
INTRODUCTION

Endodontic root canal sealers play an important role 
in apical sealing in combination with a master gutta-
percha point in the root canal filling procedure. Many 
types of endodontic sealers, such as those composed of 
zinc oxide (ZO)1), calcium hydroxide2), mineral trioxide 
aggregate3) and epoxy resin4), have been applied for 
clinical endodontic therapy. To enhance the success 
rate of endodontic therapy, the antibacterial property 
and biocompatibility of root canal sealers should be 
improved, as well as sealing ability and physical 
property. Residual bacteria in the root canal may cause 
reinfection, subsequently requiring retreatment. In 
addition, it is considered that endodontic sealers directly 
attach to periapical periodontal tissue at the apical 
foramen after root canal filling. Hence, unfavorable 
wound healing would be induced using a sealer with low 
biocompatibility.

Recently, an ion-releasing glass filler, surface pre-
reacted glass-ionomer (S-PRG) filler, has been applied 
for dental treatment5). S-PRG fillers exhibit many 
bioactivities, such as demineralization prevention6,7), 
tooth remineralization8-10), acid buffer capacity11) and 
antibacterial effects12-14), via release of six ions (fluoride, 
sodium, strontium, aluminum, silicate and borate). 
Fluoride and borate ions are well-known antibacterial and 
biopromotive substances. Fluoride-coated titanium can 

effectively inhibit the initial adhesion and colonization 
of bacterial cells15). Furthermore, fluoride ion application 
to a wound dressing remarkably reduces bacterial 
growth and promotes cell proliferation16). In addition, 
bioactive glass including borate is more resistant to 
Escherichia coli than silica-based glass17). Antibacterial 
effects of fluoride and borate were reported to promote 
wound healing as a secondary effect18,19). Therefore, we 
speculated that a root canal sealer containing S-PRG 
fillers might enhance periapical periodontal tissue 
healing through antibacterial effects by ion release.

In this study, ZO-based sealers containing S-PRG 
fillers (S-PRG sealer) or conventional silica fillers (silica 
sealer) were assessed for biosafety. A previous in vitro 
report revealed the long-term ion-releasing profiles of 
S-PRG sealer20). Hence, we speculated that antibacterial 
effects of S-PRG sealer would be superior to those of silica 
sealer. However, materials containing antibacterial 
property generally exhibit low biocompatibility. 
Accordingly, we characterized the antibacterial property 
and cytocompatibility of S-PRG and silica sealers. In 
addition, tissue responses to S-PRG sealer implanted  
into rat subcutaneous tissue were histologically 
compared with those of silica sealer.

MATERIALS AND METHODS

Fabrication and characterization of S-PRG and silica 
sealers
S-PRG filler (average particle size: 3 µm) was fabricated as 
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Table 1 Composition of S-PRG filler-containing root canal sealer

Powder Zinc oxide-based inorganic compound filler, S-PRG filler, additive

Liquid Poly carboxylic acid derived, water, other

S-PRG: surface pre-reacted glass-ionomer

Table 2 Composition of silica filler-containing root canal sealer

Powder Zinc oxide-based inorganic compound filler, silica filler, additive

Liquid Poly carboxylic acid derived, water, other

described previously5,10). Frit of fluoroboroaluminosilicate 
glass (composition: 21.6 wt% SiO2, 21.6 wt% Al2O3, 
16.6 wt% B2O3, 27.2 wt% SrO, 2.6 wt% Na2O and 10.4 
wt% F) was produced by melting at 1,400°C for 2 h. 
After dry and wet grounding, the glass frit was treated 
with polysiloxane (SiO2 content: 16 wt%; degree of 
condensation: 2–6) and aqueous treatment of polyacrylic 
acid (polymer content: 13.0 wt%, average molecular 
weight: 52,000) was subsequently manipulated to finally 
obtain S-PRG filler. Silica filler (Fuselex X, SiO2 content: 
98.5%, average particle size: 3 µm) was purchased from 
Tatsumori (Tokyo, Japan).

The components of S-PRG sealer and silica sealer 
are detailed in Tables 1 and 2, respectively. Silica sealer 
was prepared by replacing the total weight of S-PRG 
filler with silica filler. To fabricate sealer blocks, a mold 
(5 mm diameter and 2 mm height) was filled with sealer 
after mixing. Thereafter, blocks were stored under 
100% humidity at 37°C for 2 days to harden completely. 
Subsequently, sealer blocks were characterized by a 
scanning electron microscope (SEM; S-4000, Hitachi, 
Tokyo, Japan) and field emission scanning electron 
microscope (JSM-6500F, JEOL, Tokyo, Japan) equipped 
with an energy dispersive X-ray (EDX) spectrometer.

MC3T3-E1 cells (1×104 cells, RIKEN BioResource 
Center, Tsukuba, Japan) were seeded onto the sealer 
block and cultured under 5% CO2 at 37°C in culture 
medium (MEM alpha, GlutaMAX-I, Thermo Fisher 
Scientific, Waltham, MA, USA) supplemented with 
10% fetal bovine serum (Qualified FBS, Thermo Fisher 
Scientific) and 1% antibiotics (penicillin-streptomycin, 
Thermo Fisher Scientific). After 2-h incubation, 
samples were fixed in 2.5% glutaraldehyde in 0.1 M 
sodium cacodylate buffer (pH 7.4) and then dehydrated 
in increasing concentrations of ethanol. After Pt-Pd 
coating, samples were analyzed using SEM. Water-
soluble tetrazolium salt-8 (WST-8) assay was carried out 
after incubation for 1 day using the Cell Counting Kit-8 
(Dojindo Laboratories, Mashiki, Japan) following the 
manufacturer’s instructions. The absorbance at 450 nm 
was measured on a microplate reader (ETY-300, Tokyo 
Sokki, Yokohama, Japan).

Sealer blocks were set into 48-well microplates 
and suspension of Enterococcus faecalis strain ATCC 
29212 (final concentration: 4.5×107 colony-forming units 

(CFU)/mL) was seeded and incubated at 37°C for 24 h 
under anaerobic condition in brain heart infusion (BHI) 
broth (Pearlcore®, Eiken Chemical, Tokyo, Japan). 
After incubation, the turbidity of each suspension was 
measured using a turbidimeter (CO7500 Colourwave, 
Funakoshi, Tokyo, Japan) at an absorbance of 590 nm.

Histological examination of sealers implanted into rat 
subcutaneous tissue
In vivo experiments were performed in accordance 
with the institutional animal use and care regulations 
of Hokkaido University (approval number 13-122) 
and approved by the Animal Research Committee of 
Hokkaido University. Eleven 10-week-old male Wistar 
rats weighing 190–210 g were given general anesthesia by 
intraperitoneal injection of medetomidine hydrochloride 
(0.15 mg/mL; Domitor, Nippon Zenyaku Kogyo, 
Koriyama, Japan), midazolam (2 mg/mL; Dormicum, 
Astellas Pharma, Tokyo, Japan), butorphanol tartrate 
(2.5 mg/mL; Vetorphale, Meiji Seika Pharma, Tokyo, 
Japan) and local injection of 2% lidocaine hydrochloride 
with 1:80,000 epinephrine (Xylocaine Cartridge for 
Dental Use, Dentsply Sirona, Tokyo, Japan). After a 
skin incision was made, a sealer block was implanted 
into the subcutaneous tissue on the back of each rat. 
Each rat received one S-PRG sealer block and one silica 
sealer block. Skin flaps were sutured and tetracycline 
hydrochloride ointment (Achromycin Ointment, POLA 
Pharma, Tokyo, Japan) was applied to the wound.

Rats were euthanized using an overdose of sodium 
pentobarbital (2.0 mL/kg) at 10 days post-implantation. 
Some samples, including sealer and the surrounding soft 
tissue, were fixed in 10% buffered formalin, embedded in 
paraffin wax after removing sealer residue and cut into 
5-µm sections. Sections were stained with hematoxylin-
eosin and observed under light microscopy. The degree 
of tissue inflammation was assessed using three stained 
sections (magnification: 200×). Inflammatory cell 
infiltration was scored using a moderate scale ranging 
from 0 to 3 as follows: 0, normal tissue; 1, mild; 2, 
moderate; and 3, severe response21).

For immunohistochemistry, samples were perfusion-
fixed by 4% formaldehyde in 0.1 M phosphate buffer, 
immersed in 30% sucrose solution and then frozen 
in liquid nitrogen. Immunostaining of 16-µm-thick 
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Fig. 1 Characterization of S-PRG and silica sealers.
 (A) SEM micrographs of S-PRG and silica sealers. Scale bar represents 10 µm. (B) EDX 

analysis of S-PRG and silica sealers.
 EDX, energy dispersive X-ray spectrometry; SEM, scanning electron microscopy; S-PRG, 

surface pre-reacted glass-ionomer.

sections was performed as described previously22). After 
permeabilization with 0.3% Triton X-100 and normal 
donkey serum, sections were incubated overnight with 
mouse anti-CD68 (1:100 dilution; Bio-Rad Laboratories, 
Hercules, CA, USA). Antigen-antibody reaction sites 
were detected by incubation with Cy3-labeled anti-mouse 
IgG (Jackson ImmunoResearch Labs, West Grove, PA, 
USA). Stained sections were observed under a confocal 
laser scanning microscope (Fluoview, Olympus, Tokyo, 
Japan). To detect granulocytes, some sections were 
incubated in 0.01 M Tris-HCl buffer (pH 7.6) containing 
0.01% 3,3´-diaminobenzidine and 0.001% H2O2. Stained 
sections were observed under light microscopy. The 
intensity of immunostaining for CD-68 and peroxidase 
was measured using software (ImageJ 1.41, National 
Institutes of Health, Bethesda, MD, USA).

Biological characterization of S-PRG and silica fillers
To clarify the bioactivity of S-PRG and silica fillers, 20 
µL of aqueous dispersions of S-PRG and silica fillers (1 
wt%) were dispensed into wells of 96-well microplates. 
After drying for 24 h to fabricate a layer of filler, EDX 
analysis of S-PRG and silica filler layers was carried out. 
Thereafter, osteoblastic MC3T3-E1 cells (1×104 cells) 
were seeded onto the layers and incubated at 37°C with 
5% CO2 using culture medium supplemented with 10% 
fetal bovine serum and 1% antibiotics. The WST-8 assay 

was performed after 24-h incubation. The absorbance at 
450 nm was measured on a microplate reader.

To assess antibacterial properties of S-PRG and silica 
fillers, 50 µL of filler dispersion (1 wt%) were dispensed 
into wells of 48-well microplates. After drying for 24 
h, E. faecalis strain ATCC 29212 (final concentration: 
4.5×107 CFU/mL) was seeded and incubated at 37°C 
for 24 h under anaerobic condition in BHI broth. After 
24-h incubation, the turbidity of each suspension was 
measured using a turbidimeter at an absorbance of 590 
nm.

Statistical analysis
Data are presented as the mean and standard 
deviation. Differences between groups were analyzed 
using Student’s t-test. p-Values <0.05 were inferred as 
statistically significant. All statistical procedures were 
performed using SPSS 11.0 (IBM, Armonk, NY, USA).

RESULTS

Characterization of S-PRG and silica sealers
SEM observation showed that S-PRG and silica sealers 
were constructed by particle aggregation (Fig. 1A). EDX 
analysis revealed that S-PRG sealer contained elements 
F and Sr, which were not observed in silica sealer (Fig. 
1B).
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Fig. 2 Cytotoxic and antibacterial effects of S-PRG and silica sealers.
 (A) SEM micrographs of MC3T3-E1 cells (white arrows) on S-PRG and silica sealers after 

2-h incubation. Scale bar represents 30 µm. (B) WST-8 activity of MC3T3-E1 cells after 24-h 
incubation (n=6, mean±SD). (C) Turbidity of Enterococcus faecalis after 24-h incubation 
(n=5, mean±SD). *p<0.01.

 SEM, scanning electron microscope; NS, not significant; SD, standard deviation; S-PRG, 
surface pre-reacted glass-ionomer; WST-8, water-soluble tetrazolium salt-8.

To assess the cytocompatibility of the sealers, 
osteoblastic MC3T3-E1 cells were seeded onto S-PRG 
and silica sealer blocks. SEM images revealed that early 
cell attachment with cell spreading occurred on both 
sealers (Fig. 2A). In addition, WST-8 activity of 24-h 
cultured cells on sealer blocks was comparable between 
S-PRG and silica sealers (Fig. 2B). However, S-PRG 
sealer remarkably reduced the turbidity of E. faecalis 
compared with silica sealer (p<0.01, Fig. 2C).

Inflammatory response of rat subcutaneous tissue
At 10 days post-implantation, inflammatory cell 
aggregation was frequently observed in the connective 
tissue around the implanted silica sealer blocks. The 
silica sealer sample exhibited numerous blood vessels 
and lymphocyte-like cells in the connective tissue 
adjacent to the sealer block. However, inflammatory cell 
aggregation of the S-PRG sealer sample was relatively 
mild compared with that of the silica sealer sample. 
S-PRG sealer was encapsulated by dense connective 
tissue (Fig. 3). Mean inflammation scores of S-PRG and 
silica sealers at 10 days post-implantation were 1.0 and 

1.5, respectively (Table 3).

Immunostaining of CD68 and peroxidase
Immunostaining revealed the accumulation of CD68-
positive cells around the implanted sealers. The number 
of CD68-positive cells around S-PRG sealer was lower 
than that of silica sealer (Fig. 4A). The intensity of CD68 
expression is shown in Fig. 4B. S-PRG sealer showed a 
significantly lower intensity of CD68 expression than 
that of silica sealer (p<0.05). In addition, peroxidase-
positive granulocytes were sparsely detected around 
S-PRG sealer in contrast to silica sealers (Fig. 4C). The 
intensity of peroxidase expression of S-PRG sealer was 
significantly lower than that of silica sealer (p<0.01, Fig. 
4D).

Characterization of S-PRG and silica fillers
EDX analysis showed that elements F, Na, Al, Si and 
Sr were detected in S-PRG filler. In contrast, silica 
filler mainly contained Si (Fig. 5A). To assess the 
cytocompatibility and antibacterial effect of S-PRG and 
silica fillers, culture tests were carried out. The results 
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Fig. 3 Histological findings in subcutaneous tissue at 10 days post-implantation.
 High-power images show the framed area in low-power images. Scale bar represents 1 mm 

in low-power images and 100 µm in high-power images. Hematoxylin-eosin staining.
 CT, connective tissue; S-PRG, surface pre-reacted glass-ionomer.

Fig. 4 Immunohistochemical assessments.
 (A) Immunofluorescence micrographs of macrophages stained with mouse anti-CD68 (red). 

Scale bar represents 300 µm. (B) Intensity of CD68 expression (n=3, mean±SD). *p<0.05. (C) 
Peroxidase-stained (brown) micrographs of granulocytes. Scale bar represents 30 µm. (D) 
Intensity of peroxidase expression (n=5, mean±SD). *p<0.01.

 CT, connective tissue; SD, standard deviation; S-PRG, surface pre-reacted glass-ionomer.

Table 3 Inflammation scores at 10 days post-implantation (n=3, mean±standard deviation)

S-PRG sealer 1.0±0.0

Silica sealer 1.5±0.6

S-PRG: surface pre-reacted glass-ionomer
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Fig. 5 Characterization of S-PRG and silica fillers.
 (A) EDX analysis of S-PRG and silica fillers. (B) WST-8 activity of MC3T3-E1 cells after 

24-h incubation (n=5, mean±SD). *p<0.05. (C) Turbidity of E. faecalis after 24-h incubation 
(n=5, mean±SD). *p<0.01.

 EDX, energy dispersive X-ray spectrometry; S-PRG, surface pre-reacted glass-ionomer; 
WST-8, water-soluble tetrazolium salt-8.

of the WST-8 assay are shown in Fig. 5B. S-PRG filler 
significantly promoted WST-8 activity of MC3T3-E1 
cells compared with silica filler (p<0.05). The results of 
turbidity of E. faecalis are shown in Fig. 5C. Turbidity 
of E. faecalis was significantly decreased by S-PRG filler 
application (p<0.01).

DISCUSSION

We considered from our results that the cytocompatibility 
of S-PRG and silica sealers was comparable. In contrast, 
S-PRG sealer diminished the turbidity of E. faecalis 
associated with the infected root canal23), suggesting that 
S-PRG sealer possesses an antibacterial effect against 
E. faecalis (Fig. 2). Similar to S-PRG sealer, the layer of 
S-PRG filler exhibited a significant antibacterial effect 
against E. faecalis (Fig. 5C). Hence, it was considered 
that S-PRG filler contained in the sealer possesses 
antibacterial activity. Miki et al. previously assessed 
the antibacterial properties of resin containing S-PRG 
filler. They detected the release of antibacterial ions, 
such as fluoride, borate, aluminum and silicate, from 
resin containing S-PRG filler, and borate and fluoride 
ions, in particular, exhibited a great antiproliferative 

effect on Streptococcus mutans24). In addition, Kitagawa 
et al. reported that borate and fluoride ions released 
from S-PRG filler reduce S. mutans metabolism and acid 
production at a dose relatively lower than the growth 
inhibitory dose25). Fluoride ion directly acts as an inhibitor 
of glycolytic enzyme enolase and reduces the activity of 
acid resistance of bacteria26). Boron is associated with 
the inhibition of bacterial protein synthesis27). From the 
evidence of borate and fluoride ion release from S-PRG 
sealer20), we speculated that the S-PRG filler-containing 
sealer sufficiently released antibacterial ions from 
S-PRG fillers to inhibit E. faecalis growth. S-PRG sealer 
would be biosafe and support endodontic healing as an 
antibacterial endodontic material.

In in vivo experiments, S-PRG sealer caused mild 
inflammatory cell infiltration, including CD68-positive 
macrophages and peroxidase-positive granulocytes, 
compared with silica sealer. Thus, it was considered 
that S-PRG sealer possesses mild proinflammatory 
properties. The anti-inflammatory effect of S-PRG 
sealer may be associated with the in vivo immune 
complex system related to ions released from S-PRG 
filler. Römer et al. reported that strontium ion enhances 
the proliferation of human periodontal ligament cells 
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and reduces interleukin (IL)-6 expression, suggesting 
that IL-6-induced inflammation would be suppressed28). 
Furthermore, strontium ion remarkably suppresses the 
amount of inflammatory substance, tumor necrosis factor 
α, secreted by macrophage-like cell line RAW264.729). 

In addition to its effect on proinflammatory cytokine 
responses, strontium ion exhibits antioxidant activities. 
Jebahi et al. reported that strontium-doped bioglass 
reduces the generation of reactive oxygen species to 
promote soft tissue wound healing30). Borate ion also 
exhibits anti-inflammatory effects, similar to strontium 
ion. Ameen et al. reported that oral administration 
of borate dose-dependently decreases experimental 
chronic inflammation in rat31). They speculated that 
boron decreases the production of proinflammatory 
cytokines by monocytes/macrophages. Han et al. 
reported that strontium ion is also released from S-PRG 
sealer20). Hence, strontium and borate ions delivered 
from S-PRG sealer may downregulate inflammatory 
responses after root canal filling. Further investigation 
is needed to elucidate the detailed mechanisms of the 
anti-inflammatory effect of S-PRG sealer.

Interestingly, the S-PRG filler layer showed 
increased WST-8 activity compared with the silica 
filler layer. Hence, it was considered that some ions 
released from S-PRG filler might promote osteoblastic 
cell proliferation. Reportedly, strontium ion exhibits 
osteoinductive activities to promote bone healing. 
Strontium treatment facilitates proliferation and 
osteogenic differentiation of human adipose-derived 
stem cells32) and collagen synthesis related to bone 
mineralization33). Furthermore, strontium increases 
expression of extracellular matrix genes and Wnt/catenin 
pathway genes to induce osteogenic differentiation of 
mesenchymal stem cells34). In addition, fluoride ion 
also increases osteoblast proliferation and expression 
of osseous markers and stimulates bone formation 
in vivo, similar to strontium ion35,36). Taken together, 
S-PRG filler may provide bioactive ions for increased 
osteogenesis of periodontal tissue after root canal filling. 
In vivo examination of the root canal filling model is 
needed to elucidate the cellular behavior of S-PRG sealer 
regarding apical periodontal tissue healing.

CONCLUSION

We herein assessed the antibacterial effects and 
cytocompatibility of S-PRG and silica sealers. Tissue 
compatibility of S-PRG and silica sealers was compared 
in rat subcutaneous tissue. S-PRG sealer inhibited 
E. faecalis growth compared with silica sealer. In 
addition, S-PRG sealer showed decreased aggregation 
of CD68- and peroxidase-positive cells to cause tissue 
inflammation compared with silica sealer. Therefore, 
S-PRG sealer may possess antibacterial and anti-
inflammatory properties. S-PRG sealer is expected to be 
beneficial for periodontal soft tissue and alveolar bone 
healing after root canal filling.
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