with the silanization treatment. The addition
of a filler with a bonding agent turns the polymer
blend into a rigid resin composite after light-curing,.
The organosilane cohesive bonding promotes higher
mechanical properties than any type of absorption
or adsorption from the aluminate or titanate fillers.®

All the tested materials showed good potential for
alkalizing the environment (pH =~10.5). Although the
values were slightly higher than those found in other
studies,??*? the results showed a tendency towards
stabilizing the pH values, which reflected the higher
dimensional stability of the resinous materials.”*> An
alkalizing environment can increase the proliferation
of human dental pulp cells*® and stimulate the
formation of calcified barriers, promoting stem
cell differentiation capable of forming mineralized
tissues.* The hydrogenic potential (pH) results
suggested that all the experimental resin-based dual-
cured materials were promising for promoting growth
factor release from dentin. It is important to highlight
that VPT stimulates the formation of dentine, and
maintains dental pulp vitality. Thus, growth factor
release from dentin is important for pulp repair and
maintenance of antimicrobial effects.*®

Calcium ion release could also contribute to this
reparative effect, since calcium can stimulate the formation
of hard tissues through osteoblast differentiation,
proliferation and odontogenic expression.”>® These
properties are important to induce dentin formation
in human teeth subjected to VPT.!*!¥1° The results
showed that calcium ion release occurred due to the
predominance of calcium in the powders of the pastes,
and an increasing release was observed over the time
intervals of evaluation for all the groups (Table 4).
The highest calcium ion release values for CA, Ti, and
CA1200 could be related to these materials having the
lowest DC (Figure 3). Furthermore, the mass fraction of
calcium sulfide is higher in CA than in the other tested
materials (except MTA), thus improving the calcium
ion release. The calcium aluminate obtained at 800°C
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(CA800) had a smaller size and a lower number of
crystalline particles, which could facilitate the calcium
release. On the other hand, CA1200 had the largest
size and highest number of crystalline particles, as
confirmed by the broad diffusion bands and the higher
peak heights in the X-ray diffraction pattern (Figure
2). The high calcium ion release could be related to the
homeostatic mechanisms of the cells in regulating the
intracellular calcium levels in VPT.*

The materials tested showed high solubility
(Table 3), except CTiand CLQ, because of their ability
to release calcium ions (Table 4). In general, the groups
had low sorption values, probably due to the higher
dimensional stability of resinous materials.?? Some
hydrophilic components, such as resin molecules that
contain hydrophilic moieties, increased the sorption
and solubility, as observed in all the groups, since
the experimental materials (pastes) tested contained
the same monomeric composition (Bis-EMA 10, Bis-
EMA 30 and PEG 400). The significant differences
between the sorption and solubility values of these
groups could be explained by the differences in the
inorganic particles. A large filler particle size and
consequently low monomeric content resulted in a
reduction in the sorption and solubility.*”

The cell viability data showed an equivalent
performance of CA800, CA1200 and MTA after 24
h and 48 h, thus suggesting the potentially similar
biocompatibility of these materials. The biocompatibility
was enhanced by the resin component, attributed to
its lower diffusion characteristics, which showed the
best result in this test. Furthermore, it is suggested that
calcium ion release, ionic activities, toxic components
and pH changes may affect the behavior of the cells.*
Similar cell viability values in the presence of MTA
in an 24-h evaluation can be found in the literature.”
However, the cell viability decreased as the evaluation
period increased.* The good performance of CA800,
CA1200 and CLQ is a consequence of their high
dimensional stability and stable post-setting pH.?
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Conclusions

Calcium aluminate and calcium titanate used as
filler particles in resin with high-molecular weight
monomers have the potential to create a suitable
pulp capping agent for VPT. The experimental dual-
cured calcium aluminate- and calcium titanate-based
materials showed physicochemical and biological
properties similar to those of MTA.
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