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Abstract
Aim: To evaluate in vitro whether MTA Repair HP can induce repair processes at a 
distance, including its effects on biofilm, cell viability, migration, production of TGF-
β, phosphate and ALP, evaluated through MTA diluted extracts.
Methodology: Initially, antibacterial tests were performed with the bacterium 
Streptococcus mutans (ATCC 25175) in the presence of MTA extracts (dilutions of 
1:1, 1:2 and 1:4). Growth inhibition assay by microdilution in broth, antibiofilm plate 
assay of young biofilm and antibiofilm assay in confocal microscopy of mature bio-
film were carried out. Then, pulp cells were stimulated in the presence of several 
MTA dilutions, and cell viability (MTT assay), proliferation and migration capacity 
(scratch assay) were evaluated. To evaluate the capacity of 1:1, 1:2 and 1:4 dilutions 
of MTA Repair HP to promote the production of important agents of odontogenic 
differentiation and mineralization, ALP activity, TGF-β secretion and phosphate 
quantification were measured. Statistical differences were verified using one-way 
and two-way anova and Tukey's post-tests.
Results: The test dilutions of MTA Repair HP did not inhibit planktonic S. mutans 
growth but were able to reduce young and mature S. mutans biofilm (p < 0.001). In 
addition, none of the MTA Repair HP dilutions was cytotoxic for pulp cells. The 1:2 
and 1:4 dilutions of MTA Repair HP induced migration and proliferation of pulp cells 
(p < 0.05). ALP activity and TGF-β secretion were independent of the tested dilution 
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INTRODUCTION

Mineral trioxide aggregate (MTA) is a common bioc-
eramic material used in Dentistry, most commonly for 
endodontic practice (Schwendicke et al., 2016; Takita 
et al., 2006). MTA is a calcium silicon-based cement 
with tricalcium silicate, tricalcium aluminate, silicate 
oxide, bismuth oxide and small amounts of other ox-
ides (Rodrigues et al., 2016). Its bioactivity is related 
to its properties, such as cytocompatibility, sealing and 
biomineralization (Camilleri et al., 2011; Gandolfi et al., 
2010; Rodrigues et al., 2016; Takita et al., 2006), and 
is indicated as a pulp capping material for pulpotomy, 
crown and root perforations, root resorption, immature 
permanent teeth (apexification, apexogenesis and pulp 
revascularization therapies) and as a root-end filling 
material (Caliskan & Guneri, 2017; Parirokh et al., 2018; 
Stringhini Junior et al., 2019).

MTA contributes to tissue repair in several clinical sit-
uations. Initially, due to its high pH, when in direct con-
tact with tissue, MTA causes a necrotic surface layer and a 
transient inflammatory process (Benetti et al., 2019; Cintra 
et al., 2017). Then, the presence of silicate and calcium in-
duces the formation of hydroxyapatite and promotes the 
regeneration and remineralization of hard tissues (Asgary 
et al., 2006, Parirokh & Torabinejad, 2010). Calcium ions 
can mediate this process by modulating levels of osteopon-
tin (OPN) and bone morphogenetic protein-2, which are 
responsible for inducing dentinogenesis (Niu et al., 2014). 
In addition, the induction of dental pulp cell prolifera-
tion and odontoblast-like cell differentiation through the 
secretion of morphogenetic proteins and growth factors, 
such as BMP-2 and transforming growth factor-beta, may 
lead to repair processes and dentine formation (Rodrigues 
et al., 2016).

However, MTA has disadvantages, including the 
potential for dentine discoloration, handling diffi-
culties, long setting time, high cost and difficulty in 

removing it (Parirokh & Torabinejad, 2010; Park et al., 
2014). Technological advances can reduce dentinal dis-
coloration by reducing iron oxide and preventing the 
formation of aluminoferrite, a factor responsible for the 
greyish coloration of grey MTA (Darvell & Wu, 2011). 
White MTA still demonstrates tooth discoloration due 
to the bismuth oxide, used as a radiopacifier agent 
(Marciano et al., 2014, 2015; Valles et al., 2013). In order 
to reduce these disadvantages, in 2016, MTA Repair HP 
was developed by the Brazilian company Angelus. MTA 
Repair HP (Angelus) contains calcium tungstate, as a 
radiopacifier agent, and calcium oxide, which reduces 
material setting time and provides a plasticizer effect in 
water to improve the handling of this material (Tomás-
Catalá et al., 2017). MTA Repair HP has higher levels of 
free calcium oxide. This contributes to increasing the al-
kalinity of the medium, as well as causing suppression 
of RANKL and reducing the process of osteoclastogen-
esis (Rezende et al., 2020; Tanomaru-Filho et al., 2015). 
These properties of MTA Repair HP can contribute to 
antibiofilm and repair effects.

MTA Repair HP is a new bioceramic material needing 
both laboratory and clinical investigations on its proper-
ties and biologic activities. Bioactive materials used for 
repair should enhance dentinogenesis and contribute to 
the repair process, such as migration, osteogenesis, differ-
entiation and mineralization. Furthermore, so that all re-
pair activities can take place, bacterial control can provide 
higher success rates in endodontics, which is a desirable 
property (Parirokh & Torabinejad, 2010). However, clas-
sical MTA formulations have controversial antibacterial 
results. A study reported antimicrobial effectivity against 
Streptococcus salivarius and Streptococcus sanguis deter-
mined by a diffusion method (Luczaj-Cepowicz et al., 2008). 
Other investigations did not demonstrate any antibacterial 
effect on planktonic bacteria, such as Enterococcus faecalis 
and Actinomyces viscosus (Pimenta et al., 2015; Shin et al., 
2017). It is known that the presence of bacteria is the main 
reason for failure in endodontic procedures (Momoi et al., 

(p < 0.001). Diluted 1:4 MTA Repair HP produced less phosphate than the more con-
centrated 1:1 and 1:2 MTA dilutions (p < 0.001).
Conclusions: Undiluted MTA Repair HP reduced S.  mutans biofilm, when com-
pared to 1:2 and 1:4 MTA dilutions. Furthermore, none of the tested dilutions was 
cytotoxic to pulp cells. MTA Repair HP promoted cell migration and proliferation at 
a distance, assessed through the dilution of the MTA. Even from a distance, MTA 
Repair HP has the ability to participate in some events related to repair, such as mi-
gration, proliferation and TGF production.
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2012). Bacteria located in deep caries can induce severe 
inflammatory reactions in the pulp and even cause pulp 
necrosis (Abbott & Yu, 2007). Therefore, the prevention 
of initial bacterial infections can modify treatment plans, 
cause conservative treatments and improve pulp prognosis 
(Yang et al., 2014). Thus, Streptococcus mutans was chosen, 
since it is the major pathogen that causes human tooth 
caries, in order to observe the effect of MTA Repair HP an-
tibacterial powder at the beginning of endodontic diseases. 
This study aims to evaluate in vitro whether MTA Repair 
HP can induce repair processes at a distance, such as anti-
biofilm activity, cell viability, migration and production of 
TGF-β, phosphate and ALP, evaluated through dilution of 
extracts. These results may shed light on how this recent 
MTA formulation may contribute to a better prognosis in 
endodontics.

MATERIAL AND METHODS

Primary culture of human dental pulp 
cells

Cells from nonerupted open-apex third molar teeth do-
nated by patients aged 18 to 20  years were used. This 
project was approved by the Human Research Ethics 
Committee of the Universidade Católica de Brasília (CEP-
UCB 2.209.368/2017). Cells were cultured using the ex-
plant technique (Jiang et al., 2008). Dental pulp tissue 
was removed and washed in phosphate-buffered saline 
(PBS). Pulp samples were sectioned with a scalpel blade 
and transferred to a six-well plate in DMEM medium 
containing 25 mmol.  L−1 high glucose (Sigma Aldrich), 
50  U.  mL−1 penicillin (Gibco), 50  µg.  mL−1 streptomy-
cin (Gibco) and 20% foetal bovine serum (FBS; Gibco). 
Confluent cells were subcultured in DMEM medium sup-
plemented with antibiotics and 10% FBS. Cell cultures 
between the third and sixth passages were used for all 
experiments. However, experiments that required cell 
differentiation, such as TGF-β, ALP and phosphate meas-
urement, were performed between the third and fourth 
passages.

Preparation of MTA extracts

MTA Repair HP (Angelus) weighing 0.085 g was divided 
into four equal parts of 0.02125 g, using a precision bal-
ance. Next, each portion was prepared according to the 
manufacturer's instructions. Each portion of mixed MTA 
was inserted in a 24-well plate (16.2  mm in diameter 
and 2 mm in height) and incubated at 37°C for 30 min 
(Braga et al., 2014). After setting, 2.5 mL of medium was 

added (supplemented DMEM medium [Sigma], Brain 
Heart Infusion medium (BHI) [Sigma] or Todd Hewitt 
broth media limited in nutrients (BM2); 62  mmol.  L−1 
potassium phosphate [VETEC], 7 mmol. L−1 [NH4] 2SO4 
[VETEC], 2  mmol.   L−1 MgSO4 [Sigma], 10  µmol  L−1 
FeSO4 [VETEC] and 0.5% glucose [Sigma]). Plates were 
incubated at 37°C for 24 h according to the International 
Organization for Standardization (ISO) 10993-5. After 
24  h of MTA contact with the medium, the superna-
tant from each well was united and filtered with sterile 
0.22  mm filters. After this filtration, the new medium 
was named MTA 1:1 or undiluted MTA. From the MTA 
1:1, higher dilutions of 1:2 and 1:4 were created (Braga 
et al., 2014; Tomás-Catalá et al., 2018). MTA extracts 
were analysed by matrix-assisted laser desorption ioniza-
tion (Figure S1). The same method was also used to as-
sess pH, using the following mediums: ultrapure water, 
DMEM medium and BM2 medium. The pH of the MTA 
extract was evaluated at 30 min, 1, 24, 48 and 72 h with 
a pH meter (Digimed). Samples containing DMEM me-
dium and BM2 medium were used as controls.

Antimicrobial and antibiofilm assays

Antibacterial assay against planktonic bacteria

Streptococcus mutans (ATCC 25175) was first grown in 
BHI broth (Sigma) placed in a shaker at 220  rpm over-
night at 37°C. Next, 100 µL of the pre-inoculum was added 
to 4900  mL of BHI medium (Sigma) and incubated at 
37°C, at 220 rpm, until reaching growth log phase (0.25–
0.30 nm at 595 nm). Bacteria were plated at 2 × 105 CFU 
per well with MTA extract (Ji et al., 2011). The following 
controls were used: negative control – S. mutans in BHI 
medium (Sigma); and positive control – S. mutans in BHI 
medium (Sigma) added to 30 µg. mL−1 chloramphenicol 
(Kim et al., 2015). Experiments were performed in 96-well 
culture plates (TPP, Trasadingen, Switzerland) incubated 
for 18 h at 37°C under medium shaking in a microplate 
reader (Bio-Tek PowerWave HT) at 595 nm. The minimal 
inhibitory concentration was determined according to no 
growth compared to controls.

Young antibiofilm activity

Antibiofilm assays were performed with a pre-inoculum 
of S. mutans on BHI medium (Sigma) placed in a shaker 
at 220 rpm 37°C overnight. Bacterial suspension was di-
luted in BM2 minimal medium (Reffuveille et al., 2014) 
to 1/100 v/v per well and cultivated in a 96-well plate 
with U-bottom at 37°C, for 24  h. Preformed biofilm 
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was exposed to MTA Repair HP (Angelus) extracts (1:1, 
1:2 and 1:4 dilutions). Chloramphenicol (30 µg. mL−1) 
was also used as a negative control (NCCLS, 2003) and 
S.  mutans bacterium (1/100 v/v) in BM2 medium as a 
positive control. Subsequently, to evaluate the biofilm 
viability, 100  µL of BM2 medium and 10  µL 3-(4,5-di
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT; Sigma) (500 µg per well) were added to each well, 
and the microplates incubated for 4  h, at 37°C in the 
absence of light (Mosmann, 1983). After the complete 
solubilization of the cell product, the absorbance was 
read at 570 nm.

Mature antibiofilm activity

Ten third molars with caries-free crowns were used. The 
crowns were cut in the transverse direction with a dia-
mond disc at the limit of the pulp horn. Discs of 1  mm 
thickness and 4 mm in diameter were used. A disc of each 
tooth was obtained, and all adjacent enamel was removed. 
Discs were treated with 0.5 mol L−1 EDTA for 60 s for both 
sides and then washed with distilled water (Dos Santos 
et al., 2019). Subsequently, the discs were individually 
wrapped and sterilized in an autoclave (saturated steam 
under pressure).

After that, the discs were inserted into the bottom of 
a 24-well plate. Sequentially, bacterial suspensions of 
S.  mutans (ATCC 25175) were diluted in BHI medium 
to 10/990 v/v per well and cultivated under the disc 
at 37°C for 7  days. After the time elapsed, the dentine 
disc and biofilm were removed from the well and gently 
washed with PBS and inserted in a new 24-well plate. 
The biofilm was then exposed to the MTA extract 1:1, 
1:2 and 1:4 for 24 h. S. mutans in BHI medium was the 
positive control. After 24 h, the disc was washed in PBS 
twice to remove culture medium and non-adherent cells. 
Then, the surface of the disc was stained with 50 µL live/
dead BacLight Bacterial Viability Kit (Thermo Fisher 
Scientific). SYTO 9 is a green fluorescent stain, labelling 
both live and dead microorganisms; propidium iodide 
is a red fluorescent nucleic acid stain and penetrates 
only the cells with damaged membranes (dead micro-
organisms). Thus, the adherent cells were incubated 
at room temperature for 10  min, and then they were 
rinsed with PBS and observed using an inverted con-
focal laser scanning microscope (Leica TCS-SPE; Leica 
Biosystems CMS). Five images were made of each sam-
ple with a 40× oil lens. Each image was representative of 
a 275 × 275 µm2 field. Images were then transferred to 
the Imaris 7.2 software (Bitplane Inc.). The biofilm anal-
ysis tool was used to evaluate the five fields of each sam-
ple. The test was performed in two individual replicates, 

conducted on different days. The results for each group 
generated a unique average, representative of 10 fields 
in each sample. The variable presented was green bio-
volume, representing the volume occupied by living cells 
(Arias-Moliz et al., 2016).

Cell viability assay

Cell viability was determined according to MTT assay 
(Sigma). Pulp cells were grown in 96-well plates (1 × 104 
cells per well) and, after 24 h, the MTA Repair HP extracts 
were inserted. Plates were incubated at 37°C and 5% CO2 for 
24 and 72 h. The culture medium was removed, and then, 
100 μL DMEM supplemented with 100 U. mL−1 penicillin 
(Invitrogen), 100 µg. mL−1 streptomycin (Invitrogen), 10% 
FBS and 10 μL MTT (5 mg. mL−1; Sigma) was added. Cells 
and MTT solution were incubated at 37°C and 5% CO2 for 
4 h. The absorbance of dissolved MTT formazan crystals 
was read at 570 nm. Data obtained for each group were 
normalized based on cultures containing only cells and 
culture medium (de Souza Costa et al., 2014).

Cell migration assay

Pulp cells (2.5 × 105 cells per well) were seeded in six-
well culture plates (Prolab, Brazil) in DMEM medium 
(Gibco), supplemented with 100  U.  mL−1 penicillin 
(Invitrogen) and 100 µg. mL−1 streptomycin (Invitrogen) 
and 10% FBS. Cultures were maintained until the forma-
tion of a confluent monolayer. Next, an artificial wound 
was reproduced on well surfaces with a plastic micropi-
pette tip. Remaining cells were washed three times, and 
MTA Repair HP extracts were added to cultures with 
supplemented DMEM with 50  U.  mL−1 penicillin and 
50 μg. mL−1 FBS-free streptomycin. Cultures were incu-
bated and monitored for up to 48 h. Microscopy photo-
graphs were taken at 0, 24 and 48  h for analysis using 
Image J software (National Institutes of Health; Kajiya 
et al., 2010).

Pulp cell proliferation

Pulp cells (1  ×  104 cell/well) were cultured in 96-well 
plates for 24  h. Then, the culture was exposed to the 
MTA Repair HP extract (dilutions 1:1, 1:2 and 1:4). Cell 
cultures were incubated at 37°C and 5% CO2 for 24 and 
48 h. Cell proliferation was evaluated using Trypan Blue 
stain (Sigma) under a microscope at 40× magnification, 
after cells were recovered by trypsin (0.025%) and EDTA 
(0.01%; Crowley et al., 2016).
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Odontogenic differentiation

Pulp cells, between the third and fourth passage, were 
plated in triplicate in 24-well plates, at a density of 5 × 104 
cell/well. After reaching cellular confluence, cells were 
treated with supplemented DMEM medium (Sigma), 
containing osteogenic inducers: 100 Nm dexamethasone 
(Sigma-Aldrich), 10  mM 2-β-glycerol-phosphate (Sigma-
Aldrich) and 50 μmol L−1 ascorbic acid (Sigma-Aldrich), 
for 14  days (Moraes et al., 2016). Odontogenic differen-
tiation was assessed by alkaline phosphatase activity and 
TGF-β cytokine secretion – enzyme-linked immunosorb-
ent assay (ELISA) and phosphate quantification.

Alkaline phosphatase activity

Alkaline phosphatase enzyme (ALP) activity was measured 
by the colorimetric method of p-nitrophenyl phosphate 
(pNPP) using the Alkaline Phosphatase Diethanolamine 
Activity Kit (Sigma). After 14 days of cell contact with the 
osteogenic medium, diluted MTA Repair HP extract (1:1, 1:2 
and 1:4), cells were washed twice with PBS and incubated 
in 0.05% Triton X-100 for 20 min at room temperature, with 
shaking. Cells were transferred to a 1.5 mL tube, vortexed 
for 20 s, centrifuged for 15 min at 4°C and 2500 rpm and 
kept on ice for 20 min. Aliquots of cell lysate were incu-
bated with pNPP as the substrate at 37°C for 60 min. The 
reaction was stopped by adding 5 μL 1 N NaOH and absorb-
ance was measured at 405  nm using the spectrophotom-
eter (SpectraMax M2, Molecular Devices). Normalization 
of alkaline phosphatase activity was held by total protein 
assessed by Qubit method (Moraes et al., 2016).

TGF-β cytokine secretion – ELISA

After 14 days, supernatants were used for cytokine TGF-β 
quantification by the enzyme-linked immunosorbent 
assay using TGF-β Human Kit (R&D Systems) according 
to the manufacturer's instructions. Results were expressed 
in pg. mL−1.

Phosphate quantification

The determination of the phosphate concentration was veri-
fied from the supernatant of the pulp cell cultures after 14 
experimental days under osteogenic conditions. The test 
was performed using the Phosphate Colorimetric Assay Kit 
(Sigma-Aldrich), according to the manufacturer's instructions. 
Phosphate levels were expressed in millimolar (mmol. L−1) 
after comparison with the standard curve proposed by the kit.

Statistical analysis

All experiments were carried out in three technical rep-
licates and repeated at three independent moments. 
According to statistical analysis, normal distribution was 
verified by Shapiro–Wilk test. Data were described as 
mean and standard deviation (SD). Statistical analysis of 
the data was performed by using one-way analysis and 
two-way analysis, when necessary, variance and Tukey's 
multiple-comparison post-test were also used, with sig-
nificance of p < 0.05.

RESULTS

MTA repair HP antimicrobial activity 
against S. mutans

MTA Repair HP extract was not capable of inhibiting 
S.  mutans (ATCC 25175) growth under planktonic con-
ditions in 1:1, 1:2 and 1:4 dilutions in microdilution as-
says (data not shown). Only 7.6% of the S. mutans biofilm 
performed in U-bottom 96-well plates for 24 h was viable. 
However, dilutions of MTA extract (1:2 and 1:4) left 60% 
and 61% of viable preformed biofilms respectively. There 
was a significant difference between diluted MTA Repair 
HP (1:1, 1:2 and 1:4) with the control, represented by a 
culture of S.  mutans (p  <  0.001). It was also possible to 
observe a significant difference between diluted MTA (1:2 
and 1:4) and MTA (1:1; p < 0.001; Figure 1a).

In order to reproduce biofilm growth on dentine sur-
faces, the antibiofilm capacity of MTA was also evaluated 
on mature biofilm grown on dentine discs for 7 days. More 
significant biofilm reduction was noted when mature bio-
film was exposed to undiluted MTA (p < 0.001). Note that 
when using MTA 1:1, 39% of the S. mutans biofilm was 
still viable. An increase in viable cells to 58% was observed 
when in the presence of diluted MTA 1:2. This increased 
to 87% of viable biofilm when using MTA 1:4 in mature 
S.  mutans biofilm. Thus, the lower the MTA dilution in 
the extract, the more effective it was against S. mutans bio-
film (Figure 1b,c).

MTA repair HP toxicity and 
proliferative and migratory activity on 
pulp cells

MTA Repair HP extract did not interfere in the viability 
of pulp cells even in high concentrations after 24 and 72 h 
(Figure 2), demonstrating no toxicity. Therefore, its effects 
on cell migration were evaluated. It was observed that 
pulp cell migration was inversely proportional to the MTA 
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extract dilution. The undiluted MTA extract did not stimu-
late cell migration. However, diluted MTA extract 1:2 and 
1:4 demonstrated 51% and 42% higher migration rates, re-
spectively, than the control group after 24  h incubation 
(p < 0.04; Figure 3a,c). Similar results were observed after 
48 h incubation, showing an increase in migration rates 
of 34% and 51% in the presence of MTA extract, 1:2 and 
1:4 dilutions (p < 0.04), respectively (Figure 3a,b). When 
evaluating the capacity of cell proliferation after exposure 
of pulp cells to MTA Repair HP, it was noted that dilutions 
1:2 and 1:4 were able to promote greater cell proliferation 
in 24 and 48 h (p < 0.04) when compared to control and 
undiluted MTA extract (p < 0.05; Figure 3c).

MTA repair HP effect on culture 
medium pH

MTA Repair HP extract was able to increase pH in a dose-
dependent manner. The undiluted MTA Repair HP extract 
showed a higher pH (9.22 ± 0.09) in the first 30 min when 
compared to the 1:2 (8.72 ± 0.10) and 1:4 (8.35 ± 0.00) di-
lutions. It was also possible to evaluate the pH reduction 

in all dilutions after 24 h reaching neutral pH (7.0) in 72 h 
(Table 1). Controls presented stable pH until 24 h.

Odontogenic differentiation – ALP, TGF-β 
secretion and phosphate quantification

In order to evaluate the capacity of the MTA Repair HP 
1:1, 1:2 and 1:4 dilutions to promote the production of 
important agents of odontogenic differentiation and min-
eralization, ALP activity, TGF-β secretion and phosphate 
quantification were measured. There was no difference in 
the alkaline phosphatase activity between different dilu-
tions of MTA Repair HP (1:1, 1:2 and 1:4; Figure 4a). A 
higher secretion of TGF-β was observed in the presence of 
diluted MTA Repair HP 1:1 and 1:2 (p < 0.001) compared 
to pulp cell culture in osteogenic medium (Figure 4b). 
However, there were no differences between TGF-β se-
cretion in undiluted and diluted MTA. Thus, it was noted 
that ALP activity and TGF-β secretion were independent 
of the MTA dilution used. However, diluted MTA Repair 
HP 1:4 produced less phosphate than the more concen-
trated MTA extracts 1:1 and 1:2 (p < 0.001; Figure 4c).

F I G U R E  1   Evaluation of the antibiofilm activity of MTA Repair HP 1:1, 1:2 and 1:4. (a) Bacterial cell viability of S. mutans after 24 h 
exposure of MTA Repair HP in preformed biofilm in U-bottom 96-well plates. (b) Total biovolume (µm3) of living cells from S. mutans 
biofilm on dentin slices after 7 days followed by MTA Repair HP exposure for 24 h, evaluated by confocal microscopy. Biofilm eradication 
was calculated according to five random views of S. mutans biofilms for each independent replicate. Representation of two independent 
replicas. Data were presented as mean ± SD. *p < 0.001 in relation to control and #p < 0.001 in relation to MTA Repair HP 1:1, by one-
way anova and post-Tukey tests. Positive control for (a) and (b) was represented by S. mutans bacterium in BHI medium. (c) Confocal 
microscopy images of S. mutans biofilm. Green images represent living cells and red images represent dead cells. The scale bar represents 
50 μm
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DISCUSSION

The use of MTA has been extended in endodontic prac-
tice (Li et al., 2015; Mente et al., 2014), including its use in 
conservative pulp therapies (Caliskan & Guneri, 2017). In 

order to establish a comparison with clinical practice, MTA 
Repair HP dilutions of 1:2 and 1:4 were used to compare 
different concentrations of MTA which can be observed in 
direct and indirect pulp tissue contact. The higher MTA 
concentration (1:1) can be compared to clinical direct cap-
ping or pulpotomy conditions. MTA dilutions of 1:2 and 
1:4 can be compared to cases of pulp capping performed 
in deep and medium cavities. For clinical use of MTA, sev-
eral formulation options are available, but most of them 
come from the initial formulation, represented by a pow-
der mixture consisting of hydrophilic particles, including 
a Portland cement clinker, bismuth oxide and gypsum. Its 
mechanism of action is related to by-products of insoluble 
calcium silicate hydrate and alkaline calcium hydroxide 
(Ji et al., 2011). Therefore, MTA presents good stability 
and sealing ability, antibacterial properties, biocompat-
ibility and a high capacity to enhance hard-tissue healing 
(Tomás-Catalá et al., 2017; Torabinejad et al., 1995).

Despite the satisfactory results obtained with the use 
of MTA, it has continued to be developed over the years. 
Improvements have been made in terms of handling and 
the removal of components, such as bismuth oxide, which 
causes dentinal chromatic changes (Marciano et al., 2014, 
2015). Changes in MTA composition caused changes in 
consistency and improved the handling of the mate-
rial, leading to MTA Repair HP (Marciano et al., 2014). 
Another study demonstrated alkaline pH, antibacterial 
activity against E. faecalis, low solubility and no cytotoxic 

F I G U R E  2   Cell viability after exposure to MTA Repair HP 
extracts at 1:1, 1:2 and 1:4 dilutions. Control represented by pulp 
cell culture without additional stimulus. Red dot represents the 
cell viability evaluated after 24 h. Blue square represents cell 
viability after 72 h of MTA extract exposure. Data shown represent 
the mean ± SD of three independent experiments performed in 
triplicate with dental pulp from three tissue donors. No significant 
differences were observed between the MTA extract dilutions and 
control after two-way anova and Tukey's post-tests.

F I G U R E  3   MTA Repair HP's migratory and proliferative capacity. (a) Number of cells migrated after contact with different dilutions 
of MTA extract in pulp cell culture, after 24 and 48 h. Control group represented by pulp cell culture without any stimulation. *p < 0.04, by 
two-way anova and post-Tukey tests. (b) Representation of cell proliferation after exposure of MTA Repair HP 1:1, 1:2 and 1:4 in pulp cell 
culture. Evaluated by Trypan Blue at 24 and 48 h *p < 0.04 and #p < 0.05. (c) Representative photos analysed by Imagen J demonstrating 
pulp cell culture migration using the scratch method after 0, 24 and 48 h. Data shown represent the mean ± SD of three independent 
experiments performed in triplicate with dental pulp from three tissue donors
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effect of MTA Repair HP and radiopacifiers (zirconium 
oxide, calcium tungstate and niobium oxide) added to tri-
calcium silicate (Queiroz et al., 2021). In this context, to 
test this recent MTA formulation, pulp cells and the bac-
terium S. mutans were exposed to MTA extract following 
ISO 10993-5 standardization.

However, little is known about MTA Repair HP and 
the way in which it acts on the pulp repair process. This 
process tends to start as soon as the bacterial population 
is reduced to subcritical levels and the pulp inflammatory 
response reaches homeostasis (Simon et al., 2009). In ad-
dition, it is known that most endodontic failures are at-
tributable to bacterial invasion or irritant leakage into the 
root canal (Ji et al., 2011). For this reason, antibacterial 
effects on S.  mutans were initially evaluated. However, 
this study did not demonstrate bactericidal or bacterio-
static activity against planktonic cultures of S.  mutans. 
The literature on the antibacterial effect of MTA is con-
troversial (Kim et al., 2015; Parirokh & Torabinejad, 2010). 
Some investigations have reported that MTA has an an-
timicrobial effect against some microorganisms, such as 
Lactobacillus rhamnosus, Lactobacillus paracasei, S.  mu-
tans and Porphyromonas gingivalis (Kim et al., 2015). A 
previous study demonstrated that MTA Repair HP has an-
tibacterial activity against planktonic Enterococcus faecalis 

(Queiroz et al., 2021). In addition, studies on facultative 
and strict anaerobic bacteria have shown the antibacterial 
effect of MTA on some facultative bacteria, but no effect 
was observed on strict anaerobic bacteria (Torabinejad 
et al., 1995). However, other studies did not observe any 
antibacterial effect of MTA on planktonic S. mutans, using 
an agar diffusion test methodology, corroborating results 
evaluated in the present study (Pimenta et al., 2015; Shin 
et al., 2017). Yang et al. (2014) also reported the absence 
of antibacterial activity of MTA in planktonic S. mutans 
using the broth-based method (Yang et al., 2014).

The ability of MTA Repair HP extract in preformed 
S. mutans biofilm was evaluated using two different ap-
proaches. The first corresponded to an evaluation of MTA 
Repair HP 1:1, 1:2 and 1:4 in young biofilm of S. mutans, 
grown in appropriate plates and medium poor in nutri-
ents, which favoured the formation of biofilm after 24 h 
(Reffuveille et al., 2014). In this assay, undiluted MTA ex-
tract reduced S. mutans biofilm after 24 h. However, this 
reduction was diminished as soon as the MTA extract was 
diluted. The second assay corresponded to the evaluation 
by confocal microscopy of the exposure of MTA Repair 
HP 1:1, 1:2 and 1:4 in biofilm culture for 7 days on den-
tine discs. This trial demonstrated the ability of undiluted 
MTA to reduce biofilm by approximately 61%. However, 

T A B L E  1   pH assessment of MTA Repair HP extract at 1:1, 1:2 and 1:4 dilutions and used culture mediums (DMEM and BM2 medium) 
at 30 min, 1, 24, 48 and 72 h incubation

Solution 30 min 1 h 24 h 48 h 72 h

MTA 1:1 9.22 ± 0.09#Δ 8.45 ± 0.12Δ 7.16 ± 0.03#Δ 7.1 ± 0.09Δ 6.99 ± 0.09#Δ

MTA 1:2 8.72 ± 0.10*Δ 8.22 ± 0.04Δ 6.87 ± 0.06*Δ 6.71 ± 0.01 6.76 ± 0.03*Δ

MTA 1:4 8.35 ± 0.00*# 7.85 ± 0.01*# 6.34 ± 0.26*# 6.54 ± 0.06* 6.35 ± 0.30*#

BM2 medium 7.14 ± 0.01 7.15 ± 0.03 7.05 ± 0.14 6.87 ± 0.24 6.77 ± 0.06

DMEM medium 8.27 ± 0.09 8.25 ± 0.19 8.20 ± 0.04 8.16 ± 0.02 7.98 ± 0.03

Ultrapure water 7.11 ± 0.09 7.15 ± 0.08 6.52 ± 0.05 6.45 ± 0.06 6.04 ± 0.30

Significant differences verified by two-way anova and Tukey's post-tests. Statistical analyses were performed comparing the dilutions MTA 1:1 (*), MTA 1:2 
(#) and MTA 1:4 (Δ), in each experimental period.

F I G U R E  4   Quantitative evaluation of molecules related to osteogenesis. (a) Alkaline phosphatase (ALP) activity in cells cultured in 
osteogenic medium for 14 days. ALP activity (mMol p-nitrophenol released per min) was normalized for protein. (b) ELISA analysis of 
the production of TGF-β (pg. mL−1) by pulp cells differentiated by osteogenic medium and exposure to MTA Repair HP 1:1, 1:2 and 1:4 
for 14 days. (c) Phosphate quantification after exposure to MTA Repair HP for 14 days. Data shown represent the mean ± standard error 
of three independent experiments performed in triplicate with dental pulp from three tissue donors. *p < 0.001 in relation to control and 
#p < 0.001 in relation to MTA Repair HP 1:1 by one-way anova and post-Tukey tests
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the more MTA that was in the diluted extract, the lower its 
ability to reduce biofilm. The possible reason for this re-
duction was the higher pH value (9.22) in the presence of 
undiluted MTA extract after 30 min. The presence of free 
calcium oxide present in MTA Repair HP may also have 
promoted an increase in the alkalinity of the medium, as 
evaluated in another study (Tanomaru-Filho et al., 2015). 
As assessed in the present study, Tanomaru-Filho et al. 
(2015) also demonstrated that MTA reduces its pH after 
3 h, and Tomás-Catalá et al. (2017) reported pH of the MTA 
Repair HP extract at 7.57 after 24  h. However, another 
study reported a high pH of 11 after 7  days (Guimaraes 
et al., 2018). That study used a maceration of MTA Repair 
HP in the medium, which may have caused a difference 
in relation to the present study, which used only the pH 
verification of the material extract. The initial alkalinity 
may be related to its composition and mechanism of ac-
tion (Niu et al., 2014). The hydration of tricalcium silicate 
particles leads to a rapid exchange of Ca2+ with H3O+ ions. 
The reaction of Ca2+ ions with OH− ions derived from 
water results in the formation of Ca(OH)2, and creates a 
highly alkaline environment (Niu et al., 2014). Probably, 
the alkalization medium imposed by the MTA Repair HP 
extract promoted biofilm disturbance, leading to the de-
struction or disorganization of proteins, polysaccharides 
and nucleic acids present in the extracellular matrix of 
the biofilm (Jardine et al., 2019). Thus, biofilm dissipa-
tion and cell fragilization lead to bacterial death process. 
However, there is a need for further studies to confirm the 
MTA mechanism of action in S. mutans or multibacteria 
biofilms.

Once MTA Repair HP had been seen to promote the 
reduction in S. mutans biofilm, a new question was raised. 
Does this biomaterial also lead to pulp cell disruption? As 
MTA is commonly used to induce pulp regeneration and 
repair, it must be biocompatible and bioactive causing cell 
migration, proliferation and differentiation (da Rosa et al., 
2018). Results showed that MTA was not toxic to pulp 
cells after 24 and 72 h. Tomás-Catalá et al. (2017, 2018) ob-
served similar results regarding the viability of pulp cells 
after exposure to 1:1, 1:2, and 1:4 dilutions of MTA Repair 
HP extracts. Another study compared MTA Repair HP 
with White MTA, which also did not reveal a reduction in 
cell viability after contact with both biomaterials (Ferreira 
et al., 2019).

The release of calcium ions by MTA has been not only 
related to the differentiation and proliferation of cells but 
also to the capacity for cell migration (Collado-Gonzalez 
et al., 2019). The migratory and proliferative potential of 
pulp cells exposed to the MTA extract reveals promising 
results for all clinical MTA indications. It was observed 
that the in vitro migratory and proliferative capacity of 
pulp cells increased after they had been exposed to MTA 

extracts, mainly to diluted MTA extracts (1:2 and 1:4). 
This result also demonstrates that the use of MTA in in-
direct conditions can assist in the repair process. The 
processes of cell migration and proliferation are essential 
for the repair process (da Rosa et al., 2018). The migra-
tory process observed in the presence of MTA extracts was 
probably favoured by the neutral pH observed after 24 h. 
Tomás-Catalá et al., (2018) also reported similar rates of 
migration of pulp cells in the presence of extracts of this 
material (1:2 and 1:4 dilutions), with greater cell migra-
tion in 24 h. Besides, after 48 h, similar pulp cell migra-
tion was reported after exposure to undiluted MTA extract 
(Tomás-Catalá et al., 2018). Studies show that the direct 
contact of MTA with pulp tissue initially causes a process 
of superficial tissue necrosis (Benetti et al., 2019; Cintra 
et al., 2017). A previous study demonstrated the presence 
of superficial tissue necrosis in vivo up to 7  days, and a 
moderate inflammatory infiltrate decreases after the 30th 
day in rat models (Cintra et al., 2017). This information 
may clarify why cell migration occurred modestly in pulp 
cells, when exposed to undiluted MTA Repair HP.

To evaluate if MTA Repair HP has the ability to stim-
ulate responses related to repairing near to and distant 
from the pulp tissue, ALP activity, TGF-β secretion and 
phosphate production were evaluated. ALP is an enzyme 
presented in the early stages of osteoblast/odontoblast cell 
differentiation. It is responsible for supplying inorganic 
phosphate to form hydroxyapatite, initiating mineraliza-
tion (Salles et al., 2012). High levels of ALP were observed 
in the control related to pulp cells. A study demonstrated 
high levels of ALP in pulp culture, in addition to showing 
that the presence of TGF-β can negatively regulate ALP 
activity (Shirakawa et al., 1994). This fact corroborates the 
present results, including high levels of TGF-β secretion 
after MTA exposure. The same ALP production was eval-
uated, regardless of the dilution used. Furthermore, undi-
luted and 1:2 diluted MTA led to higher TGF-β production, 
when compared to 1:4 diluted MTA. Studies have reported 
that phosphate has the ability to induce the expression of 
important genes for cell proliferation, energy metabolism 
and mineralization in cells similar to osteoblasts. Thus, 
the phosphate together with calcium form hydroxyapatite 
crystals, and for this reason, it was quantified (Chande & 
Bergwitz, 2018). The present study demonstrated that 1:1 
and 1:2 MTA dilutions were able to induce higher phos-
phate production than 1:4 diluted MTA. Thus, even 1:2 
diluted MTA Repair HP demonstrated alkaline phospha-
tase activity, TGF-β secretion and phosphate production 
similar to undiluted MTA.

MTA has important biological properties, such as 
proliferation, differentiation of dental pulp cells in 
odontoblast-like cells and induction of mineralized tis-
sue formation (Rodrigues et al., 2016; Tomás-Catalá et al., 
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2018). It was possible to evaluate the ability of even di-
luted MTA Repair HP to cause migration and prolifera-
tion of pulp cells, in addition to causing TGF-β secretion 
and phosphate production similar to undiluted MTA. 
Thus, the use of MTA Repair HP for conservative pulp 
treatments, such as indirect capping, may assist in the 
pulp repair process.

CONCLUSION

Undiluted MTA Repair HP promoted a greater reduction 
in S. mutans biofilm when compared to 1:2 and 1:4 MTA 
dilutions. Furthermore, none of the tested dilutions was 
cytotoxic to pulp cells. MTA Repair HP promoted cell mi-
gration and proliferation at a distance, assessed through 
the dilution of the MTA. It was also noted that even at 
a distance, MTA Repair HP may have the ability to par-
ticipate in the pulp repair process because ALP activity, 
TGF-β secretion and phosphate production were similar 
between MTA 1:1 and MTA 1:2.
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