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Abstract This study aimed to evaluate the maxi-
mum compressive strength, the modulus of elas-
ticity, pH variation, ionic release, radiopacity and
biological response of an experimental endodontic
repair cement based on 4585 Bioglass®. An in vitro
and in vivo study with an experimental endodon-
tic repair cement containing 45S5 bioactive glass
was conducted. There were three endodontic repair
cement groups: 45S5 bioactive glass-based (BioG),
zinc oxide-based (ZnO), and mineral trioxide aggre-
gate (MTA). In vitro tests were used to evaluate their
physicochemical properties: compressive strength,
modulus of elasticity, radiopacity, pH variation, and
the ionic release of Ca®™ and PO,. An animal model
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was used to evaluate the bone tissue response to endo-
dontic repair cement. Statistical analysis included
the unpaired t-test, one-way ANOVA and Tukey’s
test. BioG showed the lowest compressive strength
and ZnO showed the highest radiopacity among the
groups, respectively (p <0.05). There were no signifi-
cant differences in the modulus of elasticity among
the groups. BioG and MTA maintained an alkaline
pH during the 7 days of evaluation, both at pH 4 and
in a pH 7 buffered solutions. PO4 was elevated in
BioG, peaking at 7 days (p <0.05). Histological anal-
ysis showed less intense inflammatory reactions and
new bone formation in MTA. BioG showed inflam-
matory reactions that decreased over time. These
findings suggest that the BioG experimental cement
had good physicochemical characteristics and bio-
compatibility required for bioactive endodontic repair
cement.

Keywords Bioglass - Endodontics - Histological -
Root resorption

Introduction

Different approaches have been proposed for the
treatment of external inflammatory root resorption
(EIRR), and most of them have focused on procedures
using intracanal materials (Heboyan et al. 2022). Cal-
cium hydroxide pastes have been used as intracanal
medication in cases of EIRR. However, the need for
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periodic changes and long-term use may modify the
mechanical properties of the root dentin (Ribeiro
et al. 2017). Endodontic repair cement can be used as
an alternative to calcium hydroxide pastes. The ideal
repair cement for EIRR must be antibacterial, radio-
paque, biocompatible, easy to handle, maintain an
alkaline pH, and promote the repair of periradicular
tissues (Parirokh and Torabinejad 2010b). In addi-
tion, compatible mechanical properties as such stift-
ness and strength are desirable for biomaterials that
need to integrate with surrounding tissue and acceler-
ate the healing of tissue damage (Arjunan et al. 2020,
2022).

Although direct occlusal stresses are rarely applied
to repair cements used in endodontic procedures,
resistance to compression is crucial for their han-
dling and insertion into resorptive defects. Despite
there being still no material with all of these char-
acteristics, the Mineral Trioxide Aggregate (MTA)
is currently considered the gold standard among the
repair cements available on the market (Parirokh and
Torabinejad 2010b). However, the difficulty of its
manipulation and insertion into the appropriate sites,
prolonged setting time, and dentin discoloration are
disadvantages of this kind of cement (Parirokh and
Torabinejad 2010a).

Previous research has suggested that alkaline bio-
active glasses of the SiO,—Na,0-CaO-P,05 system
act as bactericides in infected root canals (Mehrvar-
zfar et al. 2011; Zhang et al. 2010). In addition to the
bactericidal effect, bioactive glasses have bioactiv-
ity and remineralizing potential (Jung et al. 2022).
Hydration of the bioglass particles causes the release
of calcium, silica, phosphate, and sodium. That ionic
release indirectly promotes an additional pH-related
antibacterial effect (Mehrvarzfar et al. 2011). The
adverse effects of bioglass on dentin mechanical
properties appear to be less than those caused by cal-
cium hydroxide and MTA (Natale et al. 2015; Ribeiro
et al. 2017).

Among the existing types of bioglass, 4555
Bioglass® stands out for being composed of molec-
ular proportions of calcium oxides and phosphorus
similar to those found in human bones (Krishnan
and Lakshmi 2013). This bioglass has the ability to
regenerate tissues, form hydroxyapatite and bind to
hard tissues (Par et al. 2022; Cardoso et al. 2022).
Chemically and structurally, hydroxyapatite is simi-
lar to human bone tissue. This allows osteoblasts to
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multiply in the hydroxyapatite layer that forms on
the bioglass, establishing a strong connection with
the bone tissue (Hench and Jones 2015). In vitro
resorption models have shown that bioglass sig-
nificantly inhibits the formation of osteoclasts and
the expression of genes involved in bone resorption
(Mladenovi¢ et al. 2014).

Associations of 45S5 with endodontic sealers
and gutta-percha demonstrated effectiveness in api-
cal sealing, greater Ca/P precipitation, and high
pH induction (Heid et al. 2016). Despite this, there
are scarce studies evaluating 45S5 as an endodon-
tic repair cement (Washio et al. 2019; Cardoso et al.
2022). Because of the need for an effective bioactive
material for the treatment of EIRR, this study evalu-
ated the maximum compressive strength, the modulus
of elasticity, pH variation, ionic release, radiopacity,
and biological response of an experimental endodon-
tic repair cement based on 45S5 Bioglass®.

Materials and methods
Study design and endodontic repair materials

This study was conducted to evaluate the in vitro
physicochemical properties and in vivo bone tissue
response using an animal model (Fig. 1). The experi-
mental protocol was approved by the Ethics Com-
mittee on Animal Use of CEUMA University (no.
06/2017). The tests were performed on three endo-
dontic repair material groups: 45S5 bioactive glass-
based (BioG), zinc oxide-based (ZnO), and MTA.

The BioG experimental cement was prepared with
40% 4585 bioactive glass (NovaBone Products, Ala-
chua, FL, USA) and 60% zinc oxide (Sigma Aldrich,
St Louis, MI, USA). The ZnO and MTA (Angelus,
Londrina, SC, Brazil) cements were used at a 100%
concentration as control groups. The BioG and ZnO
cements were mixed with distilled and deionized
water (DDW) at the proportion of 1:3, and weighed
using a high-precision electronic balance (AD200
model, Marte, SP, Brazil). Table 1 summarizes the
details of the main materials used in this study. The
MTA cement was mixed according to the manufactur-
er’s instructions. The materials were placed in poly-
propylene tubes (1.5 mL) and homogenized using a
vortex for 1 min.
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Specimen preparation was made in a plastic matrix
(12 mmx6 mm @) according to the ANSI/ADA
specification No. 66 (Mallmann et al. 2007), and dis-
tributed among the tests of maximum compressive

strength, pH variation, and ionic release, in a total of
75 specimens (Fig. 1). A polyester strip was inserted
below and above the matrix for packaging the materi-
als and promoting surface smoothness. The cements
were inserted in three increments interspersed with
1 min of vibration to avoid the formation of air
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Table 1 Material, brand name, manufacturer, and composition of the main materials used in this study

Material (abbreviation) Brand

Manufacturer (City, Country)

Composition

Bioactive glass (BioG) 45S5 Bioglass®
Zinc oxide (ZnO)

Mineral Trioxide White MTA

Aggregate (MTA)

Zinc oxide—nanopowder Sigma Aldrich (Saint Louis, USA)

Angelus (Londrina, Brazil)

NovaBone Products (Alachua, USA) 45 wt% SiO,, 24.5 wt% CaO, 24.5 wt%

Na,0, and 6 wt% P,Os

ZnO nanoparticles (< 100 nm particle
size)

Si0,, K,0, Al,O, Na,0, Fe,0, SO;, CaO,
Bi,05, MgO, insoluble residues of CaO,
KSO,, NaSO, and crystalline silica

bubbles. After 24 h in an oven at 37 °C+1 °C and
100% humidity, they were removed from the dies and
their edges were smoothed with sandpaper No. 1200
(Skill-Tec, Sao Paulo, SP, Brazil).

Compressive strength and modulus of elasticity

Thirty specimens were submitted to the compressive
test (n=10, per group) using a universal mechanical
testing machine (Instron 3342, Canton, MA, USA)
with a 50 N load and a speed of 0.5 mm/min. The
compressive strength (in MPa) and modulus of elas-
ticity (in GPa) values were calculated directly by the
testing machine software.

Radiopacity

To determine the radiopacity, 3 acrylic matrices
with 5 holes (1 mmx 10 mm @) were used to make
the specimens (n=35 per group). After conditioning,
the cements were flattened with a glass plate overlay.
The set was kept in an oven at 37 °C+1 °C and 100%
humidity for 48 h. The thickness of the specimens
was checked with a digital caliper (Mitutoyo, Tokyo,
Japan), and the excess was removed with sandpaper
No. 1200. An aluminum 12-step penetrometer (1 mm
per step) was placed over the semi-direct digital plate
sensor (Orion Corporation Soredex, Helsinki, Fin-
land) to allow for analysis of the radiographic den-
sity. The radiographs were taken by an X-ray machine
(Focus, Kavo Brasil, Joinville, SC) at 70 KVP and
7 mA, for 0.25 s with a 40 cm focus-film distance,
according to specification No. 57 ANSI/ADA (Insti-
tute, 1984). After each exposure, the sensor was
read on a Digora Optime® scanner (Orion Corpora-
tion Soredex, Helsinki, Finland). The images were
exported to Kodak® Dental Imaging software to read
the radiopacity in pixel values, ranging from 0 to
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255. These values were converted to units in mm Al
(Duarte et al. 2009).

pH measurements

Thirty specimens were used for this analysis (n=10,
per group). Buffering was carried out at pH 4 with
hydrochloric acid and pH 7 with sodium hydrox-
ide (n=5, for each solution). Each specimen was
immersed in 5 mL of solution and kept in a refrigera-
tor at 4 °C+1 °C until reading. The pH values were
measured using a digital pHmeter (Quimis Q400A,
Sao Paulo, SP, Brazil) in triplicate at 15 min, 30 min,
1 h, 24 h, and 7 days after submersion (Xie et al.
2017).

Ion release of Ca™ and PO,

Fifteen specimens were used to determine the ion
release of Ca* and PO, (n=5, per group). After 24 h,
7 and 30 days submerged in 1 mL of DDW, 10 uL,
and 100 pL aliquots were collected to measure Ca®
and PO,, respectively. Colorimetric analysis was per-
formed in triplicate with Arsenazo III and Phospho-
mobilidate (Doles, Goidnia, GO, Brazil) by using a
multiplate spectrophotometer (630 nm; EIx800UYV,
Biotek Instruments, Winooski, VT, USA) (Carvalho
et al. 2016; Vogel et al. 1983).

Bone tissue response

The in vivo experiment included 45 male rats (Rat-
tus norvergius, albinus, Wistar), aged approxi-
mately 8 weeks and weighing 300-400 g. The ani-
mals were conditioned in plastic boxes (dimensions,
37.5%32x 16 cm?) in a controlled-environment room
(temperature, 23 °C +3 °C; humidity, 25%; light/dark
cycle, 12/12 h). The animals received balanced feed
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and water ad libitum. The animals were divided into
three experimental groups (BioG, ZnO, and MTA),
and each group was into three subgroups according to
the experimental times (15, 30, and 45 days).

Anesthesia was performed with xylazine hydro-
chloride solution (Xilazin 2%, Syntec do Brasil Ltd.)
and ketamine (Cetamin 10%, Syntec do Brasil Ltd.)
Intramuscularly at a dose of 1.5 mL/kg. Then, trichot-
omy and asepsis were performed, followed by 1.0 cm
incisions made parallel to the long axis of the right
and left tibias. After syndesmotomy, a cavity 2 mm in
diameter was made in the anterior wall of the right
and left tibiae with a low rotation carbide bur, under
saline irrigation. The cavity was filled with endodon-
tic repair material (BioG, ZnO, or MTA) according to
its group, and then the surgical wounds were sutured.
A solution of iodinated polyvinylpyrrolidone was
applied after suturing the surgical wounds. In the first
48 h after surgery, the animals received single daily
intraperitoneal doses of 0.05 ml of injectable sodium
dipyrone 500 mg/mL (Novalgina, Aventis Labora-
tory, Brazil).

At the end of each experimental period, the rats
were euthanized in a gas chamber according to
humanitarian techniques (SISBIO: 16716-1). The
BioG, ZnO, and MTA animals were euthanized at 15,
30, and 45 days after the surgical intervention (n=5
per each subgroup).

A sample of each subgroup 1 cm equidistant from
the endodontic material area was collected to serve
as a control group. The tibial areas, where the mate-
rial was filled during the surgical intervention, were
removed and fixed by immersion in a 10% formalde-
hyde solution buffered in 0.1 M sodium phosphate
buffer, pH 7.4 at 4 °C.

The samples were demineralized in a 10% EDTA
solution for 30 days followed by routine histologi-
cal processing. After this step, the specimens were
embedded in paraffin and subjected to serial section-
ing of 5 pm, followed by hematoxylin and eosin stain-
ing. Histological analysis was performed using a light
microscope and Axio Vision Rel. 4.8 software (Carl
Zeiss, Germany).

The area corresponding to the lower interface
between the implanted material and bone was evalu-
ated considering: the presence or absence of necro-
sis; the frequency and intensity of acute and chronic
inflammatory cells (neutrophils, lymphocytes, mac-
rophages, mast cells, plasmocytes, and giant foreign

body cells); the formation and characteristics of a
fibrous capsule around the implanted material; the
possible resorption and replacement of the material
by tissue; degeneration and disintegration along with
inflammatory cells and blood vessels aspects.

Statistical analysis

The data analysis was conducted using GraphPad
Prism version 9 (GraphPad Software Inc., San Diego,
USA). Data are presented as mean values + standard
deviation. Normality assessments were performed
using the Shapiro—Wilk test. Comparison analysis
was performed using an unpaired t-test or one-way
ANOVA and Tukey’s tests. The significance level
adopted was 5%.

Results

Compressive strength, modulus of elasticity, and
radiopacity

Figure 2a shows the significant differences among
the three groups (p <0.05). MTA presented the high-
est compression force while BioG was the lowest.
There were no statistically significant differences in
the elasticity module among the groups (Fig. 2b). In
Fig. 2c, the radiopacity was higher in the ZnO than in
the other groups (p <0.05).

pH evaluation

Figure 3 shows the variations of the pH values in the
tested solutions. At pH 4 (Fig. 3a) and pH 7 (Fig. 3b),
both BioG and MTA alkalized the medium, show-
ing a more significant increase after the first 15 min
(p<0.01), and the pH peaked after 7 days.

Ion release of Ca™ and PO,

Figure 4a illustrates the analysis of Ca concentra-
tion. There was a significant gradual increase in Ca*
release in the BioG group during the analyzed period
(p<0.05). The peak of Ca concentration in the MTA
group occurred at 7 days (p<0.05). In the compari-
son among groups, MTA showed higher concentra-
tions than BioG at both 24 h and 7 days (p <0.05).

@ Springer
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Fig. 2 Mean and standard deviation of the mechanical and
radiographic evaluation of the groups. Maximum compressive
strength (a), modulus of elasticity, (b) and radiopacity of the
study groups after hydration and setting time (c¢). *Indicates
statistically significant differences between the material groups
(p<0.05)

The PO, data are shown in Fig. 4b. In the BioG
group, the 7 days and 30 days timepoints showed
PO, concentrations statistically higher than at 24 h
(p<0.05). While in the MTA group, 30 days showed
a statistically lower concentration than at previous
times (p<0.05). BioG compared to MTA showed a
lower concentration at 24 h but it was higher at 7 days
and 30 days (p <0.05).
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Fig. 3 Mean and standard deviation of the pH variation of the
study groups in the buffered solutions (pH 4 and pH 7) at the
experimental times

Histological analysis

Figure 5 illustrates representative regions of the his-
tological sections in the study groups. The Control
Group showed characteristics of integrity with oste-
ocytes and matrix, and normality of the periosteum
and medullary region. The BioG group presented
with connective tissue and a larger number of blood
vessels surrounding the material, the presence of an
intense inflammatory infiltrate close to the bone sur-
face region, without osteoclasts, bone marrow rich in
connective tissue, inflammatory cells, and fibroblasts.
In BioG over time, the material showed closer con-
tact with the bone surface and at 45 days there was
a reduction in the proportion of inflammatory cells.
Internal erosion of the bioactive glass particles was
not observed in any of the specimens. The ZnO group
showed an intense inflammatory reaction during the
entire period evaluated, with subtle resolution in
the last period, congested blood vessels and a large
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number of inflammatory cells close to the material.
In the MTA group, connective tissue was observed,
rich in fibroblasts and collagen, inflammatory cells
in small amounts covering the material, and with few
blood vessels, the material in close contact with the
bone tissue, and signs of bone neoformation.

Discussion

The main findings of this study, which compared
maximum compressive strength, pH variation, and
ionic release tests, among the BioG, ZnO, and MTA
groups, suggest that the experimental endodontic
repair cement at a 40% concentration of 45S5 has the
required physicochemical requirements for a bioac-
tive material.

The compressive strength of the endodon-
tic repair cements varies according to the type of

material and vehicle used, their proportion, the
applied pressure, the mixing technique, and the stor-
age conditions. These factors were considered in the
standardization of the experimental groups. Accord-
ing to this study, the highest compressive strength
values were recorded for MTA. This characteristic
of MTA represents a disadvantage when it comes to
the handling of this material and insertion into the
location where it should act (Parirokh and Torabi-
nejad 2010a). Although endodontic repair cements
are not subjected to direct forces, they do experi-
ence compressive forces from intracanal inser-
tion and masticatory mechanics. High compressive
strength values similar to that of MTA can hinder
the handling and maintenance of the cement in the
resorptive cavity. On the other hand, it is believed
that the formation of a superficial porous layer in
Bioglass-based cements can reduce their compres-
sive strength values, as noted in this study (Bellucci
etal. 2011).

DDW was selected as a vehicle for BioG and
ZnO cements because it provides faster ionic release
of these materials. Eugenol is known to be a known
vehicle for ZnO. However, despite the formation
of zinc eugenolate being a factor that increases the
strength of this cement, this vehicle was not used in
this study because it is a genotoxic and mutagenic
agent (Hunag et al. 2001). In this study, the physical
evaluation of the cements, in all groups, presented
low values of modulus of elasticity, which is expected
for dental cements.

Evaluations of digital radiographic images using
photodensiometry and aluminum scales have been
previously performed (Carneiro et al. 2018; Duarte
et al. 2009). Radiopacity is a crucial feature for
endodontic filling materials to confirm the quality
of the filling of the root canal system (Carneiro et al.
2018). Even without the inclusion of added opacify-
ing agents, BioG obtained radiopacity values greater
than 3 mm of Al, complying with specification No.
57 ANSI/ADA (Institute, 1984).

The radiopacity of the MTA is guaranteed by the
addition of bismuth oxide. Camilleri et al. (2004)
suggest that this radiopacifier affects the precipita-
tion of calcium hydroxide released from the MTA and
that it does not stimulate cell proliferation. In addi-
tion, bismuth oxide undergoes greater release when
MTA is used under conditions of tissue inflammation
(Parirokh and Torabinejad 2010b). Thus, the addition
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Fig. 5 Photomicrographs
of histological sections of
the bone regions and con-
nective tissue surrounding
the tested materials. Control
group: (a, b, ¢; 50x,

100 %, and 200 X magni-
fication). BioG: (d, e, f;

200 x increase at 15, 30,
and 45 days). ZnO: (g, h,

i; 200 x increase at 15, 30,
and 45 days). MTA: (j, k, I;
200 x increase at 15, 30, and
45 days). (1) Type of mate-
rial, (2) Dense connective
tissue, (3) Bone trabeculae,
(*) Diffuse mononuclear
inflammatory infiltrate, (—)
Congested blood vessels

Control

BioG

ZnO

MTA

of bismuth oxide can reduce the biocompatibility of
MTA.

BioG alkalized both the acidic and neutral
medium, as well as releasing Ca and PO, over time.
These results are consistent with that proposed by
Cunha et al. (2011), who considered it desirable to
increase the pH in the resorptive sites to neutralize
the action of clastic cells. Thus, the ideal bioactive
material should favor an increase in pH in the reab-
sorption area and remineralization of the reabsorbed
area. Pieces of evidence have pointed out that the
induction capacity of dentin remineralization gradu-
ally improves when an ionic release occurs (Rabiee
et al. 2015). In addition, a previous study has shown
that the 45S5 bioactive glass had the potential to neu-
tralize acidic environments and induced the formation
of hydroxyapatite precursors (Cardoso et al. 2022). In
this in vitro evaluation, the BioG group reached its
peak of Ca* and PO, release at 30 days, thus being
slow and gradual. A rapid ionic release was observed
in the MTA at 7 days, when it reached the peak of
Ca' release and in the first 24 h for the release of
PO,. The saturation of these compounds, mainly Ca*,
as observed in the MTA, induces the formation of
crystalline hydroxyapatite that does not participate
effectively in tissue binding (Bingel et al. 2015).
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Alkaline ions such as Na® and Ca®* on the sur-

face of the bioglass are exchanged for H+, caus-
ing hydrolysis of silica and changes in pH (Rabiee
et al. 2015). The formation of hydroxyapatite is
significantly faster in acidic challenges than in neu-
tral ones due to the rapid ion exchange and the use
of Ca* and PO, released from the bioglass (Cardoso
et al. 2022). Concerning the release of Ca*, the MTA
showed a high ionic release of this compound associ-
ated with an increase in pH, being the highest among
all groups. High pH values may not be as clinically
desirable, as they induce negative changes in the
mechanical properties of root dentin, which can lead
to dental fractures (Ribeiro et al. 2017). Considering
the strong increase in local pH promoted by MTA, we
could assume that when indicated for the treatment of
EIRR, it could cause negative changes in the dentinal
structure (White et al. 2002). It is believed that an
increase in pH just enough to paralyze the osteoclas-
tic process is more advisable.

Histological analysis showed characteristics
related to the formation of fibrous tissue involving
the material in the BioG and ZnO groups. In the con-
nective tissues adjacent to the bioglass particles, a
moderate number of fibroblasts, macrophages, and
lymphocytes are present. These results are similar
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to those found by Melo et al. (2005). The formation
of blood vessels related to the three experimental
groups at 30 and 45 days, as well as the quantitative
decrease in inflammatory cells over time, following
the evidence available in the literature (Azenha et al.
2010). The excellent biocompatibility of 45S5 has
already been demonstrated by Azenha et al. (2010)
in Bioglass 45S5 implants in rabbit femurs, showing
the bone formation and a layer of soft tissue in close
contact with the implant surfaces in the spinal canal.
In addition, a previous study has shown that bioactive
glass-based root canal sealers can induce good wound
healing of periapical tissues in clinical cases (Washio
etal. 2019).

In both the BioG and MTA groups, the material
had intimate contact with the bone tissue, with the
formation of blood vessels in this connection. The
areas in contact with BioG and MTA showed bone
tissue closely related to the material particles, prob-
ably due to the osteoinductive property of these mate-
rials (Par et al. 2001). However, MTA was the only
group that presented bone neoformation.

The MTA has a fast setting, even in a humid envi-
ronment. In addition, the lack of membrane covering
the filling materials could justify the lack of bone
formation by BioG. This material has a considerable
ionic dissociation rate, which can facilitate its dilution
in the overlying connective tissue (Jones 2013). There
was no new bone formation in the 45S5 Bioglass
group. This finding can be explained by the short
evaluation period (up to 45 days), which can be con-
sidered a limitation of our study. However, it must be
considered that the repair of bone defects is achieved
not only by the osteoconductive properties of bioac-
tive glass granules but also by their osteostimulatory
effect (Melo et al. 2005).

Moreover, pieces of evidence already have shown
that BioG can activate genes that control osteogenic
activity and growth factors, inhibit osteoclast forma-
tion and bone resorption, and stimulate the forma-
tion of hydroxyapatite and remineralization of dental
hard tissues (Mladenovi¢ et al. 2014; Par et al. 2001).
Furthermore, it is believed that BioG could also
induce the repair of the defect caused by the EIRR
(Mladenovic et al. 2014).

Nevertheless, this study has some limitations. The
in vitro design and in vivo animal model study can
limit the interpretation and generalization of these
findings to clinical practice. Another limitation was

that the employed study design was limited to simu-
lating the root canal environment. In addition, an
immunohistochemistry analysis could detect inflam-
matory markers expression and clarify the tissue
response to different materials. Therefore, future
clinical studies with a larger sample, longitudinal
design, therapy effect, and inflammatory markers are
required to evaluate the long-term cost-effectiveness
of endodontic repair material containing 45S5 bioac-
tive glass.

Conclusion

The findings suggest that the experimental endodon-
tic repair cement with a concentration of 40% of 45S5
Bioglass seems to be a promising material for the
treatment of EIRR, as it presents the biocompatibil-
ity and resistance to being inserted in the root canal
or applied in resorptive areas, can alkalize acid and
neutral environments with the gradual release of PO,
ions, which are involved in its bioactivity.
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