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KEYWORDS Abstract Background/purpose: The retrograde filling material, particularly mineral trioxide
MTA; aggregate (MTA) employed in apicoectomy, should possess high antibacterial efficacy and oste-
Silver nanoparticle ogenic potential. We evaluated the antibacterial efficacy, biocompatibility, and osteogenic po-

(AgNPs); tential following the addition of silver nanoparticles (AgNPs) and calcium fluoride (CaF,) in
Calcium fluoride retrograde filling material of MTA.

(CaF,); Materials and methods: MTA was mixed with four different solvents. Group 1 (G1): distilled
Antibacterial water, Group 2 (G2): 50 ppm AgNPs, Group 3 (G3): 1 wt% CaF,, and Group 4 (G4): 50 ppm AgNPs

efficacy; and 1 wt% CaF,. The pH variation of each group was monitored, while the surface roughness
Osteogenic potential was measured. The antibacterial efficacy against Enterococcus faecalis (E. faecalis) and the

viability of murine pre-osteoblast (MC3T3) were evaluated for each group using colorimetric
assays. The gene expression levels of osteogenic potential marker (OCN, ALPL, and RUNX2)
in MC3T3 cells for each group were quantified using real-time-gPCR. Statistical analysis was
performed at oo = 0.05 level of significance.
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Results: When comparing the levels of antibacterial efficacy, the order of effectiveness was
G4>G2>G3>G1 (P < 0.05). In the cell viability test, owing to MTA-eluted growth medium hav-
ing a positive effect on MC3T3 cell proliferation, G1—4 exhibited a statistically increased cell
viability compared to the control (P < 0.05). However, G2—4 did not result in a statistically
significant difference when compared to G1 (P < 0.05). Moreover, G4 exhibited the highest
gene expression among the four groups (P < 0.05).

Conclusion: The addition of AgNPs and CaF, to MTA could be a promising option for use as a
new retrograde filling material.

© 2023 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).

Introduction

Incomplete filling and inadequate adjunctive treatment
are the main reasons for endodontic failure following root
canal treatment (RCT)." If the situation persists, residual
microorganisms may proliferate, leading to the formation
of periradicular lesions and recurrence of clinical symp-
toms.>* Among microorganisms, Enterococcus faecalis (E.
faecalis) is the primary pathogenic bacterium responsible
for such lesions and clinical symptoms, as well as other
problems such as chronic periodontitis. If the pathological
tissue of a previously treated tooth cannot be managed
with repeated RCT, apicoectomy may be considered as an
alternative treatment option.® The primary purpose of
apicoectomy is the removal of bacteria from the end of the
root and recovery of a resorbed apical lesion. Mineral
trioxide aggregate (MTA) has been suggested as the gold
standard for filling the root end cavity.®~® Recently, various
studies have been conducted to increase the antibacterial
efficacy of MTA against E. faecalis and its efficiency in bone
regeneration.”'? These studies were developed by adding
new materials to MTA. Silver nanoparticles (AgNPs) are
excellent antibacterial agents that can combat both gram-
positive and gram-negative bacteria, including E. faecalis.
Owing to their high surface-area-to-volume ratio, AgNPs
exhibit distinct physical and chemical characteristics. A
previous study suggested that AgNPs penetrate the mem-
brane of bacteria and induce bacterial permeability and
consequent bacterial death.'" "> Additionally, it has been
reported that fluoride released from calcium fluoride
(CaF,) can modify bacterial metabolisminhibit growth'>:'*
and have osteogenic potential.”” Fluoride is known to
inhibit glycolytic enzymes, including enolase. When fluo-
ride inhibits enolase, it disrupts this glycolytic pathway,
leading to a decrease in ATP production. While the anti-
bacterial efficacy and osteogenic potential of MTA, AgNPs,
and CaF; have been demonstrated individually, it has not
been investigated whether the combined use of these
three substances can maintain the cell viability of MTA
while increasing antibacterial efficacy and osteogenic
potential.

The purpose of this study was to evaluate the antibac-
terial efficacy against E. faecalis, biocompatibility of
MC3T3 cells, and osteogenic potential of MC3T3 cells after
the addition of AgNPs and/or CaF, to MTA.

Materials and methods

Synthesis of silver nanoparticles solution

0.3 g of chitosan (Sigma-Aldrich, St. Louis, MO, USA) was
added to a solution of acetic acid (30 mL, 0.018 M, Acetic
acid glacial 99%, Duksan, Ansan, Gyeonggi-do, Korea) and
sonicated for 10 min, followed by 1 h of vigorous stirring at
20 °C. Thereafter, a solution of AgNO; (Sigma-Aldrich) was
added to the chitosan solution and stirred for an additional
hour at room temperature. The mixture was vacuum
filtered through 6 pum pore filter papers (GE Healthcare,
Chicago, IL, USA). NaBH, solution (Sigma-Aldrich) was
added dropwise to the filtered solution under cold bath
and vigorous stirring conditions for 1 h. The 1.5 mL AgNPs
solution was diluted with dH,0 to a final volume of 10 mL.
The concentration of AgNPs was measured to be 50 ppm
using an inductively coupled plasma optical emission
spectrometer (Agilent, Santa Clara, CA, USA).

Evaluation of photo-physicochemical property of
synthesized silver nanoparticles

The synthesized AgNP solutions at concentrations of 10, 20,
40, and 80 ppm were evaluated using a UV/VIS spectro-
photometer (V-650, JASCO, Oklahoma city, OK, USA) to
determine the absorbance difference at various wave-
lengths. The morphology and particle size were evaluated
by transmission electron microscopy (TEM; JEM-F200, JEOL,
Akishima, Tokyo, Japan). TEM images were taken at a
magnification of 100,000 x , and 186 AgNP particles were
included in the TEM images. Thereafter, the length of the
particles was measured using ImageJ software (NIH,
Bethesda, MA, USA). Energy-dispersive X-ray spectroscopy
(EDX; JEOL) was used for elemental analysis.

Fabrication of specimens

Four experimental groups were created (Table 1).
The resulting mixture was transferred to a metal
mold with a diameter of 10 mm and a thickness of 1 mm
and allowed to set for 5 min under 95% relative humidity
condition.
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Table 1 The composition of four experimental groups.
Amount of  Solvent
MTA
Group 1 (G1) 150 mg 100 uL dH,0
Group 2 (G2) 150 mg 100 uL dH,0/50 ppm AgNPs
Group 3 (G3) 150 mg 100 uL dH,0/1.5 mg CaF;
Group 4 (G4) 150 mg 100 pL dH,0/50 ppm

AgNPs + 1.5 mg CaF,

dH,0; distilled water, AgNPs; silver nanoparticles, CaF;, calcium
fluoride.

Evaluation of surface roughness and pH variance of
fabricated specimens

Two specimens were prepared for each of the four groups.
The surface roughness (R,) of the specimens was evaluated
using an atomic force microscope (AFM; NX-7, Park Sys-
tems, Suwon, Gyeonggi-do, Korea) in noncontact mode.
Each measured area was located at least 1 mm away from
the other areas. To evaluate the pH variance, each spec-
imen was prepared as described in Section 2.3. After 5 min,
the specimens were immersed in 10 mL dH,0 and stored at
37 °C. The pH variance of the solution was evaluated for
24 h using a pH meter (Orion 4 Star, Thermo Fisher Scien-
tific, Waltham, MA, USA). Each measurement was repeated
thrice.

Bacteria culture

The study employed E. faecalis (ATCC 29212, Manassas, VA,
USA) bacteria. E. faecalis was cultured in brain heart
infusion broth (BHI; BD Biosciences, Franklin Lakes, NJ,
USA). BHI broth was prepared by dissolving 37 g of BHIin 1 L
of dH,0.

Bacteria viability by colorimetric assay and live/
dead baclight kit

First, the mixture of Groups 1—4 was spread on the side
walls of a 96-well microplate (SPL Life Science Co.,
Pocheon, Gyeonggi-do, Korea) using a sharp-ended instru-
ment. While each group was in a freshly mixed state, an
optical density (OD) of 0.1 at 600 nm (ODgqg), and 40 uL of
E. faecalis suspension were carefully inoculated onto each
group. The control comprised 40 uL of E. faecalis suspen-
sion without MTA. This 96-well microplate was incubated
for 12 h at 37 °C under anaerobic conditions. Subsequently,
300 uL of phosphate-buffered saline (PBS) (Gibco, Grand
Island, NY, USA) was added to each well and gently pipetted
for 1 min. 50 uL of PBS-diluted bacterial suspension was
divided into a new 96-well plate, to which 50 pL of fresh
PBS was added. Next, 10 uL of 0.5 mg/mL MTT (3-(4,5-
demethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide,
Sigma-Aldrich) solution was added to PBS-diluted bacterial
suspension and incubated for 4 h. Finally, the 96-well plate
was gently shaken for 10 min and analyzed for absorbance
at 570 nm using a microplate spectrophotometer (Epoch;
BioTek, Winooski, VT, USA). This procedure was repeated
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thrice. Additionally, bacterial viability was determined
using a live/dead baclight bacterial viability kit (Thermo
Fisher Scientific) and a confocal laser scanning microscope
(LSM-900;  Zeiss, Oberkochen, Baden-Wurttemberg,
Germany).

Cell culture

MC3T3-E1 cells are a commonly used mouse osteoblast cell
line. To culture these cells, a-minimum essential medium
(Gibco) growth medium was used and supplemented with
10% fetal bovine serum (FBS) (Gibco) and 1% antibiotic-
antimycotic (Gibco). The cells were maintained at 37 °C
in a humidified atmosphere with 5% CO,.

Cell viability test by colorimetric assay and live/
dead viability kit

The fabricated specimens of Groups 1—4 were allowed to
set for 5 min at 37 °C. Subsequently, each specimen was
placed in 2 mL of growth medium. After 24 h, the eluates
were filtered using a 0.2 um filter (Advantec, Taipei city,
Taipei, Taiwan). Once the MC3T3 cells, suspended in growth
medium, reached 80% confluency, 1 x 10* of them were
seeded in 96 wells and incubated. After the initial seeding,
cell cytotoxicity was evaluated using a water-soluble
tetrazolium (WST) assay (EZ-CYTOX; DoGenBio Co., Seoul,
Korea). The 100 pL elution was added to G1—4 columns.
One day later, the entire liquid medium was removed and
washed twice. Next, 10% Ez-CYTOX containing 100 plL
growth medium was added to all of the columns, and a
blank column comprised only WST solution. The wells were
incubated for 3 h and the absorbance at 450 nm was
analyzed using a microplate spectrophotometer (BioTek).
This procedure was repeated thrice.

Additionally, the live/dead viability of MC3T3 cells after
1 d of incubation was assessed using a live/dead viability kit
(Thermo Fisher Scientific) and a fluorescence microscope
(EVOS FL; Thermo Fisher Scientific), and the images were
captured.

Osteogenic related gene expression

Gene expression was assessed using real-time PCR. MC3T3
cells were seeded onto a six-well microplate at a density of
1 x 10° cells per well in the medium and incubated until
reaching 80% confluency. After treating with growth me-
dium and four different eluates, following the same pro-
cedure as Section 2.9, the cells were further incubated at
37 °C under a 5% CO, atmosphere for 24 h. Total RNA was
isolated from each group using Trizol reagent (Invitrogen
Life Tech, Carlsbad, CA, USA) and reverse-transcribed into
cDNA using Accupower cyclescipt RT premix & master mix
(Bioneer, Daejun, Korea). Real-time PCR analysis was per-
formed using SYBR premix Ex Taq Il (Takarka Bio, Kusatsu,
Shiga-ken, Japan) on a real-time PCR system (StepOne Plus
3, Applied Biosystem, Foster city, CA, USA). The primers
used in this study were osteocalcin (OCN), alkaline phos-
phatase (ALPL), and runt-related transcription factor 2
(RUNX2), while glyceraldehyde 3 phosphate dehydrogenase
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(GAPDH) was used as the housekeeping gene. The primer
sequences are listed in Table 2.

Statistical analysis

Statistical analysis was performed at o = 0.05 level of sig-
nificance and error bars in the figures represented 95% con-
fidence interval. SPSS Statistics 23 (IBM, Armonk, NY, USA)
was used for statistical analysis. The Shapiro—Wilk test was
used to determine equal variances for all statistical data.
One-way analysis of variance (ANOVA) was applied to these
values with post-hoc analyses using Tukey’s HSD.

Results

Evaluation of photo-physicochemical property of
synthesized silver nanoparticles

The AgNP solution had a peak at approximately 400 nm,
which remained consistent across all concentrations tested.
The intensity of the absorbance peaks increased propor-
tionally with the concentration of the AgNP solution
(Fig. 1(A)). In the TEM image, they had a uniform and
dispersed spherical morphology (Fig. 1(B)). The average
size of the AgNPs was approximately 16 nm, and the par-
ticle size distribution closely followed a normal distribution
(Fig. 1(C)). EDX analysis confirmed the presence of Ag ions
(yellow color), corresponding to the morphology of the
AgNPs observed in the TEM images (Fig. 1(D)).

Surface roughness and pH variance

3D images of the fabricated specimens from each group are
presented, and no significant differences are observed
among the images (Fig. 2(A)). No statistically significant
difference was found in the R, values of specimens among
the groups (Fig. 2(B)). The pH changes of specimens with the
same surface area immersed in the same amount of dH,0 for
1 d are shown (Fig. 2(C)). Groups 2 and 4 exhibited lower pH
values than Groups 1 and 3 for up to 4 h. In contrast, Group 3
did not exhibit a difference from Group 1. After 5 h, there
was nodifference in the pH of Groups 1—4, and after 24 h, the
pH converged to approximately 12 in all groups.

Bacteria viability test

In this study, bacterial viability (%) was determined using
Equation (1The calculated bacterial viability (%) was
thereafter compared between the different groups.

Bacterial viability (%) = (Exp. — Blank) / (Control —
Blank) x 100 (1)

The results demonstrated that all four groups had a
statistically significant decrease in bacterial viability
compared to the control (P < 0.05) (Fig. 3). Bacterial
viability of Group 2 and 3 was lower than that in Group 1
(P < 0.05). Group 2exhibited lower bacterial viability than
Group 3 (P < 0.05). The Group 4 resulted in the lowest
bacterial viability compared to the other four groups.

The live and dead E. faecalis images exhibited similar
trends to those in Fig. 3 (Fig. 4). As expected, almost no
dead bacteria were observed in the control group, and
Groups 2—4 exhibited even more dead E. faecalis than
Group 1. Notably, Groups 2 and 4 exhibited a higher number
of dead E. faecalis than Group 3.

Cell viability test

In this study, cell viability (%) was determined using Equa-
tion (2), The calculated cell viability (%) was thereafter
compared between the groups.

Cell viability (%) = (Exp. — Blank) / (Control —
Blank) x 100 (2)

A statistically significant difference was observed be-
tween MC3T3 cells cultured in the control group and Group
1 (P < 0.05) (Fig. 5). Group 1 exhibited approximately 25%
increase in cell proliferation. However, the Groups 2—4 did
not result in a statistically significant difference when
compared to Group 1 (P > 0.05).

The live and dead MC3T3 cells images exhibit a similar
trend to those in Fig. 5 (Fig. 6). In particular, compared to
the control group, the number of live cells in Groups 1—4
significantly increased. However, live images of Groups 1—4
did not exhibit any significant difference.

Table 2  List of primers used for real-time PCR.

Primer name Sequence Reference
OCN_F 5'-GCAATAAGGTAGTGAACAGACTCC NM_007541
OCN _R 5-GCGTTTGTAGGCGGTCTTCAAG

ALPL _F 5'-CCAGCAGGTTTCTCTCTTGG NM_001271630
ALPL _R 5'-GGGATGGAGGAGAGAAGGTC

RUNX2 _F 5'-GCAGCACTCCATATCTCTACT NM_007431
RUNX2 _R 5-TTCCGTCAGCGTCAACAC

GAPDH _F 5'-AAGGTCATCCCAGAGCTGAA NM_008084.3
GAPDH _ R 5'-AGGAGACAACCTGGTCCTCA

F; forward. R; reverse. OCN; osteocalcin, ALPL; alkaline phosphatase, RUNX2; runt-related
transcription factor 2, GAPDH; glyceraldehyde 3 phosphate dehydrogenase.
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Osteogenic potential related gene expression of
MC3T3s cells

In comparison to control, Group 1 exhibited a statistically
significant increase (P < 0.05) in the expression of all three
genes, indicating that MTA itself affected osteoblastic po-
tential. Group 2, resulted in increased gene expression
compared to that in Group 1, except for OCN (P < 0.05).
Group 3 significantly increased the expression of all three
genes (P < 0.05), specifically OCN, ALPL, and RUNX2.
Finally Group 4 exhibited a statistically significant increase
(P < 0.05) in gene expression compared to Groups 2 and 3,
except for RUNX2.

Discussion

To confirm the optimal properties of the synthesized AgNPs,
UV—Vis spectrophotometry and TEM were used. The AgNPs
exhibited a symmetric absorption graph at 400 nm, which is

attributed to surface plasmon resonance in Fig. 1(A)."
Furthermore, as observed in the TEM images, the AgNPs
had an average size of 16 nm. The antibacterial efficacy of
AgNPs is influenced by their size. In a study comparing sizes
ranging from 5 to 100 nm, the highest antibacterial efficacy
was observed for sizes approximately 10 nm."” Therefore,
the AgNPs synthesized in this study may also have sufficient
antibacterial efficacy owing to their average size.

In Fig. 2(B), there was no statistically significant differ-
ence in R, among the specimens in Groups 1—4. This sug-
gests that the variation in the surface area due to group
differences can be disregarded when the specimen size is
the same. While Groups 2 and 4 exhibited lower pH values
even after storing the specimens in dH,0 for 4 h owing to
the presence of acetic acid from the synthesized AgNPs, the
difference was negligible, with an average difference of
only 0.2, as shown in Fig. 2(C).

The high resistance of E. faecalis to RCT is due to its
strong attachment to dentinal tubules through collagen-
binding proteins.'®2° However, previous studies have

(A) (B) (C)
Group 1 Group 2

2:800 A oh 1h 2h 3h 4h 5h 6h 12h 24h
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Figrue 2

Surface roughness (R,) and pH changes of the fabricated four samples. (A) Atomic force microscopy 3D images of the

surfaces of the four groups (x axis = 5 um and y axis = 5 um), (B) Comparison of R,, the different capital alphabet represented
statistical difference between the groups (P < 0.05), and (C) pH changes for 1 d, data are presented as mean values and standard

deviation (SD).
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Figure 3  Observation of changes in bacterial viability using

3-(4,5-demethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay when E. faecalis was in direct contact with the
samples of each group. Control group referred to the bacterial
viability of E. faecalis that did not contact MTA. Groups 1—4
represented the percentage of bacterial viability compared to
the control, and the capital alphabet indicated a statistical
difference between the groups (P < 0.05).

shown that E. faecalis has a low survival rate in media with
high alkalinity.?' Groups 2 and 4 exhibited lower pH values
even after storing the specimens in dH,0 for 4 h owing to
the presence of acetic acid from the synthesized AgNPs, the
difference was negligible, with an average difference of
only 0.2 (Fig. 2(C)).

Fluoride inhibits glycolytic enzymes, which can under-
mine bacterial metabolism.”®> Under fluoride exposure

Control

Group 1

Live

Dead

Merge

150 B B B
B
Tr L 1
1 T
R T 1 1
S -
= 100 1
E
©
S
3
o
50
v T T T T T
Control Group 1 Group 2 Group 3 Group 4
Figure 5 Observation of changes in cell viability using water-

soluble tetrazolium (WST) assay when MC3T3 cells were
incubated in each extracted medium. The control group
referred to the cell viability of MC3T3 cells incubated in growth
medium. Groups 1—4 represented the percentage of cell
viability compared to the control, and the different capital
alphabets indicated a statistical difference between the
groups (P < 0.05).

conditions, E. faecalis exhibits serious modifications in its
carbohydrate transport metabolism and growth inhibition.'
Therefore, in this study, when 1% CaF, was added to MTA,
more fluoride was released to inhibit the metabolism of E.
faecalis, exhibiting a higher antibacterial efficacy (Figs. 3
and 4). AgNPs have a high surface-area-to-volume ratio
and can continuously release Ag ions,?” which can attach to
sulfur proteins of the bacterial membrane owing to elec-
trostatic attraction and induce osmotic pressure to rupture

Group 2 Group 3 Group 4

Figure 4 Results of the live/dead images of E. faecalis obtained through direct contact with each fabricated specimen. The
control group comprised E. faecalis without MTA contact. The scale for all images shown was 100 um.
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Results of the live/dead cell viability images for MC3T3 cells obtained by incubating in extracted medium. The control

group comprised MC3T3 cells incubated in growth medium. The scale for all images shown was 1000 pum.

bacteria.”> %° In a study to determine the minimum bacte-
ricidal concentration (MBC) of AgNPs against E. faecalis,
AgNPs made using 0.06 M AgNO3; had an MBC of 25—50 ppm
against E. faecalis.”® The AgNPs used in this study were
made using 0.11 M AgNOs and were used at a concentration
of 50 ppm; thus, they can have sufficient antibacterial ef-
ficacy against E. faecalis. (Figs. 3 and 4). Furthermore,
Group 4 exhibited the highest antibacterial efficacy against
E. faecalis through different pathways, suggesting that the
combination of AgNPs and CaF, may have a synergistic ef-
fect in inhibiting the growth of E. faecalis.

MTA has been shown to promote the proliferation of
various cell lines such as human alveolar osteoblasts.?’ In
this study, MC3T3 cells, known as pre-osteoblasts, were
utilized, which are the most commonly employed cells for
evaluating osteogenesis, osteoblast markers, and calcifi-
cation. Similarly, in this study, MTA increased the viability
of MC3T3-E1 cells (Figs. 5 and 6). However, the addition of

AgNPs and fluoride for antimicrobial purposes can poten-
tially cause cytotoxicity. AgNPs have been shown to
decrease cell viability in various cell lines and can induce
apoptosis through ROS and mitochondrial pathways.?® 3
Additionally, fluoride could affect cell metabolism, with
low concentrations having an anabolic effect that could aid
in cell proliferation; however, at certain levels, it could
inhibit cell proliferation and enzymes such as acid phos-
phatase.®'** In contrast, some studies have suggested that
the addition of AgNPs and CaF, to MTA does not decrease
cell viability.>**> Similarly, in this study, the addition of
AgNPs and CaF;, did not decrease cell viability (Figs. 5 and
6). Even Group 4, cell viability did not decrease compared
to Group 1. This study complemented the results of the WST
test with live/dead cell images for the control group and
Groups 1—4.

As mentioned earlier, MTA not only exhibited no cyto-
toxicity on MC3T3-E1 cells but also increased the mRNA

(A) OCN (B) ALPL (C) RUNX2
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Figure 7 Osteogenic potential gene expression after treatment with each gene such as osteocalcin (OCN), alkaline phosphatase
(ALPL), runt-related transcription factor 2 (RUNX2). Different capital alphabets referred to different gene expression levels
(P < 0.05). The glyceraldehyde 3 phosphate dehydrogenase (GAPDH) gene was used as a housekeeping gene, and the expression
level of each gene was represented as fold change compared to the control.
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expression of OCN, ALPL, and RUNX2."%3¢ AgNps activated
TGF-B/BMP signaling to aid in osteogenic differentiation
and increase the gene expression of OCN, RUNX2, and
ALPL.*” In addition, using fluoride at the micromolar level
increased OCN and RUNX2 gene expression in MC3T3-E1
cells through RUNX2 signaling.”® As the results of this
study showed, CaF, was more beneficial than AgNPs for the
expression of ALPL and RUNX2 (Fig. 7). When AgNPs and
CaF; were used together, it was expected that Group 4,
excluding RUNX2, would exhibit the highest gene expres-
sion because each substance triggered a different pathway
of osteogenic differentiation.

Despite these results, this study has several limitations.
First, cell viability and PCR results were obtained only after
1 d, and future studies will require long-term experimental
data. Second, the bacterial viability test was performed
with only one bacterial strain, E. faecalis, while various
bacteria can cause RCT failure, indicating the need to test
more bacterial strains. Third, while the antibacterial
mechanism of AgNPs and CaF, has been accurately re-
ported, there is insufficient information on how these two
components increase osteogenic gene expression.
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