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Abstract
Objective Bioceramic-containing root canal sealers promote periapical healing via  Ca2+ and  OH− release and apatite forma-
tion on the surface. This study aimed to compare  Ca2+ and  OH− release and in vivo apatite formation of three bioceramic-
containing root canal sealers: EndoSequence BC sealer (Endo-BC), MTA Fillapex (MTA-F), and Nishika Canal Sealer BG 
(N-BG).
Materials and methods Polytetrafluoroethylene tubes filled with sealers were immersed in distilled water for 6 and 12 h and 
for 1, 7, 14, and 28 days to measure  Ca2+ and  OH− release. Additionally, tubes filled with sealers were implanted in the backs 
of rats for 28 days, and in vivo apatite formation was analyzed using an electron probe microanalyzer.
Results Endo-BC released significantly more  Ca2+ than the other sealers at 6 and 12 h and 1 day.  Ca2+ release was signifi-
cantly lower from N-BG than from Endo-BC and MTA-F at 14 and 28 days.  OH− release was significantly higher from 
Endo-BC than from the other sealers throughout the experiment, except at 1 day.  OH− release was lower from N-BG than 
from MTA-F at 6 h and 7 days. Only Endo-BC implants exhibited apatite-like calcium-, phosphorus-, oxygen-, and carbon-
rich spherulites and apatite layer–like calcium- and phosphorus-rich, but radiopaque element-free, surface regions.
Conclusions Ca2+ and  OH− release is ranked as follows: Endo-BC > MTA-F > N-BG. Only Endo-BC demonstrated in vivo 
apatite formation.
Clinical relevance Endo-BC could promote faster periapical healing than MTA-F and N-BG.

Keywords Bioceramic-containing root canal sealer · Apatite-forming ability · Calcium ion release · Hydroxyl ion release · 
Subcutaneous implantation · Electron probe microanalyzer

Introduction

To achieve healing of periapical lesions with an endodontic 
origin, root canal filling using gutta-percha points with root 
canal sealer is performed after chemomechanical root canal 
preparation [1]. Recently, bioceramic-containing root canal 

sealers have attracted considerable attention owing to their 
distinctive bioactive properties.

Bioceramic-containing root canal sealers release  Ca2+ and 
 OH− during and after setting [2, 3]. In addition, they produce 
bone-like apatite on the surface when they come into con-
tact with phosphate-containing solutions such as interstitial 
tissue fluids [4].  Ca2+ stimulates osteogenic differentiation 
of bone marrow mesenchymal stem cells [5] and periodon-
tal ligament stem cells [6] by upregulating osteopontin and 
bone morphogenic protein-2 expression, respectively. Like-
wise,  OH− increases the proliferation and mineralization 
of osteoblasts and cementoblasts [7, 8]. Furthermore, the 
bone-like apatite acts as a substrate for the attachment of 
cementoblasts and promotes cementum formation at the api-
cal foramen [9]. Therefore, bioceramic-containing root canal 
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sealers not only seal the root canal system mechanically, but 
also accelerate periapical tissue healing biologically.

At present, various bioceramic-containing root canal seal-
ers are commercially available. EndoSequence BC sealer 
(Endo-BC; Brasseler, Savannah, GA, USA) is a premixed 
injectable root canal sealer with calcium silicate as the 
bioceramic component. The setting of Endo-BC is achieved 
by precipitating a calcium silicate hydrate matrix in the 
presence of water [10]. MTA Fillapex (MTA-F; Angelus, 
Londrina, Brazil) is a resin-modified root canal sealer with 
a two-paste formulation that also contains calcium silicate 
as the bioceramic component. The mixed paste hardens on 
contact with water by the complexation of salicylate resin 
and calcium hydroxide. Calcium hydroxide is supplied by 
the hydration of calcium silicate in the sealer [10]. Nishika 
Canal Sealer BG (N-BG; Nippon Shika Yakuhin, Yamagu-
chi, Japan) is a recently marketed two-paste self-setting root 
canal sealer. Unlike the other two sealers, N-BG contains 
bioactive glass as the bioceramic component. After the two 
pastes have been mixed, N-BG sets via the reaction of mag-
nesium oxide with fatty acids, without the need for water [2].

Considering the differences in composition and set-
ting reactions, these sealers may have different  Ca2+ 
and  OH− release and apatite-forming abilities. However, 
limited evidence is available regarding the differences, 
although the knowledge is needed for appropriate material 
selection by dental clinicians, especially under the cur-
rent situation of insufficient clinical trials evaluating these 
sealers [11, 12]. While a few studies have compared the 
 Ca2+ and  OH− release abilities of Endo-BC and MTA-F 
[13–15], none has compared the abilities of N-BG with 
that of Endo-BC or MTA-F. Furthermore, while previous 
studies showed that all three sealers produced apatite after 
immersion in inorganic artificial body fluids in vitro [4, 
16, 17], their in vivo applications have not been evalu-
ated. Therefore, this study sought to compare the three 
bioceramic-containing root canal sealers in terms of their 
 Ca2+ and  OH− release abilities and in vivo apatite-forming 
ability.

Materials and methods

Analysis of  Ca2+and  OH−release ability

The specifications of the experimental sealers are pre-
sented in Table 1. The sealers were prepared according to 
the manufacturer’s instructions and loaded into sterilized 
closed-end polytetrafluoroethylene tubes (length: 5 mm; 
inner diameter: 2 mm). The sealer-filled tubes (n = 5 for 
each sealer) were immediately immersed in 10 mL of dis-
tilled water (DW) and stored at 37 °C. The soaking water 
was collected and replaced at six time points (6 and 12 h, 
and 1, 7, 14, and 28 days). The  Ca2+ and  OH− concen-
trations (pH) of the collected soaking water were meas-
ured using an inductively coupled plasma–atomic emis-
sion spectroscope (SPS1500; Seiko Instruments, Tokyo, 
Japan) and a pH meter (LAQUA TWIN; AS ONE, Osaka, 
Japan), respectively. The data were analyzed using one-
way analysis of variance and post hoc Tukey’s test, with a 
significance level of 5%.

The results showed that the  Ca2+ and  OH− release abil-
ity of the tested materials in DW was significantly dif-
ferent. Thus, we further analyzed whether the differences 
were significant in a buffering solution with an ionic 
concentration similar to human blood plasma (simulated 
body fluid, SBF). The SBF was prepared according to ISO 
23,317; thus, the  Ca2+ concentration was 100.2 mg  L−1 
and the pH was 7.4 [18]. The analysis was performed in 
the same way as described above, but changing the soaking 
medium from 10 mL of DW to 5 mL of SBF. Observations 
were recorded at four time points (1, 7, 14, and 28 days).

Analysis of in vivo apatite‑forming ability

The in  vivo apatite-forming ability was evaluated as 
described in our previous study [19]. Four-week-old Wistar 
rats (n = 8) were anesthetized via intraperitoneal injection of 
8% chloral hydrate (350 mg/kg). Three separate 5-mm-long 
incisions were made on the back of each animal, and the 

Table 1  Composition of the sealers used in this study

Materials Manufacturer Composition

EndoSequence BC Sealer Brasseler, Savannah, GA, USA Zirconium oxide, Calcium silicates, Calcium phosphates monobasic, 
Calcium hydroxide, Filler and Thickening agents

MTA Fillapex Angelus, Londrina, PR, Brazil Base: Methyl salicylate, Butylene glycol, Colophony, Calcium tungstate, 
Fumed silica

Catalyst: Pentaerythritol, Rosinate, P-Toluenesolfonamide, Titanium 
dioxide, Tricalcium silicate, Dicalcium silicate, Calcium oxide, Trical-
cium aluminate, Fumed silica

NISHIKA Canal Sealer BG Nippon Shika Yakuhin, Tokyo, Japan Paste A: Fatty acid, Bismuth subcarbonate, Silicon dioxide
Paste B: Magnesium oxide, Bioactive glass, Silicon dioxide
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incisions were laterally extended to create surgical cavities. 
The sealer-filled tubes, which were prepared in the same 
manner as described above, were then inserted into the cavi-
ties, and the cavities were closed using a 4–0 silk thread 
(Mani, Tochigi, Japan). Twenty-eight days after the surgery, 
the animals were euthanized by anesthetic overdose, and the 
sealer-filled tubes were collected along with the surrounding 
tissue. The samples were divided into two groups. One group 
of samples (n = 4 for each sealer) was immersed in 5.25% 
sodium hypochlorite solution to remove the soft tissue from 
the tubes and preserve the sealer surface. Then, the exposed 
sealer surfaces of the extracted tubes were gold-coated with 
an ion sputtering device (IC-50; Shimadzu, Kyoto, Japan), 
and analyzed for ultrastructure and elemental composi-
tion using an electron probe microanalyzer (EPMA1601; 
Shimadzu) equipped with observation functions for scan-
ning electron microscopy and wavelength-dispersive X-ray 
spectroscopy. The scanning electron microscopy image and 
elemental composition were recorded at a representative 
area (100.7 × 75.5 μm) for each sample. The other group of 
samples (n = 4 for each sealer) was fixed with 2.5% glutar-
aldehyde solution buffered with 60 mmol/L HEPES for 24 h 
at 4 ℃ and embedded into epoxy resin (EPON 812; Taab, 
Aldermaston, UK) after dehydration in increasing concen-
trations of ethanol solution and acetone. Then, the samples 
were longitudinally sectioned with a water-cooled diamond 
wheel saw (MC-201 N; Maruto, Tokyo, Japan) through the 
center of the tubes. After being polished with 2400-grit and 
4000-grit SiC papers (Marumoto Struers KK, Tokyo, Japan), 
the cross-sectional surface was examined by elemental map-
ping analysis using EPMA1601 at an accelerating voltage 
of 15 kV with a 0.9-μm step size and 0.1-s sampling time. 

A representative area (230.4 × 230.4 μm) was evaluated for 
each sample.

As a positive control, sealers aged in an inorganic artifi-
cial body fluid (SBF prepared according to ISO23317 [18]) 
for 28 days at 37 °C were examined (n = 4 for each sealer). 
SBF was renewed weekly. Sealers hardened by immersion in 
DW for 1 day at 37 °C were examined as a negative control 
(n = 4 for each sealer).

Results

Ca2+and  OH−release ability

Endo-BC released a significantly higher amount of  Ca2+ 
than the other two sealers at earlier time points (6 and 12 h, 
and 1 day) in DW. At later time points (7, 14, and 28 days), 
Endo-BC and MTA-F exhibited similar rates of  Ca2+ release 
in DW. The  Ca2+ release ability of N-BG in DW was sig-
nificantly lower than that of Endo-BC and MTA-F at 14 and 
28 days (Table 2). The  OH− release ability of Endo-BC in 
DW was significantly higher than that of MTA-F and N-BG 
throughout the experiment, except at 1 day. Compared with 
MTA-F, N-BG showed significantly lower  OH− values at 
6 h and 7 days in DW (Table 3). The  Ca2+ concentrations of 
Endo-BC-immersed in SBF were significantly higher than 
those of MTA-F or N-BG-immersed in SBF throughout the 
experiment (Table 4). The pH of Endo-BC-immersed in SBF 
were significantly higher than those of MTA-F or N-BG-
immersed in SBF at 1, 7, and 14 days (Table 5).

Table 2  Calcium ion release 
from the tested sealers (mg  L−1)

Data are shown as the mean ± SD of five samples. Means associated with different letters in each column 
are significantly different at P < 0.05 (one-way ANOVA and post hoc Tukey’s test). Endo-BC, EndoSe-
quence BC sealer; MTA-F, MTA Fillapex; N-BG, Nishika Canal Sealer BG

Sealers 6 h 12 h 1 day 7 days 14 days 28 days

Endo-BC 51.20 ± 15.25a 5.93 ± 2.06a 7.52 ± 1.10a 13.72 ± 1.01a 13.52 ± 3.70a 10.18 ± 2.20a

MTA-F 2.90 ± 1.72b 1.61 ± 0.81b 3.37 ± 2.00b 15.22 ± 7.78a 14.46 ± 8.55a 10.86 ± 1.76a

N-BG 1.02 ± 0.50b 1.62 ± 0.74b 4.05 ± 1.86b 9.31 ± 1.63a 4.28 ± 0.79b 5.42 ± 1.89b

Table 3  Hydroxyl ion release of 
the tested sealers (pH)

Data are shown as the mean ± SD of five samples. Means associated with different letters in each column 
are significantly different at P < 0.05 (one-way ANOVA and post hoc Tukey’s test). Endo-BC, EndoSe-
quence BC sealer; MTA-F, MTA Fillapex; N-BG, Nishika Canal Sealer BG

Sealers 6 h 12 h 1 day 7 days 14 days 28 days

Endo-BC 10.86 ± 0.24a 9.84 ± 0.32a 9.82 ± 0.49a 10.73 ± 0.11a 10.50 ± 0.06a 10.58 ± 0.08a

MTA-F 9.39 ± 0.27b 9.22 ± 0.33b 9.59 ± 0.57a 10.43 ± 0.20b 9.55 ± 0.05b 9.40 ± 0.19b

N-BG 8.60 ± 0.27c 9.07 ± 0.22b 9.44 ± 0.32a 10.12 ± 0.13c 9.60 ± 0.03b 9.58 ± 0.02b
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In vivo apatite‑forming ability

Ultrastructural analysis revealed that the surface of SBF-
immersed positive-control sealers exhibited an apatite-like 
spherical structure (Fig. 1a, d, g), whereas the surface of 
DW-immersed negative-control sealers did not (Fig. 1b, 
e, h). The in  vivo–implanted Endo-BC displayed apa-
tite-like spherulites on the surface (Fig. 1c), whereas the 
in vivo–implanted MTA-F and N-BG displayed no spheru-
lites (Fig. 1f, i). The average surface elemental composi-
tion of the four samples in each experimental condition is 
shown in Fig. 1j-l. The apatite-like spherulites formed on 
SBF-immersed sealers and in vivo–implanted Endo-BC 
were carbon-rich and composed of calcium, phosphorus, and 
oxygen (Fig. 1j-l). In vivo–implanted N-BG also displayed 
a calcium-, phosphorus-, oxygen-, and carbon-rich surface; 
however, it had a certain amount of bismuth on the surface 
as did the DW-immersed N-BG (Fig. 1l). In the cross-section 
elemental mapping analysis, the SBF-immersed positive-
control sealers (Fig. 2a1-c4) and the in vivo–implanted 
Endo-BC (Fig. 3a1-a4) showed apatite layer–like calcium- 
and phosphorus-rich, but radiopaque element (zirconium, 
titanium, or bismuth)-free, regions; the DW-immersed neg-
ative-control sealers (Fig. 2d1-f4) and the in vivo–implanted 
MTA-F and N-BG (Fig. 3b1-c4) showed no such regions. 
The elemental mapping analysis showed the area of silicon 
element depletion inside the in vivo–implanted N-BG (Sup-
plementary Fig. 1).

Discussion

This study demonstrated that the relative  Ca2+ and 
 OH− release ability of the tested sealers in DW could be 
ranked as follows: Endo-BC > MTA-F > N-BG (Tables 2 
and 3). Previous studies have demonstrated that Endo-BC 
releases higher  Ca2+ and  OH− than MTA-F [13–15], which 
is in agreement with our findings. Although no previous 
studies have compared the  Ca2+ and  OH− release proper-
ties of bioactive glass-type N-BG with those of calcium 
silicate–type Endo-BC and MTA-F, a recent study reported 
that N-BG released significantly lower amounts of  Ca2+ 
than two calcium silicate–type bioceramic-containing root 

canal sealers [20], which is consistent with our findings. 
In this study, we further found that Endo-BC increased the 
 Ca2+ concentration and pH of an artificial body fluid (SBF) 
to a significantly greater extent than did MTA-F and N-BG 
(Tables 4 and 5). Therefore, Endo-BC may stimulate api-
cal tissue healing more than MTA-F and N-BG via higher 
 Ca2+ and  OH− release, although further confirmation by 
cell culture study or animal study is necessary [21].

The differences in ion release may be largely due to 
the differences in type and proportion of the bioceramic 
components inside the sealers. The bioceramic compo-
nent in both Endo-BC and MTA-F is calcium silicate, 
which produces calcium hydroxide on hydration. Cal-
cium hydroxide, in turn, further dissociates into  Ca2+ and 
 OH− in solution [22]. Meanwhile, the bioceramic compo-
nent in N-BG is bioactive glass. The dissolution of bio-
active glass increases the  Ca2+ and  OH− concentrations 
in the surrounding environment [23]. Based on previous 
studies, the dissolution of bioactive glass may not pro-
duce  Ca2+ and  OH− as abundantly as calcium silicate on 
hydration [24–26]. Regarding the proportion of biocer-
amic components, the manufacturers claim that Endo-BC 
contains approximately 50% calcium silicate, whereas 
MTA-F contains < 13.2% calcium silicate. The proportion 
of the bioactive glass component in N-BG is not disclosed; 
however, the sealer has a dual paste formulation and the 
bioactive glass is present only in paste B along with other 
non-bioceramic components (Table 1). Therefore, the pro-
portion of the bioactive glass in N-BG is likely low.

Setting time and solubility may also be associated 
with differences in ion release ability. According to the 

Table 4  Calcium ion 
concentration of simulated body 
fluid after immersion of tested 
sealers (mg  L−1)

Data are shown as the mean ± SD of five samples. Means associated with different letters in each column 
are significantly different at P < 0.05 (one-way ANOVA and post hoc Tukey’s test). Endo-BC, EndoSe-
quence BC sealer; MTA-F, MTA Fillapex; N-BG, Nishika Canal Sealer BG

Sealers 1 day 7 days 14 days 28 days

Endo-BC 210.74 ± 21.59a 192.32 ± 10.82a 145.28 ± 18.82a 121.32 ± 9.66a

MTA-F 105.37 ± 6.26b 99.64 ± 2.56b 97.05 ± 2.91b 101.84 ± 2.27b

N-BG 106.80 ± 1.58b 99.07 ± 2.58b 91.63 ± 1.79b 95.69 ± 2.34b

Table 5  pH of simulated body fluid after immersion of tested sealers

Data are shown as the mean ± SD of five samples. Means associ-
ated with different letters in each column are significantly different 
at P < 0.05 (one-way ANOVA and post hoc Tukey’s test). Endo-BC, 
EndoSequence BC sealer; MTA-F, MTA Fillapex; N-BG, Nishika 
Canal Sealer BG

Sealers 1 day 7 days 14 days 28 days

Endo-BC 7.37 ± 0.05a 7.45 ± 0.02a 7.21 ± 0.04a 6.96 ± 0.04a

MTA-F 7.05 ± 0.02b 7.15 ± 0.04b 7.02 ± 0.03b 6.96 ± 0.02a

N-BG 7.05 ± 0.02b 7.11 ± 0.02b 7.04 ± 0.03b 6.97 ± 0.01a
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manufacturer’s instructions, the setting time of Endo-BC is 
4 h, that of MTA-F is 2.5 h, and that of N-BG is 1 h. After 
setting, ion exchange between materials and the surrounding 
environment is restricted [13]. The degree of solubility of 
the sealers had been previously ranked as follows: Endo-
BC > MTA-F > N-BG [2, 15]. Considering that these sealers 
release  Ca2+ and  OH− because of the dissolution of their 
components, materials with higher solubilities presumably 
have higher  Ca2+ and  OH− release abilities. It should be 
mentioned here that these orders of setting time and solu-
bility are consistent with the order of ion release shown in 
this study.

This study evaluated the in vivo apatite-forming ability of 
three sealers by implanting the materials in rat subcutaneous 
tissue, which is a departure from the typical clinical situa-
tion, in which the sealers come in contact with periodontal 
ligament. However, periodontal ligament spontaneously 
produces calcified substances such as bone or cementum, 
which hinders the detection of bone-like apatite derived 

from chemical interactions between the sealers and body 
fluids. Furthermore, evaluating in vivo apatite-forming abil-
ity in human teeth is ethically inappropriate because it would 
require tooth extraction. Therefore, the rat subcutaneous 
implantation model is optimal for this purpose.

In our previous study, apatite formation on endodontic 
bioceramic materials started within 7 days after rat subcuta-
neous implantation [19]; thus, the 28-day observation period 
in this study provided ample time for evaluating the in vivo 
apatite-forming ability. This study showed that only Endo-
BC implants displayed calcium-, phosphorus-, oxygen-, and 
carbon-rich spherulites and calcium- and phosphorus-rich 
but radiopaque element-free regions on the surface (Figs. 1 
and 2). Previous studies reported that bone-like apatite 
formed on bioceramic materials exhibits a spherical appear-
ance [27] and is composed of calcium, phosphorus, oxy-
gen, and carbon [28]. Therefore, our findings indicated that 
Endo-BC possessed in vivo apatite-forming ability, whereas 
MTA-F and N-BG did not.

Fig. 1  Ultrastructure (a–i) and 
elemental composition (j–l) of 
the surface of EndoSequence 
BC sealer (Endo-BC) (a–c, j), 
MTA Fillapex (MTA-F) (d–f, 
k), and Nishika Canal Sealer 
BG (N-BG) (g–i, l) immersed 
in simulated body fluid (SBF) 
or distilled water (DW) or 
implanted in vivo. Apatite-like 
spherical structures are present 
on the surface of SBF-immersed 
positive control samples (a, 
d, g) and in vivo–implanted 
Endo-BC (c) but absent on the 
surface of DW-immersed nega-
tive control samples (b, e, h) 
and in vivo–implanted MTA-F 
(f) and N-BG (i). Bismuth 
subcarbonate–like rod-shaped 
crystals (arrows) are evident on 
the surface of DW-immersed 
and in vivo–implanted N-BG (h, 
i). The apatite-like spherulites 
are calcium (Ca)-, phosphorus 
(P)-, oxygen (O)-, and carbon 
(C)-rich (j–l). Si, silicon; Zr, 
zirconium; Ti, titanium; Bi, 
bismuth. Scale = 10 μm
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In this study, N-BG implants also exhibited a calcium-, 
phosphorus-, oxygen-, and carbon-rich surface (Fig. 1). 
However, 2.6% of bismuth element and bismuth subcarbon-
ate–like rod-shaped crystals were observed on the surface 
of N-BG implants (Fig. 1). Furthermore, no apatite-like 
spherulites or apatite layer–like regions were detected on 
the N-BG implants (Figs. 1 and 2). Therefore, the elemen-
tal composition change of the N-BG surface after in vivo 
implantation did not result from the surface being covered 
by apatite precipitate. We showed that an area of silicon 
element depletion was present inside the N-BG implants, 

suggesting that a massive amount of silicon ion was released 
from N-BG implants (Supplementary Fig. 1). Ion exchange 
between N-BG implants and the surrounding environment 
might have caused the elemental composition change.

Previous in vitro studies showed that the three tested seal-
ers produced apatite in inorganic artificial body fluids [4, 16, 
17]. We also confirmed these previous findings using SBF 
(Figs. 1 and 3). However, MTA-F and N-BG did not produce 
apatite-like precipitates in vivo. Two previous studies have 
also shown that in vitro tests using inorganic artificial body 
fluids cannot accurately estimate the in vivo apatite-forming 

Fig. 2  Backscattered electron 
images (BEI) and elemental 
mapping images of the cross-
sectioned EndoSequence BC 
sealer (Endo-BC) (a1–a4, d1–
d4), MTA Fillapex (MTA-F) 
(b1–b4, e1–e4), and Nishika 
Canal Sealer BG (N-BG) (c1–
c4, f1–f4) immersed in simu-
lated body fluid (SBF) (a1–c4) 
or distilled water (DW) (d1–f4). 
Arrows in BEI images indicate 
an apatite layer–like region, 
which is calcium (Ca)- and 
phosphorus (P)-rich but radio-
paque element-free. The apatite 
layer–like region is present on 
the surface of SBF-immersed 
positive control samples (a1–
c4) but absent on the surface 
of DW-immersed negative 
control samples (d1–f4). Lines 
indicate the interface between 
the radiopaque element-positive 
and element-negative regions. 
The colored bar indicates the 
intensity of the elements, with 
red for higher and white for 
lower intensities. Zr, zirconium; 
Ti, titanium; and Bi, bismuth. 
Scale = 20 μm
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ability of endodontic bioceramic materials [29, 30], possibly 
because of the presence of serum proteins in vivo. Serum 
proteins, represented by albumin, have been demonstrated 
to suppress apatite formation on bioceramic materials by 
reducing free calcium and phosphate ions in body fluids 
[31] and obscuring the apatite nucleation site on bioceramic 
materials [32].

It remains unclear why Endo-BC promotes apatite for-
mation in vivo but MTA-F and N-BG do not. One possible 
reason is that the superior  Ca2+ and  OH− release ability 
of Endo-BC enables apatite formation even in vivo.  Ca2+ 
and  OH− induce apatite formation by increasing the super-
saturation of the surrounding environment toward apatite 
precipitation [33]. Another possible reason is that a large 
amount of protein adsorption hinders the in vivo apatite-
forming abilities of MTA-F and N-BG. Serum proteins, 
which negatively affect apatite nucleation on the bioce-
ramic materials, as mentioned above, are more readily 
adsorbed on a hydrophobic surface than on a hydrophilic 
surface [34]. Indeed, the hydrophobicity of resin-contain-
ing MTA-F is higher than that of Endo-BC [35]. In addi-
tion, N-BG presumably has high hydrophobicity because 

it contains hydrophobic fatty acids [36] (Table 1). These 
possibilities will be the subject of future studies.

Conclusion

In conclusion, Endo-BC released a significantly higher 
amount of  Ca2+ and  OH− than MTA-F and N-BG. Addi-
tionally, only Endo-BC formed apatite-like precipitates 
on the surface after rat subcutaneous implantation. These 
findings suggest that Endo-BC is a preferable material to 
MTA-F and N-BG in terms of bioactive properties. In the 
future, the extent to which the differences in ion release 
and apatite-forming abilities influence clinical outcomes 
should be investigated to obtain more authoritative evi-
dence for optimal material selection.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00784- 021- 04118-w.
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