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ARTICLE INFO ABSTRACT
Article history: Objective: This study aimed to develop and characterize an ion-releasing experimental
Received 21 June 2022 fiber-reinforced flowable composite (Bio-SFRC) and dentin treatment solution made of poly
Received in revised form 12 August (acrylic acid) (PAA) with a high molecular weight. In addition we also evaluated the in-
2022 terface structure and mineralization potential between the Bio-SFRC and dentin.
Accepted 18 August 2022 Methods: Some mechanical properties (flexural properties and fracture toughness) of Bio-
SFRC in comparison with commercial inert (G-aenial Flo X) and ion-releasing materials
Keywords: (ACTIVA-BioActive Base/Liner and Fuji II LC) were assessed (n = 8/group). Calcium-release
Short fiber-reinforced flowable at different time-points was measured during the first six weeks by using a calcium-ion
composite selective electrode. Surface analysis of composites after being stored in simulated body
Mineralization fluid (SBF) was investigated by using SEM/EDS. Dentin disks (n = 50) were prepared from

extracted sound teeth and demineralization was simulated by acid etching. SEM/EDS was
used to evaluate the microstructure of dentin on the top surface and at interface with
composites after being stored in SBF.

Ion release
Bioactivity

Mechanical properties ) .
Results: Bio-SFRC showed higher fracture toughness (1.6 MPa mY?) (p < 0.05) compared to

Flo X (1.2 MPa m¥?), ACTIVA (1 MPa m*?) and Fuji II LC (0.8 MPa m*?). Accumulative cal-
cium release after six weeks from Bio-SFRC (15 mg/l) was higher than other tested ion-
releasing materials (~ 6 mg/l). Mineralization was clearly seen at the interface between
treated dentin and Bio-SFRC. None of the commercial tested materials showed signs of
mineralization at the interface and dentinal tubules remained open.

Significance.

Developing such reinforced ion-releasing flowable composite and PAA solution might
offer the potential for mineralization at the interface and inside the organic matrix of
demineralized dentin.
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ion-releasing restorative materials is growing in parallel with
the evolution of minimally invasive dentistry [1]. However,
the term bioactive or biomineralizing materials is still a
subject of controversy. While some biomaterial scientists
believe that a bioactive material should be able to precipitate
hydroxyapatite on its surface [1], others disagree [2]. Never-
theless, they should develop an active interface with biolo-
gical tissue [1,3].

To treat dental caries via minimally invasive ap-
proaches, restorative materials should have buffering and
mineralizing capabilities to arrest caries while keeping
their stability over time and resistance to occlusal stress
[4]. The goal of such approaches lie in reducing the ex-
cavation or drilling of dental tissues and instead sup-
porting their healing and repair. As a result, dental
materials scientists have been attempting to mineralize
dentin under restorations in order to biomimetically re-
store intact dentin [1|. To have an ideal dentin miner-
alization, two things are needed. First, using chemically
synthesized (dentin treatment solution) alternatives for
specific dentin matrix proteins that are required for mi-
neralization [5,6]. Second, an ion-releasing cavity liner or
base to be used as a source for calcium and phos-
phate [7,8].

A recent bioengineering study on biomimetic mineraliza-
tion [5] showed that poly(acrylic acid) (PAA) with specific
molecular weight and concentration in amorphous calcium
phosphate solution, facilitated collagen intrafibrillar miner-
alization via controlling the growth of hydroxyapatite crys-
tals. This means that PAA could be a good dentin treatment
solution and have a positive role in the formation and sta-
bilization of amorphous calcium phosphate (ACP) during the
dentin mineralization process [7].

To promote dentin remineralization and minimize
caries, bioceramic particles such bioactive glass and cal-
cium phosphate in different forms have been added to
dental composites [9]. However, it is clear from the litera-
ture that contemporary bioactive or ion-releasing resin-
based composites that are used as cavity liners or bases
still demonstrate limitations due to their brittleness and
low fracture toughness and other mechanical properties
when used under large restorations [10-12]. As those non-
silinaized bioactive particles do not have a reinforcing role
such as silanized glass particles or fibers. In addition, dis-
solution of bioactive particles might also negatively affect
the long-term mechanical stability of the composite [13].
On the other hand, flowable composites reinforced with
short randomly oriented glass fibers showed improved
fracture toughness, mechanical stability and ability to ar-
rest crack propagation [14-16]. In fact, appropriate physical
and mechanical properties and satisfactory ion-releasing
are all characteristics that cavity liners should fulfill,
especially for selectively excavated teeth and their re-
storations [17,18].

Developing materials that combine special interactive
characteristics to meet the requirement for the dentin mi-
neralization process is a challenging mission. To our best
knowledge, in dentistry there is a lack of such a combined
system. Thus, our research aim was to develop and char-
acterize a novel system combining ion-releasing (bioactive)

fiber-reinforced flowable composite (Bio-SFRC) and dentin
treatment solution made of PAA with a specific molecule
weight and concentration.

The hypotheses were (1) flowable ion-releasing composite
(Bio-SFRC) could be reinforced by incorporating randomly
distributed glass microfibers, (2) PAA solution can promote
dentin remineralization underneath the composite material,
(3) the adoption of such a system (Bio-SFRC and PAA) will
demonstrate adequate response of mineralization at the in-
terface with demineralized dentin.

2. Materials and methods
2.1. Materials

Bisphenol-A-glycidyl dimethacrylate (bis-GMA) was pur-
chased from Esstech Inc. (Essington, PA, USA). Diurethane
dimethacrylate (UDMA), hydroxyethyl methacrylate (HEMA),
pentaerythritol tetraacrylate (PETA), camphoroquinone (CQ),
N,N’-dimethyl aminoethyl methacrylate (DMAEMA) and poly
(acrylic acid) (PAA) were obtained from Sigma-Aldrich Co. (St
Louis, MO, USA). Borosilicate glasses containing TiO, and
ZnO filler particles (@ 0.7 pm) were received from Schott AG
(UltraFine GM27884, Schott, Landshut, Germany). Carbonated
apatite particles (Cytrans®, @ 10 pm) were provided from GC
Corporation (Tokyo, Japan). Calcium carbonate powder
having a primary particle size of 200 nm was supplied by
Shiraishi Central Laboratories (Hyogo, Japan). All of the re-
agents were used without purification.

Commercial inert flowable composite (G-aenial Flo X, GC
Corporation) and ion-releasing materials (ACTIVA-BioActive
Base/Liner, Pulpdent, Watertown, MA, USA and Fuji Il LC, GC
Corporation) were used as controls.

2.2. Production of bioactive fiber-reinforced flowable
composite

Experimental bioactive flowable short fiber-reinforced com-
posite (Bio-SFRC) was prepared by mixing 38 wt% of di-
methacrylate based resin matrix (bisGMA/UDMA/HEMA/
PETA = 30/23/30/17 with 0.7 wt% CQ and 0.7 wt% DMAEMA as
a photoinitiator system) to 21 wt% of TiO, and ZnO con-
taining borosilicate glass powder, 18 wt% of carbonated
apatite particles, 3 wt% of calcium carbonate powder and
20 wt% of short fibers. The E-glass fibers (as-received sila-
nized) having length scale of 200-300 micrometer (@6 um), so-
called microfibers and non-silanated powders were added
gradually to the resin matrix. The mixing was carried out by
using a high speed mixing machine for 2 min (Hauschild
Speed Mixer DAC 400.1, 3500 rpm). Temperature change
during the mixing were monitored using an infrared ther-
mometer.

2.3. Preparation of dentin treatment solution

Dentin treatment solution was synthesized by mixing deio-
nized distilled water and PAA with specific high molecular
weight (450 kDa) and low concentration (10 mg/L). The PAA
solution was stirred for 24 h at room temperature.
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2.4.  Mechanical tests of Bio-SFRC

Three-point bending test specimens (2 x 2 x 25 mm?) were
made from each experimental (Bio-SFRC) and commercial
materials (Fuji II LC, ACTIVA, Flo X). Bar-shaped specimens
were made in half-split stainless steel molds between trans-
parent Mylar sheets. Polymerization of the materials was
done using a hand light-curing unit (Elipar LED, TM S10, 3 M
ESPE, Germany) for 20 s in five separate overlapping portions
from both sides of the metal mold. The wavelength of the
light was between 430 and 480 nm and average light irra-
diance was 1600 mW/cm? (MARC® Resin, BlueLight analytics
Inc., Halifax, Canada). The specimens from each material
(n = 8) were either stored dry (for one day/37 °C) or in SBF
(simulated body fluid) for 30 days at 37 °C or boiled in deio-
nized distilled water for 16 h before testing. The three-point
bending test was conducted according to the ISO 4049 stan-
dard (test span: 20 mm, cross-head speed: 1 mm/min, in-
denter: 2 mm diameter). All specimens were loaded into a
material testing machine (model LRX, Lloyd Instruments Ltd.,
Fareham, England) and the load-deflection curves were re-
corded with PC-computer software (Nexygen 4.0, Lloyd
Instruments Ltd., Fareham, England). Flexural strength (FS)
and flexural modulus (FM) were calculated from the fol-
lowing formula:

FS= 3 F,I /(2bh?) FM= SI® /(4bh?).

Where Fy, is the applied load (N) at the highest point of the
load-deflection curve, I is the span length (20 mm), b is the
width of the test specimens and h is the thickness of the test
specimens. S is the stiffness (N/m) S=F/d and d is the de-
flection corresponding to load F at a point in the straight-line
portion of the trace.

Single-edge-notched-beam (SENB) specimens (2.5 x 5

x 25 mm?) according to an adapted ISO standard method
(ASTMD5045-14; ISO/NP 13586) were prepared to determine
fracture toughness [19,20]. A custom-made stainless steel
split mold was used, which enabled the specimen’s removal
without force. An accurately designed slot was fabricated
centrally in the mold extending until its mid-height, which
enabled the central location of the notch and optimization of
the crack length (x) to be half of the specimen’s height. The
material was inserted into the mold placed over a Mylar-strip-
covered glass slide in one increment. Before polymerization a
sharp and centrally located crack was produced by inserting
a straight edged steel blade into the prefabricated slot. Poly-
merization of the material was carried out for 20 s in five
separate overlapping portions. The upper side of the mold
was covered with a Mylar strip and a glass slide from both
sides of the blade, before being exposed to the polymeriza-
tion light. Upon the removal from the mold, each specimen
was polymerized also on the opposite side. The specimens
from each group (n = 8) were stored dry at 37 °C for 24 h
before testing. The specimens were tested in three-point
bending mode, in a universal material testing machine at a
crosshead speed of 1.0 mm/min. From the load values at
fracture, fracture toughness (Kic) was calculated through the
following formula [21]:

Kic = [P L/B W*?] f(x)

where: f(x) = 3/2x"? [1.99-x(1-x) (2.15-3.93x+2.7x2)] / (1 +2) (1-
x)¥?and 0 <x < 1 with x = a/W.

Here P is the maximum load in kilonewtons (kN), L is the
span length (2 cm), B is the specimen thickness in cen-
timeters (cm), W is the specimen width (depth) in cm, x is a
geometrical function dependent on a/W and a is the crack
length in cm.

2.5. Calcium ion release and surface microstructure
characterization

Three disc-shaped specimens (15 mm in diameter and 1 mm
in thickness) for each tested material were prepared in a
metal mold. The material was packed into the mold and
covered on both sides with Mylar strips and microscopic
glass slides to extrude the excess material. Polymerization
was performed according to manufacturer recommendation.
All specimens were then polished to remove the oxygen in-
hibition layer and each specimen was immersed in a plastic
receptacle containing 5 mL of deionized water at 37 °C. Each
5 mL of storage water was mixed with 0.1 mL of ionic
strength adjustable buffer (ISA) solution and analyzed for
calcium ions with the use of an ion-specific electrode (Orion
Electrode, Orion Research Inc., Boston, MA, USA) connected
to an ion analyzer supplied with the measuring unit.
Measurements of calcium released were studied at 4 h, 1 day,
2 days, 7 days, 14 days, 3 weeks and 6 weeks. The solution
was gently stirred during the analysis in a non-heated mag-
netic stirrer. The system was calibrated prior to each eva-
luation with calcium standards ranging from 0.1 to 200 ppm.
The released ions were reported in cumulative concentra-
tions.

Surface microstructure characterization of disc specimens
(n = 3) made of tested materials after 2 weeks storage in SBF
(under a shaking speed of 100 rpm) at 37 °C was analyzed
using SEM and energy-dispersive spectroscopy (EDS).

2.6. Dentin disks preparation and experimental design

Fifty extracted, sound and caries-free wisdom teeth (acquired
from the teaching clinic of the Institute of Dentistry,
University of Turku) were selected. Upon collection, adhering
soft tissues were removed under running water and the teeth
were stored in a 0.5% chloramine T solution at 4 °C for a
period not exceeding 2 months. Dentin disks (2 mm thick)
were prepared a using ceramic cutting disc operating at a
speed of 100 rpm (Struers, Glasgow, Scotland) under water
cooling. Then, the upper surfaces of dentin disks were po-
lished with an automatic grinding machine, 1200-grit,
300 rpm under running water (Struers Rotopol-11). To simu-
late demineralized dentin, disks were etched using 37%
phosphoric acid (Scotchbond Universal Etchant, 3 M ESPE,
USA) at room temperature for 20 s and rinsed carefully with
distal distilled water for 1 min [7].

For testing the mineralization on the top surface of de-
mineralized dentin, disks (n = 30) were either surface
treated/rinsed with PAA solution (n = 15) or without (control,
n = 15) before immersion in SBF prepared according to well
known formula [22]. Disks were stored in SBF for 7 days
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(steady) at 37 °C and solution was refreshed every day. Then,
microscopic characterization of the dentin surface (with/
without PAA solution) after different time points (1, 3 and 7
days) was performed.

For testing the interface between the tested materials and
the demineralized dentin, Bio-SFRC and commercial mate-
rials (Fuji I LC, ACTIVA, Flo X) were applied on disks (n = 5/
per material) and light-cured (Elipar LED) according to the
manufacturer’s instructions. Then, composite/dentin disks
(n = 20) were immersed in SBF for 2 weeks (steady) at 37 °C.
SBF solution was refreshed every day for 1 week. Disks were
then broken into two halves for microscopic evaluation of the
interface between the dentin and tested materials.

2.7.  Microscopic analysis

SEM and EDS (GeminiSEM 450, Carl Zeiss & LEO, Oberkochen,
Germany) provided the characterization of the micro-
structure of the investigated specimens. Specimens were
stored in desiccator for one day. Then, they were coated with
a gold layer using a sputter coater in a vacuum evaporator
(BAL-TEC SCD 050 Sputter Coater, Balzers, Liechtenstein) be-
fore the SEM/EDS examination.

2.8. Statistical analysis

The data were statistically analyzed with SPSS version 23
(SPSS, IBM Corp.) using analysis of variance (ANOVA) at the
p < 0.05 significance level, followed by a Tukey HSD post hoc
test to determine the differences between the groups.
Levene’s test was used to test the normality of data.

3. Results
3.1. Mechanical properties

Levene’s test revealed that the variances were homogenous
and equal across groups. The mean values of flexural
strength, flexural modulus and fracture toughness for tested
experimental Bio-SFRC and commercial materials with stan-
dard deviations (SD) are summarized in Fig. 1. Two-way
ANOVA demonstrated that both material type and aging
condition had significant effect on the tested flexural prop-
erties (p < 0.05). All materials showed reduction in flexural
strength after accelerated hydrothermal aging (boiling), be-
tween 15 % and 47 %, but only for ACTIVA and Bio-SFRC the
reduction was considerable. Flo X presented the highest
flexural strength (133 MPa) in dry condition among all tested
materials, followed by Bio-SFRC (117.3 MPa) and ACTIVA
(99.5 MPa). On the other hand, Fuji II LC had the lowest
flexural strength values (40-59 MPa) before and after aging.
ACTIVA had the lowest flexural modulus values before and
after aging, while Bio-SFRC presented the highest in dry
condition among the materials tested. According to the re-
sults, the SBF storage (30 days) has no significant impact on
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Fig. 1 — Bar graph showing means flexural strength (MPa),
flexural modulus (GPa) and fracture toughness (K;c) with
standard deviations (SD) of tested materials.
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Fig. 2 - Gumulative concentrations of the released calcium
ion (mg/l) after 6 weeks of immersion in deionized water.

the tested flexural properties of Fuji Il LC and Flo X (p > 0.05).

Bio-SFRC had significantly higher fracture toughness
(1.6MPam¥?) (p < 0.05) compared to tested commercial
materials. Fuji II LC presented the lowest fracture toughness
(0.8MPamY?) which was significantly different (p < 0.05)
from ACTIVA (1 MPam"?) and Flo X (1.2 MPamY?).

3.2 Calcium ion release and surface characterization

Fig. 2 presented the cumulative calcium release for the tested
materials after a six-weeks storage period in deionized water.
Ion analysis showed clear differences between the materials.
The highest calcium release measurement was located for
Bio-SFRC and lowest for Flo X among other materials. SEM/
EDS surface examination of investigated materials after 2
weeks storage in SBF is presented in Fig. 3. SEM/EDS revealed
typical surface microstructure of each tested material with
various ingredient ratios. Major elemental composition de-
termined with EDS is presented in Table 1. SEM/EDS analysis
proposed a justification for dissimilar mineralization poten-
tial among tested materials. Bio-SFRC showed signs of mi-
neralization on the surface (Fig. 3C), while none of the
commercial tested materials showed any mineralization
(Fig. 3A, B, D).

3.3.  Mineralization of demineralized dentin disks

The effect of applying PAA treatment solution on deminer-
alized dentin has been shown in Figs. 4 and 5. SEM images
illustrated clearly that PAA solution promotes the miner-
alization process in the presence of calcium/phosphate rich
media. Fig. 4 (B & C) showed a formation consisting of a thick
mineralization layer (3-5pum) on the demineralized dentin
surface occluding all dentinal tubules after 7 days storage in
SBF. On the other hand, lack of mineralization was seen with
non-PAA treated dentin disks (control) and dentinal tubules
remained open (Fig. 4A). After PAA solution treatment, the
mineralization of the demineralized dentin disks started

after 3 days in SBF and from deep inside the dentinal tu-
bules (Fig. 5).

Fig. 6 showed the interface between demineralized dentin
and representative examples for each of the tested materials
after two weeks storage in SBF. None of the commercial
tested materials showed signs of mineralization at the in-
terface and dentinal tubules remained open, while Bio-SFRC
showed signs of mineralization at the interface and inside
dentinal tubules (Fig. 6A). Tag-like microstructures were
clearly detectable in SEM images of the detached Bio-SFRC at
the interface with treated dentin (Fig. 6B). An elemental
mapping analysis showed that calcium in addition to silica
and carbon were the major compositions of these tags. Fur-
thermore, mineralization at the interface was detectable by
the formation of a calcium rich layer (Fig. 7).

4, Discussion

Researchers have been trying for a long time to mineralize
dentin under restorations by using different ion-releasing
materials. At first, this is linked to the increased concern in
minimally invasive approaches of caries management. On
the other hand, the rising interest in the protective effect of
mineralization on demineralized or etched dentin beneath
restorations has prompted efforts to develop mineralizing
techniques that restore the function and structure of mi-
nerals-depleted collagen fibrils [23,24]. Unfortunately, the
current commercially ion-releasing materials are not able to
immediately mineralize the residual caries-affected or etched
dentin [10] and they are suffering from a lack of satisfactory
mechanical properties and especially toughness when used
as a dentin replacement material [10-12].

Considering the trade-off between mechanical properties
and ion release. The outcomes of the present study approve
the hypothesis that microfibers can still have a substantial
impact on fracture toughness and flexural strength together
with the easy to use properties of a high-flowable ion-re-
leasing material. The experimental flowable Bio-SFRC
showed enhanced resistance capability to crack propagation
that is fracture toughness, which could be explained by the
fiber and matrix related properties of the material. Despite
the fact that microfibers in this flowable material are shorter
than the critical fiber length. The aspect ratio is above 30,
which offers reinforcement to the materials and thus, could
efficiently accept the stress transferred from the matrix. In
addition, the fibrous structure could offer a long-term stabi-
lity for ion-releasing Bio-SFRC material [16].

In this investigation, the effect of SBF storage and hydro-
thermal accelerated aging on the materials’ flexural strength
was studied. In fact, this laboratory hydrothermal aging may
not be directly translated into the clinical situation, but ac-
cording to existing literature, it provides an indication of the
long-term materials’ stability [25,26]. Our data support the
previous finding, which stated that boiling dental composite
in water could induce quick penetration of water into the
matrix of composite structure and as a consequence soft-
ening the composite matrix occurs [26]. Furthermore, the
penetrated water was thought to contribute to the hydrolytic
degradation of non-silinaized bioactive particles and induce
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Fig. 3 - SEM images at 30x & 1000x (upper right corner) magnifications of the surfaces of investigated materials after 2 weeks
of immersion in SBF. (A) Fuji II LG; (B) ACTIVA,; (C) Bio-SFRG; (D) Flo X. White arrows in the lower images (C) showed places of
mineralization on Bio-SFRC surface with different (2kx, 5kx & 10kx) magnifications.

hydrolysis of the particle-matrix interface, which resulted in hydrothermal aging and SBF storage may be the results of
increasing the resin phase softening [13]. Thereby, the re- these mechanisms. However, in this study the 30-days SBF
duction in the flexural properties of the tested materials after storage period was not long enough to cause reduction in
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Table 1 - Major elemental compositions of investigated
materials determined with EDS surface analysis after 2
weeks of storage in SBF.

Materials Weight %

Fuji II LC C 14.9, 0 31.2, Na 0.7, F 9.7, Al
11, Si9.5, Ca 1, Sr 22

ACTIVA C35.5,035.3,Na 1.3, F2, Al 3.3,
Si 10.6, P 0.8, K 0.7, Ca 3.1,
Ba7.4

Bio-SFRC C29.1, O 36.6, Na 2.8, Al 1.3, Si
9.7,P43,K 1.3, Ca 124, Ti 0.9,
Zn 1.6

Flo X C 27.5, 0 41.8, Na 0.5, Al 3.3, Si

14,K 0.3, Ba 12.6

flexural strength for Flo X and Fuji II LC. It has been pre-
viously reported that exposure of glass ionomer materials to
water improved the strength regardless of the presence or
absence of resin reinforcement [27]. This was explained by
the maturation of the cement matrix which became more
rigid with time.

Different laboratory techniques (SEM, TEM, FTIR, XRD,
EDS, EPMA, Micro-CT, hardness and nano-indentation) have
been mentioned in the literature to identify the change in
mineral content or mineralization of tooth substrate. Despite
the significance of these techniques, they require careful
sample preparation and their ability to detect clinically re-
levant mineralization may be limited. In this study, we ex-
amined the mineralization formation on the surface of
human dentin and at interfaces between ion-releasing ma-
terials and dentin, which may be more informative and re-
presentative.

Our results support using PAA with specific high mole-
cular weight and low concentration as a dentin treatment
solution to promote mineralization. Therefore, the second
hypothesis was accepted. We demonstrated that after appli-
cation of PPA, a layer of mineralization was formed on the
demineralized dentin surface occluding opened dentinal tu-
bules after a few days of storage in SBF (Fig. 4B). Interestingly
the PAA application promoted a fast acting mineralization
process deeply inside the dentinal tubules (Fig. 5). We
speculated that the used PAA has a high negative charge,
which provides its ability to attract ions and stabilize the
growth of ACP around dentinal collagen fibers. This is in line
with previous in-vitro studies where PAA-ACP solutions
showed stability and controlled growth of PAA-ACP agglom-
erates in the presence of collagen matrix [5,7,28]. Our results
support the finding of Qi et al.,, who showed that solution
containing a very low concentration of PAA with high mole-
cular weight, minerals quickly aggregated, crystallized and
precipitated [5]. Authors emphasized the potential of using
this PAA-ACP solution to manufacture scaffolds and con-
structs for tissue engineering with exceptional properties
that match those of bone [5].

Studies from existing literature had offered evidence that
minerals within collagen fibers start as stable amorphous
mineral particles that eventually transform into hydro-
xyapatite crystallites [29-31]. Gaining full thickness miner-
alization, would require this process to be diffuse and faster.
This could be accomplished by using biomimetic analogs or a

00kV 25pA ETD SE
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e . 200 ¥
I Probe = 1.0 nA TOP Al
Mag= 150KX -

Date :18 Feb 2020
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Aperture Size = 60.00 um b
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Fig. 4 - SEM images (1000x, surface view) of demineralized
dentin disks without (A, control) or with (B) PPA treatment
solution after one week storage in simulated body fluid.
Cross sectional view (C) at 2500x magnification showing the
thickness of mineralized layer (3-5 pm).

dentin treatment solution [32], which replaces the action of
non-collagenous matrix proteins that are usually involved in
the typical mineralization process. According to Tay and
Pashley, these synthetic alternatives are thought to provide
scattered nucleation sites, allowing metastable crystals to
form in the gap zone between collagen fibrils [23]. Thereby
protecting crystals from further hydrolysis and repair their
functional properties. However, further investigation of the
mineralization process is still needed.
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Fig. 5 - SEM images with different magnifications (4kx, 6kx
& 15kx) of demineralized dentin disc treated with PAA
solution and stored 3 days in SBF showing the
mineralization inside the dentinal tubules.

In the SEM images, a few microns wide band or layer of
mineralized structure was visible at the interface between
Bio-SFRC and treated dentin specimens (Fig. 6 & 7) but not in
the Fuji I LC, ACTIVA, and Flo X specimens (Fig. 6). A calcium
rich layer was formed on the surface exposed to the Bio-SFRC

(Fig. 7) and the dentinal tubules appeared to be blocked and
did not open to the surface unlike the tubules of other spe-
cimens. This could be attributed to the presence Bio-SFRC as
the source of ions and PAA as a dentin treatment solution to
attract ions and stabilize the growth of ACP. Therefore, the
third hypothesis was also accepted.

Formation of an interfacial layer between the deminer-
alized dentin and ion-releasing materials like calcium silicate
cements was previously reported by many authors [33-35].
They suggested that this layer forms in between the two
substrates due to hydroxyapatite formation, although, our
study showed that mineralization could be formed within the
structure of the dentin as well. However, no direct compar-
ison should be made as the materials, testing technique and
samples in our study were different from the aforementioned
studies. The flowable consistency of the experimental Bio-
SFRC may have facilitated in its penetration through the
opened dentinal tubules, where eventually overtime some
crystalline clusters may form (Fig. 6). This is in accordance
with Atmeh et al., and Reyes-Carmona et al., studies, which
showed tag-like structure between calcium silicate cements
and dentin [33,35].

It was not surprising that Flo X did not show any sign of
mineralizing potential as this composite contains mainly
barium glass fillers and it is not considered as an ion-re-
leasing material. However, the tested commercial ion-re-
leasing materials did not either show any mineralization
potential even though they released a relative amount of
calcium (Fig. 2). The potential mineralizing effects of mate-
rials like Fuji II LC and ACTIVA on demineralized or carious
tooth tissues have been widely studied [36-41]. This has led
to their use as part of minimally invasive methods for mi-
neralizing caries-affected dentin. The mineralizing effect was
principally attributed to the rich fluoride release by the glass
ionomer like materials, which induces the formation of
highly acid resistant fluoroapatites [42]. Ion exchange with
dentin, including calcium and strontium, was also reported
[43], and therefore indicated the dentin mineralization [36].
However, the role of glass ionomer-like materials in dentin
mineralization remains controversial in the absence of con-
clusive results about this role [44]. Our results are in line with
many laboratory studies, which could not demonstrate the
mineralizing potential of glass ionomer like materials in de-
mineralized dentin [37,45,46].

The amount of calcium released from Bio-SFRC after one
and six weeks was more than double that of other tested ion-
releasing materials (Fig. 2). This could be explained by the
high concentration of functional bioactive fillers (> 20 wt%),
in particular calcium carbonate and carbonated apatite (Cy-
trans) within the composition of Bio-SFRC [47-49]. The HEMA
present in Bio-SFRC slowly absorbs water to allow for diffu-
sion of ions and not being trapped within the polymeric
matrix [11]. In addition, a recent report suggested that ex-
posed short fibers might have a positive role in ion leaching
from the cross-linked composite structure [50].

It was interesting to find that Flo X released little mea-
surable amounts of calcium although it is a stable and not
ion-releasing composite. Material Safety Data Sheets are
usually incomplete and sometimes misleading [51]. In these
sheets, the manufacturers are committed to give information
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Fig. 6 - (A) SEM images of sectioned demineralized dentin disks which were exposed to tested materials for 2 weeks in SBF.
Bio-SFRC showed signs of mineralization at interface and inside dentinal tubules. (B) Tag-like structures with relatively large
amounts of spherical shaped precipitate were detected on the detached Bio-SFRC at the interface. An elemental mapping

analysis confirming the presence of the Ca rich structure.

about the main ingredients (>1 %). Meanwhile, most ad-
ditives and some fillers and monomers are added in con-
centrations below 1 %. This might explain why Flo X released
little calcium though calcium was not mentioned in the
composition by manufacturers. It’s important to highlight
that the use of an ion-specific electrode to measure the cal-
cium release is easy and quick to perform. However, the main
disadvantage of the ISE is that it is only selective and not
specific for calcium, which might cause some measurement
error in the presence of interferences.

In the methodology, deionized water was used as a spe-
cimen storage solution because it is easily obtainable and
easy to measure calcium in deionized water than in artificial
saliva or SBF solutions. Therefore, the amount of calcium
released cannot be expected to be released from the speci-
mens at the same content as occurred inside one’s mouth. It
was not possible to see clearly the mineralization layer on the
polished surface of tested materials after two weeks of sto-
rage in SBF (Fig. 3). Although Bio-SFRC showed signs of some
mineralization in the form of needle-like apatite structures
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between activated dentin and Bio-SFRC after 2 weeks of storage in SBF.
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(Fig. 3C). Two weeks in SBF may be not enough immersion
time to form a thick mineralized layer on composite surfaces
as proven in Tiskaya et al., study [38]. In particular with Bio-
SFRC, which demonstrated gradual elevation of accumulative
calcium release, while other tested ion-releasing materials’
accumulative calcium levels remain relatively constant after
one week (Fig. 2). This was attributed to the resorption and
release rate of the functional bioactive particles within Bio-
SFRC structure. Calcium carbonate showed very fast resorp-
tion and release rates in comparison with other bioactive
particles [49], while carbonated apatite showed a low re-
sorption rate with a constant/prolonged release of calcium
ions [47,48]. In accordance with previous reports [38,41] the
amount of calcium release from Fuji Il LC and ACTIVA may be
too low to induce formation of any mineralization on the
surface.

In addition to calcium and phosphorus oxides, zinc and
titanium oxides were detected on the surface composition of
Bio-SFRC (Table 1). Which might have inhibitory effects on
biofilm formation and adhesion [52|. However, this issue will
be investigated further in the near future.

This research was linked with certain difficulties and
challenges associated with the preparation of the materials
(PAA and Bio-SFRC) and the sensitivity of specimens’ fabri-
cation and cutting technique, As a result, it was necessary to
develop a number of pilot studies to determine the most
suitable protocols/compositions that could enable us to ef-
fectively use these techniques in studying this new interface.
Further research is needed and an assessment of optimizing
the formulation of these experimental materials is now in
progress.

5. Conclusion

The use of Bio-SFRC in combination with PAA solution ex-
hibited tougher and higher potential to induce mineralization
in demineralized/etched dentin in comparison with the
commercial ion-releasing materials.

Declarations of Competing Interest

Author PV declares that he is a consultant for Stick Tech -
Member of GC in training and research and development.
Other authors do not have conflicts of interests.

Acknowledgments

Testing materials were provided by the manufacturing com-
panies, which is greatly appreciated. This study belongs to
the research activity of BioCity Turku Biomaterials Research
Program (www.biomaterials.utu.fi) and it was partly sup-
ported by funding from the Finnish Dental Society Apollonia.

REFERENCES

[1] Vallittu PK, Boccaccini AR, Hupa L, Watts DC. Bioactive
dental materials — do they exist and what does bioactivity
mean? Dent Mater 2018;34:693-4.

[2] Darvell BW, Smith AJ. Inert to bioactive — a multidimensional

spectrum. Dent Mater 2022;38:2-6.

Spagnuolo G. Bioactive Dental Materials: The Current Status.

Materials (Basel) 2022; 15:2016.

Schwendicke F, Walsh T, Lamont T, Al-yaseen W, Bjgrndal L,

et al. Interventions for treating cavitated or dentine carious

lesions. Cochrane Database Syst Rev 2021.

[S]1 Qi Y, Ye Z, Fok A, Holmes BN, Espanol M, Ginebra MP, et al.

Effects of molecular weight and concentration of poly(acrylic

acid) on biomimetic mineralization of collagen. ACS

Biomater Sci Eng 2018;4:2758-66.

He L, Hao Y, Zhen L, Liu H, Shao M, Xu X, et al.

Biomineralization of dentin. J Struct Biol 2019;207. 115-22.

Chen R, Jin R, Li X, Fang X, Yuan D, Chen Z, et al. Biomimetic

remineralization of artificial caries dentin lesion using Ca/P-

PILP. Dent Mater 2020;36:1397-406.

Weir MD, Ruan J, Zhang N, Chow LC, Zhang K, Chang X, et al.

Effect of calcium phosphate nanocomposite on in vitro

remineralization of human dentin lesions. Dent Mater

2017,;33:1033-44.

Khan AS, Syed MR. A review of bioceramics-based dental

restorative materials. Dent Mater ] 2019;38:163-76.

[10] Pires PM, Neves AA, Makeeva IM, Schwendicke F, Faus-
Matoses V, Yoshihara K, et al. Contemporary restorative ion-
releasing materials: current status, interfacial properties and
operative approaches. Br Dent ] 2020;229:450-8.

[11] Garoushi S, Vallittu PK, Lassila L. Characterization of fluoride
releasing restorative dental materials. Dent Mater ]
2018;37:293-300.

[12] Marovic D, Tarle Z, Hiller KA, Miiller R, Rosentritt M, Skrtic D,
et al. Reinforcement of experimental composite materials
based on amorphous calcium phosphate with inert fillers.
Dent Mater 2014;30:1052-60.

[13] Marovic D, Tarle Z, Hiller KA, Miiller R, Ristic M, Rosentritt M,
et al. Effect of silanized nanosilica addition on
remineralizing and mechanical properties of experimental
composite materials with amorphous calcium phosphate.
Clin Oral Investig 2014;18:783-92.

[14] Molnar J, Frater M, Sary T, Braunitzer G, Vallittu PK, Lassila L,
et al. Fatigue performance of endodontically treated molars
restored with different dentin replacement materials. Dent
Mater 2022;38:e83-93.

[15] Lassila L, Keulemans F, Sailynoja E, Vallittu PK, Garoushi S.
Mechanical properties and fracture behavior of flowable
fiber reinforced composite restorations. Dent Mater
2018;34:598-606.

[16] Bijelic-Donova J, Garoushi S, Lassila LV, Rocca GT, Vallittu
PK. Crack propagation and toughening mechanism of
bilayered short-fiber reinforced resin composite structure
-Evaluation up to six months storage in water. Dent Mater ]
2022;41:580-8.

[17] Schwendicke F, Kern M, Dorfer C, Kleemann-Liipkes J, Paris
S, Blunck U. Influence of using different bonding systems
and composites on the margin integrity and the mechanical
properties of selectively excavated teeth in vitro. ] Dent
2015;43:327-34.

[18] Schwendicke F, Gostemeyer G, Gluud C. Cavity lining after
excavating caries lesions: meta-analysis and trial sequential
analysis of randomized clinical trials. ] Dent 2015;43:1291-7.

[19] ASTM D5045-14. Standard test methods for plane-strain
fracture toughness and strain energy release rate of plastic
materials; 2014.

[20] ISO 13586:2000. Plastics—determination of fracture
toughness (GIC and KIC)—linear elastic fracture mechanics
(LEFM) approach; 2000.

[21] Lloyd CH, Iannetta RV. The fracture toughness of dental
composites. I. The development of strength and fracture
toughness. ] Oral Rehabil 1982;9:55-66.

(3

_—

[4

—_

[6

—

[7

—

(8

—_—

[9

—


http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref1
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref1
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref1
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref2
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref2
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref3
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref3
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref3
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref4
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref4
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref4
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref4
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref5
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref5
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref6
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref6
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref6
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref7
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref7
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref7
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref7
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref8
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref8
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref9
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref9
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref9
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref9
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref10
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref10
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref10
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref11
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref11
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref11
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref11
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref12
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref12
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref12
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref12
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref12
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref13
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref13
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref13
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref13
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref14
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref14
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref14
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref14
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref15
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref15
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref15
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref15
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref15
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref16
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref16
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref16
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref16
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref16
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref17
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref17
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref17
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref18
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref18
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref18

12

DENTAL MATERIALS XXX (XXXX) XXX-XXX

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

[34]

(35]

(36]

(37]

Kokubo T, Takadama H. How useful is SBF in predicting in
vivo bone bioactivity? Biomaterials 2006;27:2907-15.

Tay FR, Pashley DH. Guided tissue remineralisation of
partially demineralised human dentine. Biomaterials
2008;29:1127-37.

Schwendicke F, Al-Abdi A, Pascual Moscardé A, Ferrando
Cascales A, Sauro S. Remineralization effects of
conventional and experimental ion-releasing materials in
chemically or bacterially-induced dentin caries lesions. Dent
Mater 2019;35:772-9.

Oja ], Lassila L, Vallittu PK, Garoushi S. Effect of
accelerated aging on some mechanical properties and
wear of different commercial dental resin composites.
Materials 2021:14.

Bouillaguet S, Schiitt A, Alander P, Schwaller P, Buerki G,
Michler J, et al. Hydrothermal and mechanical stresses
degrade fiber-matrix interfacial bond strength in dental fiber-
reinforced composites. ] Biomed Mater Res B Appl Biomater
2006,76:98-105.

Bapna MS, Gadia CM, Drummond JL. Effects of aging and
cyclic loading on the mechanical properties of glass ionomer
cements. Eur J Oral Sci 2002;110:330-4.

Nudelman F, Lausch AJ, Sommerdijk NA, Sone ED. In vitro
models of collagen biomineralization. J Struct Biol
2013;183:258-69.

Niu LN, Jee SE, Jiao K, Tonggu L, Li M, Wang L, et al. Collagen
intrafibrillar mineralization as a result of the balance
between osmotic equilibrium and electroneutrality. Nat
Mater 2017;16:370-8.

Chen Z, Cao S, Wang H, Li Y, Kishen A, Deng X, et al.
Biomimetic remineralization of demineralized dentine using
scaffold of CMC/ACP nanocomplexes in an in vitro tooth
model of deep caries. PLOS One 2015;10:e0116553.

Niu LN, Zhang W, Pashley DH, Breschi L, Mao J, Chen JH, et al.
Biomimetic remineralization of dentin. Dent Mater
2014;30:77-96.

Dai L, Liu Y, Salameh Z, Khan S, Mao J, Pashley DH, et al. Can
caries-affected dentin be completely remineralized by guided
tissue remineralization? Dent Hypotheses 2011;2:74-82.
Atmeh AR, Chong EZ, Richard G, Festy F, Watson TF. Dentin-
cement interfacial interaction: calcium silicates and
polyalkenoates. ] Dent Res 2012;91:454-9.

Han L, Okiji T. Evaluation of the ions release / incorporation
of the prototype S-PRG filler-containing endodontic sealer.
Dent Mater J 2011;30:898-903.

Reyes-Carmona JF, Felippe MS, Felippe WT.
Biomineralization ability and interaction of mineral trioxide
aggregate and white portland cement with dentin in a
phosphate-containing fluid. ] Endod 2009;35:731-6.

Lee HS, Berg JH, Garcia-Godoy F, Jang KT. Long-term
evaluation of the remineralization of interproximal caries-
like lesions adjacent to glass-ionomer restorations: a micro-
CT study. Am J Dent 2008;21:129-32.

Ledo IF, Aratjo N, Scotti CK, Mondelli R, de Amoédo Campos
Velo MM, Bombonatti J. The potential of a bioactive, pre-
reacted, glass-ionomer filler resin composite to inhibit the
demineralization of enamel in vitro. Oper Dent
2021;46:e11-20.

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

(51]

(52]

Tiskaya M, Al-Eesa NA, Wong FSL, Hill RG. Characterization
of the bioactivity of two commercial composites. Dent Mater
2019;35:1757-68.

Kasraei S, Haghi S, Valizadeh S, Panahandeh N, Nejadkarimi
S. Phosphate ion release and alkalizing potential of three
bioactive dental materials in comparison with composite
resin. Int ] Dent 2021;2021:5572569.

Gonzalez Ede H, Yap AU, Hsu SC. Demineralization
inhibition of direct tooth-colored restorative materials. Oper
Dent 2004;29:578-85.

Ruengrungsom C, Burrow MF, Parashos P, Palamara JEA.
Evaluation of F, Ca, and P release and microhardness of
eleven ion-leaching restorative materials and the recharge
efficacy using a new Ca/P containing fluoride varnish. ] Dent
2020;102:103474.

Tsanidis V, Koulourides T. An in vitro model for assessment
of fluoride uptake from glass-ionomer cements by dentin
and its effect on acid resistance. ] Dent Res 1992;71:7-12.
Sennou HE, Lebugle AA, Grégoire GL. X-ray photoelectron
spectroscopy study of the dentin-glass ionomer cement
interface. Dent Mater 1999;15:229-37.

Wiegand A, Buchalla W, Attin T. Review on fluoride-
releasing restorative materials-fluoride release and uptake
characteristics, antibacterial activity and influence on caries
formation. Dent Mater 2007;23:343-62.

Kim YK, Yiu CK, Kim JR, Gu L, Kim SK, Weller RN, et al.
Failure of a glass ionomer to remineralize apatite-depleted
dentin. ] Dent Res 2010;89:230-5.

da Silva Meirelles Déria Maia JN, Portela MB, Sanchez
Candela DR, Neves AA, Noronha-Filho JD, Mendes AO, et al.
Fabrication and characterization of remineralizing dental
composites containing calcium type pre-reacted glass-
ionomer (PRG-Ca) fillers. Dent Mater 2021;37. 1325-36.

Sirkid SV, Nakamura M, Qudsia S, Siekkinen M, Smatt JH,
Peltonen J, et al. Structural and elemental characterization of
glass and ceramic particles for bone surgery. Dent Mater
2021;37:1350-7.

Sato N, Handa K, Venkataiah VS, Hasegawa T, Njuguna MM,
Yahata Y, et al. Comparison of the vertical bone defect
healing abilities of carbonate apatite, -tricalcium
phosphate, hydroxyapatite and bovine-derived
heterogeneous bone. Dent Mater ] 2020;39:309-18.
Umemoto S, Furusawa T, Unuma H, Tajika M, Sekino T. In
vivo bioresorbability and bone formation ability of sintered
highly pure calcium carbonate granules. Dent Mater ]
2021;40:1202-7.

Melo P, P, Ferreira AM, Waldron K, Swift T, Gentile P,
Magallanes M, et al. Osteoinduction of 3D printed particulate
and short-fibre reinforced composites produced using PLLA
and apatite-wollastonite. Compos Sci Technol
2019;184:107834.

Tillberg A, Jarvholm B, Berglund A. Risks with dental
materials. Dent Mater 2008;24:940-3.

Klinger-Strobel M, Makarewicz O, Pletz MW, Stallmach A,
Lautenschlédger C. TiO,-containing and ZnO-containing
borosilicate glass-a novel thin glass with exceptional
antibiofilm performances to prevent microfouling. ] Mater
Sci Mater Med 2016;27:175.


http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref19
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref19
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref20
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref20
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref20
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref21
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref21
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref21
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref21
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref21
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref22
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref22
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref22
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref22
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref23
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref23
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref23
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref23
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref23
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref24
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref24
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref24
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref25
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref25
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref25
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref26
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref26
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref26
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref26
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref27
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref27
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref27
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref27
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref28
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref28
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref28
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref29
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref29
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref29
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref30
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref30
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref30
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref31
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref31
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref31
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref32
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref32
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref32
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref32
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref33
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref33
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref33
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref33
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref34
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref34
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref34
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref34
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref34
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref35
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref35
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref35
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref36
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref36
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref36
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref36
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref37
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref37
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref37
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref38
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref38
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref38
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref38
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref38
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref39
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref39
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref39
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref40
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref40
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref40
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref41
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref41
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref41
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref41
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref42
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref42
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref42
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref43
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref43
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref43
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref43
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref43
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref44
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref44
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref44
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref44
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref45
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref45
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref45
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref45
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref45
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref46
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref46
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref46
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref46
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref47
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref47
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref47
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref47
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref47
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref48
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref48
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref49
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref49
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref49
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref49
http://refhub.elsevier.com/S0109-5641(22)00238-X/sbref49

	Development and characterization of ion-releasing fiber-reinforced flowable composite
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Production of bioactive fiber-reinforced flowable composite
	2.3. Preparation of dentin treatment solution
	2.4. Mechanical tests of Bio-SFRC
	2.5. Calcium ion release and surface microstructure characterization
	2.6. Dentin disks preparation and experimental design
	2.7. Microscopic analysis
	2.8. Statistical analysis

	3. Results
	3.1. Mechanical properties
	3.2. Calcium ion release and surface characterization
	3.3. Mineralization of demineralized dentin disks

	4. Discussion
	5. Conclusion
	Acknowledgments




