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Abstract
Objective  The study aims to evaluate the effect of a glass ionomer cement (GIC; Fuji 9 Gold Label, GC) with added calcium 
orthophosphate particles and a calcium silicate cement (CSC; Biodentine, Septodont) regarding ion release, degradation in 
water, mineral content, and mechanical properties of demineralized dentin samples.
Methods  GIC, GIC + 5% DCPD (dicalcium phosphate dihydrate), GIC + 15% DCPD, GIC + 5% β-TCP (tricalcium phos-
phate), GIC + 15% β-TCP (by mass), and CSC were evaluated for Ca2+/Sr2+/F− release in water for 56 days. Cement mass 
loss was evaluated after 7-day immersion in water. Partially demineralized dentin disks were kept in contact with materials 
while immersed in simulated body fluid (SBF) at 37 °C for 56 days. The “mineral-to-matrix ratio” (MMR) was determined 
by ATR-FTIR spectroscopy. Dentin hardness and elastic modulus were obtained by nanoindentation. Samples were observed 
under scanning and transmission electron microscopy. Data were analyzed by ANOVA/Tukey test (α = 0.05).
Results  Ca2+ release from CSC and GIC (μg/cm2) were 4737.0 ± 735.9 and 13.6 ± 1.6, respectively. In relation to the unmodi-
fied GIC, the addition of DCPD or β-TCP increased ion release (p < 0.001). Only the dentin disks in contact with CSC pre-
sented higher MMR (p < 0.05) and mechanical properties than those restored with a resin composite used as control (p < 0.05). 
Mass loss was similar for GIC and CSC; however, the addition of DCPD or β-TCP increased GIC degradation (p < 0.05). 
Conclusion  Despite the increase in ion release, the additional Ca2+ sources did not impart remineralizing capability to GIC. 
Both unmodified GIC and CSC showed similar degradation in water.
Clinical relevance  CSC was able to promote dentin remineralization.
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Introduction

Minimally invasive restorative approaches advocate the 
removal of the necrotic, infected dentin layer and the seal-
ing of the cavity margins [1, 2] in order to reduce the num-
ber and diversity of bacteria and interrupt of the carious 
process [3–6]. Clinical evidence indicates that the effective 
sealing of the cavity walls is more important for the success 
of the minimally invasive therapy than the use of materials 
capable of stimulating reactional tertiary dentin formation 
[7–9]. Notwithstanding, calcium-releasing materials have 
been shown to be effective in dentin remineralization [10] 
and could increase process efficiency.

Calcium silicate (CSC) cements release Ca2+ and OH− ions 
in levels capable of fostering apatite precipitation in contact with 
physiological fluids. In recent years, their indications expanded 
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considerably, including as remineralizing materials applied on 
caries-affected dentin [11–13]. In fact, samples of demineralized 
dentin in contact with a CSC showed an increase in mineral 
content up to 50-µm depth after 30 days in phosphate-contain-
ing solution [14]. Biodentine (Septodont, St-Maur-des-Fossés, 
France) is a calcium silicate-based cement with improved 
mechanical properties due to a less porous microstructure, indi-
cated for long-term temporary restorations [15, 16]. 

Considered the first option in minimally invasive restora-
tive procedures due to the ability to adhere to dental structures 
[17], glass ionomer cement (GIC) potential to promote mineral 
gain in demineralized dentin has been challenged [18, 19]. 
Its acidity promotes the dissolution of dentin hydroxyapatite, 
which can re-precipitate as calcium fluoride, fluorapatite, or 
fluoridated hydroxyapatite. Thus, GIC would promote min-
eral exchange for a more acid-resistant phase, but no effective 
mineral gain [20]. 

The addition of calcium sources to GIC as a way to increase 
its remineralization potential has been evaluated [21–25]. 
Among the possible calcium sources that can be incorporated 
into the GIC, calcium orthophosphates (CaP), a group of 
compounds with distinct chemical structures (“phases”), have 
been tested [21]. However, although studies report an overall 
increase in ion release, there are no reports on the actual effect 
of these CaP-modified GICs on dentin remineralization.

Direct comparisons between GIC (unmodified) and CSC 
on dentin remineralization have been reported, but without 
consensus among authors [19, 26–29]. Though disagreements 
can be attributed to methodological differences, it is worth 
mentioning that most investigations used qualitative evalua-
tions, and only one study focused on the mechanical properties 
of demineralized dentin specimens, showing superior results 
for CSC [19]. 

Considering the above, the objective of the present study 
was to evaluate the remineralization ability of a calcium silicate 
cement and a glass ionomer cement modified by the addition 
calcium orthophosphate particles. Additionally, the materials 
were tested for ion release and degradation in water. The null 
hypotheses were (1) the substitution of GIC glass by DCPD 
or β-TCP particles does not affect the cement’s ion release or 
degradation in water, (2) GIC (either unmodified or modified) 
present similar Ca2+ to CSC, and (3) GIC (either unmodified 
or modified) and CSC show similar effects on mineral content 
and mechanical properties of demineralized dentin.

Materials and methods

Materials

Fuji Gold Label 9 (GC Corporation, Tokyo, Japan) and 
Biodentine (Septodont, St-Maur-des-Fossés, France) were 
used in all experiments. For the ionomeric cement, the 

proportion 3.6 g of particles:1.0 g of liquid was followed, 
as per manufacturer recommendation. The mixture was 
made for 30 s on a glass slab using a plastic spatula. In 
four experimental groups, at each manipulation, 5% or 15% 
of GIC particles mass was replaced by either DCPD or 
β-TCP. The replacement of glass particles by either addi-
tive was made prior to each manipulation in order to avoid 
variability among samples due to inhomogeneous distribu-
tion. Biodentine was mechanically mixed for 30 s, as per 
manufacturer recommendation. In dentin remineralization 
evaluations (mineral:matrix ratio, nanoindentation, SEM, 
and TEM), a resin-based composite (Filtek Z250, 3 M 
ESPE, St. Paul, MN, USA) was used as negative control.

DCPD and β‑TCP synthesis and characterization

DCPD particles were synthesized by precipitation, using 
calcium nitrate tetrahydrate (Ca(NO3)2.4H2O) and ammo-
nium dihydrogen phosphate ((NH4)H2PO4) solutions as 
precursors (both reagents purchased from Sigma-Aldrich, 
St. Louis, USA), both at 0.25 mol/L. The receptor solu-
tion (containing the phosphate ions) had its pH stabilized 
at 5.0 and the synthesis was conducted at room temperature 
(22 ± 2 °C). At the end of the drop-wise mixture, the solu-
tion remained under magnetic stirring for 15 min, followed 
by the filtration, rinsing (two cycles in deionized water 
and two cycles in absolute ethanol), and vacuum-drying 
[30]. β-TCP particles were also synthesized by the pre-
cipitation, using precursor solutions of H3PO4 (0.3 mol/L), 
calcium hydroxide (Ca(OH)2), and magnesium hydroxide 
(Mg(OH)2; 0.5 mol/L) (all reagents acquired from Synth 
Ltda, Diadema, Brazil). After precipitation, the solution 
was filtered and rinsed in ultrapure water. After drying at 
60 °C overnight, particles were heat-treated at 1000 °C for 
30 s using an adapted microwave oven [31].

Phase formation was confirmed by X-ray diffractometry 
(Multiflex, Rigaku Corp., Tokyo, Japan). Particle size dis-
tribution was determined by laser light scattering (Master-
sizer 2000, Malvern, Instruments Ltd., Malvern, UK) and 
their morphologies were observed under scanning electron 
microscopy (JEOL, model 1010, Tokyo, Japan). 

Cement microstructure and elemental composition

Disks (5 × 1 mm, n = 3) of the six evaluated cements were 
prepared. After 24 h at 37 °C and 100% relative humidity, 
they were embedded in acrylic resin polished with 
sandpaper grits #800, #1000, #1500, #2000, #3000, #4000 
and carbon-coated for observation under the scanning 
electron microscope (JEOL, model 1010) equipped with 
an energy-dispersive X-ray spectroscopy system (Bruker 
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Xflash 4030 with detector SDD—Silicon Drift Detector, 
MA, USA). The calcium percentages in the set cements 
were calculated based on the powder:liquid ratio and the 
elemental composition of DCPD, β-TCP, Biodentine, 
and GIC glass particles obtained by X-ray fluorescence 
spectroscopy (Zetium, Malvern Panalytical).

Mass loss in water

Cement disks (5 × 1 mm, n = 3) were prepared and kept dry 
for 15 min. After having their initial mass determined on an 
analytical balance (Mettler Toledo, model XS105, Colum-
bus, OH, USA), the specimens were immersed in 5 mL of 
deionized water at 37 °C. After 7 days, the specimens were 
transferred to an open Eppendorf and kept in an oven at 
105 °C until no change in mass was observed [32].

Calcium, strontium, and fluoride release

Calcium (for GICs — both unmodified and modified with 
CaP particles — and Biodentine) and strontium release (only 
for GICs) were quantified by induced coupled plasma opti-
cal emission spectroscopy (ICP-OES; Agilent Technolo-
gies, Santa Clara, USA). Disks (5 × 1 mm, n = 3) were kept 
at room temperature for 15 min [33] and then individually 
immersed in 5 mL of deionized water (DW). After 24 h, 
14, 28, 42, and 56 days, disks were transferred to new tubes 
containing fresh DW. The solutions were filtered (pore size: 
0.45 µm) and acidified with 5 µL of 100% nitric acid prior to 
the analysis. Fluoride release from unmodified and modified 
GICs was determined using an ion-specific electrode (Orion 
Research, Boston, MA, USA) [34]. Equal volumes of immer-
sion medium and TISAB II were mixed and the values com-
pared with a standard curve. In both assays, the results were 
obtained in parts per million (ppm) and converted to µg/cm2.

Dentin remineralization

Demineralization procedure

Extracted third molars were collected according to the Ethics 
Committee standards of the institution and stored at − 20 °C 
for up to 90 days before use. Dentin disks (3-mm thick) were 
prepared using a metallographic saw (Isomet 1000, Buehler, 
Rochester Hills, USA) equipped with a high-concentration 
diamond disk, under refrigeration. The occlusal surface was 
polished with sandpaper granulations #800, #1200, #1500, 
#2000, #2500, #3000, and #4000. The opposite surface and 
the lateral surface were protected with cosmetic varnish. The 
disks were immersed in a solution containing 2.2 mmol L−1 
calcium phosphate and 0.05 mmol L−1 acetic acid adjusted 
to pH 5.0 with NaOH pellets for 66 h at room temperature, 
under stirring [35].

Mineral:matrix ratio (ATR‑FTIR spectroscopy)

The variation in dentin mineral content at the interface with 
the restorative material was determined by mid-infrared 
spectroscopy (Vertex 70, Bruker Optics GmbH, Germany) 
using an attenuated total reflectance accessory with a dia-
mond crystal (ATR-FTIR, Miracle, Pike Technologies, Inc., 
Madison, WI, USA). Since this is a non-destructive analysis, 
the same specimens were analyzed before and after demin-
eralization, and every 14 days for 56 days. Disks (8 × 2 mm, 
n = 5) of the restorative materials were previously prepared 
and kept in contact with the demineralized dentin surface 
through a dental floss tie. The specimens were individually 
immersed in tubes containing 10 mL of simulated body fluid 
(SBF) and kept at 37 °C for 56 days [36]. The SBF solu-
tion was changed weekly. Spectra ranging between 400 and 
4000 cm−1 at a resolution of 8 cm−1, using 32 scans per 
spectrum were collected at three different areas of the dentin 
surface. The area of the bands corresponding to phosphate 
(υ3PO4; i.e., O–P–O bonds in the asymmetrical elongation 
mode: 885 to 1180 cm−1) and amide bonds present in type 
I collagen (− CNH or C = O: 1200 cm to 1725 cm−1) were 
used to calculate the “phosphate:amide II” or “mineral-to-
matrix” (MMR) ratio [37]. Variations in MMR in relation 
to the demineralized (initial) condition were used as an esti-
mate of dentin mineral gain at the interface with the restora-
tive material.

Dentin hardness and elastic modulus (nanoindentation)

The materials were applied directly on the demineralized 
dentin and the specimens (n = 10) were stored in SBF at 
37 °C (changed weekly) for 56 days. After the storage 
period, the samples were sectioned transversely in 1-mm-
thick slices, which were included in acrylic resin and pol-
ished in sandpaper grit #800 to #4000. Dentin hardness 
and elastic modulus were evaluated in an ultramicrodu-
rometer (Dynamic Ultra Micro Hardness Tester DUH-
211S, Shimadzu, Kyoto, Japan) with a Berkovich indenter 
(tip angle: 115°, tip radius: 0.1 µm). Indentations (5 mN 
for 5 s) were made following three lines perpendicular 
to the restoration-dentin interface, each with 14 indenta-
tions with a spacing of 15 µm between each indentation, 
from the restoration-dentin interface to the sound dentin, 
extending through the entire depth of the lesion [38].

Scanning electron microscopy

Two randomly selected specimens analyzed in ATR-FTIR 
spectroscopy were carbon-coated and observed under a 
scanning electron microscope (SEM; JEOL, model 1010, 
Tokyo, Japan). 
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Transmission electron microscopy

Slices (1 mm in thickness) of two randomly selected speci-
mens tested for nanoindentation analysis were processed 
for observation under transmission electron microscopy. 
The slices were fixed in Karnovsky fixative, post-fixed 
in 1% osmium tetraoxide, dehydrated in increasing con-
centrations of ethanol (30–100%), immersed in propyl-
ene oxide, and embedded in epoxy resin. Sections with 
thickness between 50 and 60  nm were obtained in a 
ultramicrotome, collected on copper grids, and observed 
under 80 kV (Philips CM12; Philips, Eindhoven, The 
Netherlands).

Statistical analysis

Mass loss and cumulative, 56-day ion release data were 
submitted to one-way ANOVA/Tukey test. ATR-FTIR 
spectroscopy, nanohardness, and elastic modulus data 
were analyzed using repeated measures two-way ANOVA/
Tukey test. Statistical power for each test was at least 0.96 
(Statistica 14.0, TIBCO Software, Inc.). In all cases, the 
significance level of 5% was adopted. 

Results

DCPD and β‑TCP particle characterization

Particle size medians (D50) were 22 µm for DCPD and 11 µm 
for β-TCP. DCPD particles presented as large, smooth plates 
with rounded corners, whereas β-TCP particles are spherical 
nanoparticle clusters (Fig. 1).

Cement microestrutucture

The cement microstructures are shown in Fig. 2. The GIC 
glass particles (blue) appear surrounded by the cement matrix. 
Calcium orthophosphate particles are observed in orange. 
GICs containing 15% of DCPD show smaller glass particles 
(consequently, a higher matrix fraction) and larger cracks 
(formed during sample processing) compared to the unmodi-
fied GIC and the materials with 5% DCPD or β-TCP. The CSC 
also has zirconium in its composition, represented in yellow. 
Like the GICs, it has pores; however, it has no visible cracks.

The calcium percentages (by mass) in the set cements 
were 0.1% (GIC), 1.9% (GIC + 5% DCPD), 2.1% (GIC + 5% 
β-TCP), 9.5% (GIC + 15% DCPD), and 10.5% (GIC + 5% 
β-TCP). For the set CSC, the calcium percentage was 55.4%.

Mass loss in water

GIC and CSC showed similar mass loss (11.0 ± 1.0% and 
9.1 ± 0.4%, respectively; Fig. 3). The addition of 15% β-TCP 
resulted in a statistically higher degradation in relation to the 
unmodified GIC (p > 0.05).

Calcium, strontium, and fluoride release

Non-cumulative ion release curves are shown in Fig. 4. Only 
the GIC modified with 15% DCPD showed a higher release at 
24 h compared to the other periods. Overall, the presence of 
additives increased ion release in relation to the unmodified 
GIC (p < 0.05; Table 1). Considering the cumulative Ca2+ 
release from CSC was several times higher than the release 
from the GICs, it was not included in the statistical analysis. 
CSC showed a much higher release in the first 24 h (1933 µg/
cm2), compared to the subsequent periods (112–501 µg/cm2).

Fig. 1   Scanning electron 
micrographs of DCPD (A) and 
β-TCP (B) particles obtained 
using a back-scattered electron 
detector (BSED), at original 
magnification of 10,000 × . 
An additional micrograph is 
presented for β-TCP particles at 
40,000 × original magnification 
obtained by secondary electrons 
(STD)
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Mineral:matrix ratio

Demineralized dentin samples had averages MMR between 
2.4 and 6.9. After 56 days, with the exception of GIC + 15% 
DCPD, statistically significant increases in MMR were 
observed (between 4.4 and 6.9). However, no statistically 
significant differences were detected among the modified 
GICs and the two negative controls (composite and unmodi-
fied GIC, p > 0.05; Fig. 5). On the other hand, the dentin 
disks in contact with CSC showed a significant increase 
in MMR after 28  days, reaching a MMR of 65.4 after 

56 days. This value exceeded the MMR of the sound dentin 
(30.9 ± 1.9).

Dentin hardness and elastic modulus (nanoindentation)

Nanoindentation test results are presented in Fig. 6. Hard-
ness (kgf/cm2) and elastic modulus (GPa) increased gradu-
ally from the lesion surface towards the sound dentin. Only 
samples in contact with CSC were statistically different 
from the other groups at all lesion depths for both proper-
ties (p < 0.05).

Fig. 2   Microstructure of the 
tested cements (A GIC, B 
CSC, C GIC + 5% DCPD, D 
GIC + 15% DCPD, E GIC + 5% 
β-TCP, F GIC + 15% β-TCP) 
observed under scanning 
electron microscopy using a 
back-scattered electron (BSE) 
detector, with calcium (in 
orange), silicon (in blue) and 
zirconium (in yellow) mapped 
using energy-dispersive X-ray 
spectroscopy (EDS)



	 Clinical Oral Investigations (2024) 28:9797  Page 6 of 11

Scanning electron microscopy

At the dentin surface, all groups show partial obliteration 
of the tubules, more pronounced for materials containing 
15% DCPD or 15% β-TCP and for CSC (Fig. 7).

Transmission electron microscopy

Images of the interface between dentin and restorative 
material are shown in Fig. 8. For the “GIC” and “GIC + 5% 
β-TCP” groups, it was not possible to obtain sections for 
analysis. In all groups, apatite crystals close to the inter-
face with the restorative material are observed. The dentin 
in contact with the composite showed shorter and thicker 
crystals compared to those found in dentin in contact 
with the modified GICs. The darker areas observed under 
GIC + 5% DCPD and GIC + 15% β-TCP indicate higher 
mineral content than the negative control. The highest 
mineral density was observed in dentin samples kept in 
contact with CSC. On the other hand, GIC + 15% DCPD 
resulted in less mineralized areas.

Discussion

The aim of this study was to determine ion release, deg-
radation, and remineralizing potential of a CSC and a 
GIC modified with DCPD or β-TCP particles. The glass 

particles in Fuji Gold Label 9 contain strontium rather than 
calcium in order to impart radiopacity to the cement. As 
such, Ca2+ release results of modified GICs can be attrib-
uted to the added CaP particles. Biodentine was chosen 
because of its indication as a long-term temporary restora-
tive material. The replacement of a 5% fraction (by mass) 

Fig. 3   Mass loss (%) after 7  days of immersion in deionized water. 
Error bars represent the standard deviation. Different uppercase let-
ters indicate statistically significant differences among materials (one-
way ANOVA/Tukey test). The increase in mass loss (in %) of experi-
mental materials in relation to the unmodified GIC are presented at 
the top of the columns

Fig. 4   Calcium (A), strontium (B), and fluoride (C) release in µg/
cm2 (left y-axis) and ppm (right y-axis) for the tested GICs. Error bars 
represent the standard deviation
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of GIC glass by CaP was defined based on previous stud-
ies, in order to preserve GIC’s strength [39]. The 15% frac-
tion, though resulting in a material with reduced setting 
time and higher viscosity, was tested in order to verify if 
an increase in Ca2+ availability would increase dentin rem-
ineralization. All null hypotheses were rejected because 
(1) the experimental GICs showed higher ion release and 
degradation in water, (2) CSC showed higher calcium 
release than GIC (both modified and non-modified), and 
(3) CSC was the only material that promoted increases in 
dentin mineral content and mechanical properties.

The modified GICs presented higher degradation than the 
unmodified GIC. This finding is justified by the fact that 
the substitution of GIC glass by CaP particles changed the 
glass:liquid ratio defined by the manufacturer. The excess of 

poly(acrylic acid) increases glass dissolution, resulting in a 
higher polyacrylate salt matrix fraction in the final micro-
structure (as observed in Fig. 2),which facilitates the diffu-
sion of fluids, increasing cement degradation [40]. In addi-
tion, there is a higher amount of unreacted carboxylic group, 
which increases water sorption [41]. Though a greater avail-
ability of calcium ions may favor the polyacrylate crosslink-
ing [42–44] and reduce sorption and solubility, this effect 
was not observed. 

CSC degradation was similar to that of the unmodified 
GIC. An in vitro study reported that Biodentine showed no 
mass loss after 28 days of immersion in HBSS [16]. Pos-
sibly, the difference in immersion media is responsible for 
the discrepant results. Deionized water promotes a faster dis-
solution of the cement, compared to ion-containing media. 
In addition, cement porosity, between 7.09 [45] and 13.44% 
[46] for Biodentine, would allow for transit of fluids through 
the material, favoring its degradation. In fact, an in vivo 
study reported a significant degradation of Biodentine after 
6 months of clinical use [47].

The modified GICs presented higher ion release than the 
unmodified GIC, in agreement with previous reports [42, 
48–50]. Similarly to what was described for mass loss in 
water, the lower glass:poly(acrylic acid) ratio in these mate-
rials results in an excess of acid, increasing particle dissolu-
tion and, consequently, ion release. The higher Ca2+ release 
found in DCPD-containing GIC in relation to β-TCP can 
be explained by the higher solubility of the former [51]. 
Furthermore, β-TCP synthesis procedure results in a par-
tial substitution of calcium with magnesium, in order to 

Table 1   Cumulative 56-day calcium, strontium, and fluoride release, 
in µg/cm2

For GICs, similar letters indicate absence of statistical difference 
(one-way ANOVA/Tukey test, p > 0.05)

Cumulative ion release (µg/cm2)

Ca2+ Sr2+ F−

GIC 13.6 ± 1.6 D 235.7 ± 11.7 D 295.1 ± 1.1 C

GIC + 5% DCPD 37.9 ± 1.9 C 260.1 ± 6.7 D 494.5 ± 7.6 B

GIC + 5% β-TCP 21.2 ± 1.4 D 369.4 ± 5.1C 597.6 ± 6.9 B

GIC + 15% DCPD 243.8 ± 8.5 A 428.0 ± 32.2 B 637.8 ± 9.2 B

GIC + 15% β-TCP 62.3 ± 0.2 B 525.0 ± 0.9 A 926.7 ± 37.2 A

CSC 4737.0 ± 735.9 - -

Fig. 5   Box plot showing the mineral-to-matrix ratio (MMR) results 
as a function of the material and the storage period (in days). In 
each box, the values for the first, second (median), and third quar-
tile are represented. The square represents the average value for each 
experimental condition. The vertical lines indicate the minimum and 
maximum values and outliers are indicated by rhombuses. Horizon-

tal lines above the boxes indicate absence of statistically significant 
differences among periods for the same material (repeated measures 
two-way ANOVA/Tukey test, p < 0.05). The numbers above the boxes 
indicate the variation in MMR between the demineralized dentin and 
after 56 days (one-way ANOVA/Tukey test, p > 0.05)
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stabilize the crystal and avoid its spontaneous transformation 
to hydroxyapatite [31]. The improved phase stability, how-
ever, reduces particle solubility. Among the modified GICs, 
GIC + 15% DCPD showed the highest Ca2+ release. Still, its 
cumulative release was much lower than that shown by the 
CSC, reflecting the later higher calcium content and higher 
particle surface area. The higher initial release of CSC is 

justified by the fact that, in the first hours, the transit of fluids 
(necessary for the hydration process) is more intense and 
decreases over time [52].

The significant increase in dentin MMR after 56 days of 
contact with the resin-based composite (negative control) 
is attributed to immersion in SBF, a solution containing 
high concentrations of calcium and phosphate (100.2 and 

Fig. 6   Averages for nanohardness (A) and elastic modulus (B) at 
different lesion depths after 56  days in contact with the restorative 
materials. Error bars represent the standard deviation. Similar let-
ters indicate the absence of statistically significant differences for the 

same material at different depths (p < 0.05). Lines above the columns 
indicate lack of statistically significant differences among materials 
for the same depth (p < 0.05)

Fig. 7   Scanning electron microscope images of the dentin surface after contact with restorative materials for 56 days immersed in simulated 
body fluid (original magnification: 5000 ×)
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95.0 ppm, respectively), sufficient for mineral precipita-
tion to occur [36]. The higher Ca2+ release from modified 
GICs was not enough to increase mineral precipitation at the 
demineralized dentin interface or to restore dentin mechani-
cal properties compared to the unmodified GIC or the resin 
composite. In fact, a trend for reduced MMR of the sam-
ples kept in contact with GIC + 15% DCPD was observed, 
suggesting that the excess of poly(acrylic acid) may have 
caused additional demineralization, offsetting the higher 
Ca2+ availability. This hypothesis is confirmed by the sparse 
distribution of apatite crystals observed in the TEM images. 
Unfortunately, the absence of TEM images of demineralized 
dentin samples does not allow to affirm whether there was 
additional demineralization or absence of remineralization 
in the GIC + 15% DCPD group.

On the other hand, after 28 days in contact with CSC, 
dentin MMR reached values similar to sound dentin. 
Though particle morphology, size, and solubility may have 
contributed for CSC higher Ca2+ release, the remineraliza-
tion results can be attributed to the calcium content in the 
final material, which is much higher for the CSC (55.4%) 
compared to other materials (up to 10.5% for modified 
GICs). Also, CSC releases OH−, and the alkalinization of 
the medium favors apatite precipitation [53]. The greater 
density of apatite crystals observed in the TEM images 
is in agreement with the results of other studies [19, 54] 
and may justify the higher MMR than that of a sound 
dentin. In fact, only CSC was able to promote recovery 
of the mechanical properties of demineralized dentin 
across the entire lesion depth. The other groups showed 

no statistically significant differences in dentin elastic 
modulus or nanohardness in relation to demineralized 
dentin. There are three possible non-exclusive hypotheses 
to explain this finding: (1) insufficient Ca2+ release, (2) 
excess of poly(acrylic acid) leading to further deminerali-
zation, and (3) mineral deposition observed in the SEM 
images was restricted to the extrafibrillar area, which does 
not contribute to increase dentin mechanical properties 
[55]. There are very few studies comparing glass ionomer 
and calcium silicate cements in relation to their effective-
ness on dentin remineralization, with different outcomes 
[19, 26–29]. Our results agree with those reporting a supe-
rior performance of CSC [19, 26, 27].

In summary, the results of the present study indicate 
that GIC, either unmodified or containing 5% or 15% of 
DCPD or β-TCP, is not capable of promoting dentin remin-
eralization. Though the addition of calcium sources to GIC 
increased the Ca2+, it was either insufficient or its effect 
was offset by the additional demineralization caused by 
higher acidity of the cement. On the other hand, the CSC 
was able to promote mineral precipitation and increase the 
mechanical properties of demineralized dentin.

Conclusion

All the null hypotheses were rejected. The addition of 
DCPD or β-TCP to GIC increased the release of Ca2+, 
Sr2+, and F−. However, there were no statistically sig-
nificant differences in mineral content and mechanical 

Fig. 8   Transmission electron microscope images of dentin samples 
after contact with restorative materials for 56 days. Top row images 
original magnification: 50,000 × . With the exception of GIC + 15% 
β-TCP, restorative materials (RE) detached from the dentin sample 
(DE) during sectioning. The white squares indicate the areas shown 
at higher magnification (100,000 ×), presented at the bottom row. 

The arrows point to the crystals deposited after the restorative pro-
cedure. The asterisk indicates a glass particle after surface dissolu-
tion promoted by contact with polyacrylic acid, and the white cir-
cle, the β-TCP nanoparticles. Dentin samples restored with GIC and 
GIC + 5% β-TCP are not shown because it was not possible to obtain 
sections for observation
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properties of demineralized dentin between the GIC (with 
or without additional calcium sources) and the negative 
control (composite). On the other hand, the calcium sili-
cate cement released much higher amounts of Ca2+ and 
was able to promote dentin remineralization.
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