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Abstract 

Background: This study aimed to in vivo and in vitro evaluate the remineralization potential and shear bond 
strength (SBS) of experimentally prepared tri‑calcium aluminate  (C3A)‑modified glass ionomer cements on sound 
and artificial caries‑affected dentin (CAD). A pure tricalcium aluminate  (C3A) phase prepared via solid state reaction 
at elevated temperature from chemically pure calcium carbonate and alumina, to formulate ceramic composite of 
composition: 75%  C3A, 15%  CaSO4·2H2O and 10%  Bi2O3. The influence of artificial saliva solution on the hydration 
characteristics and microstructure of the synthesized composite was investigated by X‑ray diffraction (XRD) analysis, 
FTIR spectral analysis, pH determination and scanning electron microscope (SEM) in comparison with distilled water 
curing medium. Modified cements of  C3A glass ionomers  (C3A‑CGIC) were prepared by addition of the experimentally 
prepared  C3A to the powder component of the conventical glass ionomer cement (CGIC). Five and 10 wt% of  C3A‑ 
CGICs powder were prepared and compared to CGIC. Cements were applied in prepared class V cavities in rabbits’ 
teeth either to sound or artificial CAD. All rabbits were killed after 15 days, and then, Ca and P wt% were evaluated at 
the cement–dentin interface using Energy‑Dispersive X‑ray Analysis. Specimens for SBS evaluation were prepared for 
the tested cements bonded either to sound or artificial CAD, then tested using universal testing machine.

Results: The XRD results indicate that there is an acceleration effect on the hydration reactions and decrease in 
the rate of conversion process of  C3A phase composite due to the presence of free ions in saliva solution which was 
emphasized by the results of the IR spectral bands of the hydrated paste samples. The SEM micrographs showed a 
more‑dense microstructure with large accumulations of aluminate hydrate crystals of samples cured under saliva 
solution. Results of the prepared  C3A‑CGICs showed that 10wt%  C3A‑GIC group had the highest statistically significant 
mean Ca, P wt% and SBS values on CAD compared to 5wt%  C3A‑GIC and CGIC.
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Background
Since the introduction of glass ionomer cements in 1972, 
it has been widely used in clinical dentistry. Glass iono-
mers have many favorable characteristics including; 
chemical adhesion to the tooth structure and sustained 
release of fluoride over a prolonged time. On the other 
hand, glass ionomer cements have some restrictions in 
their clinical applications due to their low early mechani-
cal properties and moisture sensitivity during the initial 
stages of the setting reaction (Hasenwinkel et  al. 2013). 
Thus, many modifications were introduced to the glass 
ionomers original formulations aiming to improve its 
properties. These modifications include alternative filler 
particles (e.g., different metal oxides) and/or matrix set-
ting reaction (e.g., resinous formulation) (Rahaman et al. 
2011; Ezz et al. 2018).

A new category of dental cements has been emerged 
within the last two decades. Similar to the calcium sili-
cate cements (CSCs), the calcium aluminate cements 
(CAC) are also originated from the class of cements 
called “hydraulic” or natural cements (Jefferies 2014). 
Tri-calcium aluminate phase  (C3A) is one of the major 
phases of mineral trioxide (MTA) material. Calcium alu-
minate  (C3A) phase has been used as biomedical material 
in many applications as it enhances the hydration chemi-
cal reactions with a continuous dissolution/precipita-
tion process which maintain sufficient seal insoluble in 
tissue fluid and non-resorbable. The calcium aluminate 
cements have high levels of calcium, display a pH in the 
alkaline range, and they are bioactive as they are able to 
form surface apatite in the presence of a simulated body 
fluid (SBF) (Camilleri et  al. 2005; Dammaschke et  al. 
2005; Sarkar et al. 2005).

Due to the favorable properties of calcium aluminate, 
modifying the conventional glass ionomer cements 
(CGIC) with it could enhance the glass ionomer cement 
composition (Jefferies 2014). Thus, the present work 
aimed to study the influence of curing media, namely dis-
tilled water and saliva solution on the hydration reactions 
of composite material based on tri-calcium aluminate 
phase  (C3A) to be used as biomaterial for dental applica-
tions. Investigation of hydration reaction characteristics 
and morphology of the hardened pastes were carried 
out. Furthermore, in vivo evaluation of the remineraliza-
tion potential of the experimentally prepared tri-calcium 

aluminate added to glass ionomer cements with different 
concentrations in class V prepared cavities applied on 
sound and artificial caries-affected dentin. Moreover, the 
shear bond strength of tri-calcium aluminate-modified 
glass ionomer cements was also tested on both sound 
and caries-affected dentin.

Methods
Preparation of calcium aluminate phase
A dry mixture of 3:1  CaCO3 and  Al2O3  [CaCO3 (≈99.8%) 
and  Al2O3 (≈99.6%)] was used to synthesize the  C3A 
phase. All chemicals used in this investigation were sup-
plied by BDH Chemicals Ltd, Poole, England. The mix-
ture was homogenized using an electric roller for 24  h 
and then pressed into 2-inch cubes and calcined at 
1000 °C for 2 h in Vecstar electric furnace. The produced 
material was milled and then remolded in 2-inch cubes 
and fired at 1350 °C for 3 h. This solid-state reaction was 
carried out in accordance with the phase diagram of cal-
cium aluminate phases at a temperature needed for tri-
calcium aluminate phase formation  (C3A) (Taylor 1997). 
Firing process was repeated until nearly complete forma-
tion of the phase. The final product was tested for their 
free lime and insoluble residue contents. The resulting 
material was finely ground for 15  h in an electric mill-
ing machine (Retsch GmbH PM100, Germany) to pass 
completely through a 53  μm (270 mesh) standard sieve 
and packed in a plastic container. The final phase powder 
was characterized by its X-ray diffraction (XRD) pattern 
(Fig.  1) and Transmission Electron Microscopy (TEM) 
((JEM-1230) at 100 kV) for the particle size (Fig. 2).

The synthesized  C3A phase was used to formulate the 
composite material of the following weight percentages:-

• 75 wt%  C3A phase.
• 15 wt% chemically pure  CaSO4·2H2O (gypsum).
• 10 wt% chemically pure Bismuth Oxide  (Bi2O3).

The desired amount of the composite material was dry 
mixed, homogenized and finely ground for 3  h using a 
milling machine (Retsch GmbH PM100, Germany) to 
pass the above mentioned 270 mesh standard sieve. Bis-
muth Oxide  (Bi2O3) was added to the mix composition as 
a radio pacifier material.

Conclusions: 10 wt%  C3A‑GIC has a remineralizing effect on artificial CAD under in vivo conditions, plus its improved 
bonding to dentin compared to CGIC. Thus, it might be promising restorative/base with advanced remineralization 
potential and adequate bond strength to both sound dentin and CAD.

Keywords: Tricalcium aluminate, Hydrogarnet, Glass ionomer cement, Caries‑affected dentin, Remineralization, Shear 
bond strength, Cement dentin interface
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Two types of aqueous solutions, namely distilled water 
(DW) and artificial saliva solution, were used as curing 
liquids. The chemical composition of the artificial saliva 
solution is given in Table 1 (Shetty et al. 2014).

The preparation of a workable paste of the synthe-
sized composite material was done at a liquid/powder 
ratio of 0.25 ml/g. The cement pastes were prepared with 
the aid of cylindrical brass mold (10  mm diameter X 
2 mm height). The paste was filled in the mold into two 
approximately equal layers. Each layer was compacted 
and pressed until a homogenous specimen was obtained. 

The samples were cured in the incubator at 37 °C for 24 h 
directly after molding. The samples were de-molded and 
cured under DW and the prepared artificial saliva solu-
tion in the incubator at 37 °C until testing times at 1, 3, 7 
and 14 days.

Setting time
The final setting time of the synthesized bio-cement com-
posite was performed using Vicat apparatus with the best 
workable past mixed with DW for 30 s at a water/pow-
der ratio of 0.25 ml/g as mentioned above. The paste was 
placed into a disk mold that measured; 10 mm diameter 
and 2 mm in thickness. After 120 s from the start of mix-
ing, a Gilmore needle (with a flat end diameter of 2 mm 
and weighting 100 g load) was gently lowered to the hori-
zontal surface of the tested material. This procedure was 
repeated at 30 s intervals until the indenter failed to make 
a complete circular mark on the tested material surface. 
The recorded average setting time of set of five disk sam-
ples prepared from the synthesized composite bio-mate-
rial was taken.

Characterization of the prepared Tri‑Calcium aluminate 
phase
X‑ray diffraction
The XRD analysis was carried out on some selected 
hydrated samples with the aid of Philips X-ray diffrac-
tometer PW 1730 with Ni-filtered Cu-Kα X-ray radiation 
(λ = 1.5406 Ao) powered at 40 kV and 30 mA. Diffraction 
data were recorded in the 2θ range from 5° to 70°, count-
ing for 10 s in steps of Δ(2θ) = 0.01°.

ATR/FTIR spectroscopy
IR spectra were recorded on some selected samples with 
the aid of JASCO 4600 model FTIR spectrometer.

SEM–EDS analysis
Investigation of the morphology of some selected cured 
samples was done by Scanning Electron Microscopy 
(SEM) together with energy-dispersive X-ray spectra 

0 10 20 30 40 50 60 70

0

50

100

150

200

250

In
te

n
s
it

y

2-Theta-Scale (Degrees)

C3A

Fig. 1 X‑ray diffraction pattern of pure  C3A phase

Fig. 2 TEM of pure  C3A phase

Table 1 Composition of the artificial saliva solution

Ingredients Concentration 
(g/L)

NaCL 0.4

KCl 0.48

CaCl2·2H2O 0.795

Na2S  H2O 0.005

NaH2PO4  2H2O 0.78

Urea 1

Phosphoric acid to adjust pH to 6.4
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(EDX) using an instrument (type Inspect S, T810, D8571, 
FEI Co., Japan) with an accelerating voltage of 30 kV and 
a magnification from 10 × to 300,000 × .

pH of the immersion solution
Disk specimens of cement paste were prepared by mix-
ing with distilled water for 30 s at a water/powder ratio 
of 0.25  ml/g. The workable mix was then placed in a 
mold that (10  mm diameter X 2  mm height). Then, the 
prepared discs were directly placed in 20  ml of DW or 
artificial saliva (Nurit et al. 1993) and kept at 37  °C in a 
100% humidity water bath for 3, 7 and 14  days curing 
periods. The pH values of the immersion solution were 
determined using a solid-state pH sensor connected to a 
pH meter (Medika Scientific Jenway bench top pH meter, 
England).

Preparation and dental application of the experimental 
 C3A‑modified glass ionomer
Modified cements of calcium aluminate glass ionomers 
were prepared by addition of the experimentally pre-
pared calcium aluminate to the powder component of 
the conventical glass ionomer cement (CGIC) (Fugi II, 
GC Gold Label 2, GC Corporation, Tokyo, Japan) prior to 
mixing the cements according to manufacturer’s specifi-
cations (Sidhu and Nicholson 2016). Five and ten percent 
by weight of CGIC powder were replaced by  C3A cement 
and then mixed using ball mill machine (LFJS, Hunan, 
China) with 200  rpm for 30 min to produce a homoge-
nous mixed powder (Crowley et al. 2001).

Then, the modified calcium aluminate glass iono-
mers were tested for their remineralization potential to 
both sound and caries-affected dentin in vivo in rabbits’ 
teeth. Moreover, the modified calcium aluminate glass 
ionomers were evaluated in  vitro for their shear bond 
strength to both sound and caries-affected dentin.

In vivo study
Selection of  rabbits Nine healthy adult female New-
Zealand white rabbits weighing between 3.5 and 4  kg 
with age three months were obtained from the Medical 
Experiment Practice and Research Institute In El Azab El 
Fayoum). Ethical approval was obtained from the research 
ethics committee National Research Centre, Egypt (No. 
2421022021). Rabbits were kept in individual cages at 
room temperature under veterinary supervision. They 
were fed a standard diet as grass, carrot and water (Belduz 
et al. 2010).

Study design and  rabbits grouping A total of 36 teeth 
were prepared in the nine selected rabbits. Each rabbit 
contains four teeth (two upper and two lower). A total of 
thirty six teeth were subdivided into two groups (n = 18 

teeth each) according to the type of dentin substrate, in 
which the right side teeth of each rabbit was utilized as 
sound dentin (SD) substrate, while the left side teeth of 
each rabbit was utilized as artificial caries-affected dentin 
(CAD) substrate. Then, each dentin substrate was further 
divided into three subgroups (n = 6 teeth each) accord-
ing to the received cement type: subgroups I: Conven-
tional glass ionomer (CGI) (control), subgroups II: 5 wt% 
experimental Ca aluminate glass ionomer (5%  C3A GI), 
subgroups III: 10 wt% experimental Ca aluminate glass 
ionomer (10%  C3A GI).

Class V cavity preparation After the sedation of each 
rabbit with 3  cc propofol I.V. as induction followed by 
1 cc propofol as maintain ace, standardized class V cavi-
ties with dimensions (1.5  mm × 2  mm) (Likitpongpipat 
et  al. 2018) was prepared on the labial surfaces of both 
upper and lower anterior teeth using round tungsten car-
bide bur size (#009) (Komet, Lemgo, Germany) which was 
changed after every four teeth (Aljandan et al. 2012). Low 
speed hand piece (NSK, Naskanishi, Japan) was used to 
prepare the cavities by cutting the tooth structure until 
the entire head of the round bur disappeared under copi-
ous water coolant. An endodontic file stopper was placed 
at the termination of the bur head to control the depth.

Preparation of artificial caries‑affected dentin On each 
rabbit, the left side prepared cavities on the upper and 
lower teeth were etched using 37% phosphoric acid (Meta 
Biomed, Germany) for 30 s followed by rinsing for 30 s to 
obtain artificial caries-affected dentin (Alrafee et al. 2017).

Application of the cements in the prepared cavities Pre-
pared class V cavities with sound dentin or artificial car-
ies-affected dentin were randomly assigned to the previ-
ously mentioned subgroups. Modified Ca aluminate glass 
ionomer cements (subgroups II, III) or glass ionomer 
cement (control; subgroups I) were mixed in accordance 
with manufacturer’s instructions with a standard powder/
liquid ratio (2.7 g/1.0 g) (one level scoop of powder to one 
drop of liquid), mix up to 30 s and then placed in the pre-
pared class V cavities on the prepared sound or artificial 
caries affect dentin surfaces and contoured with a plas-
tic hand instrument (3 M, ESPE, USA). Restored class V 
cavities were left in function for 15 days in the rabbits’ oral 
environment.

Extraction of teeth and elemental analysis All rabbits 
were sacrificed after 15  days following the restorative 
procedure, and teeth were carefully excised to avoid 
damage of their surfaces. The cervical portion of the 
extracted anterior teeth was sectioned mesio-distally 
to separate each restored tooth cervical portion from 
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the remaining tooth portion of crown (to be utilized in 
the in vitro study). Then, the sectioned restored cervi-
cal portion was sectioned cervico-incisally through 
the center of class V restoration into two halves using 
diamond disk (Dental Golden S.A.W., Switzerland) 
mounted on a low speed hand piece (NSK, Naskanishi, 
Japan) at (300.000) rpm under copious water coolant. 
Specimens were analyzed using environmental Energy-
Dispersive X-ray Analysis (EDX, Model Quanta 250, FEI 
company, Netherlands) to determine the calcium (Ca) 
and phosphorous (P) mineral content and the change 
of the level of these elements percentage due to rem-
ineralization. The measurements were taken from three 
different regions at dentin around the applied cements, 
and then, the mean of each specimen was calculated.

In vitro study
Specimens’ preparation and  grouping Labial enamel of 
remaining crown segments of the rabbits’ teeth that were 
previously sectioned in the in vivo study was grinded 
to expose the dentin substrate. A total of 36 dentin disc 
were prepared and randomly subdivided into two groups 
(n = 18/each) according to the type of dentin substrate 
tested; group I: Sound dentin substrate (SD), while group 
II: was artificial caries-affected dentin (CAD). Then, each 
dentin substrate will be further divided into three class 
(n = 6/each) according to utilized cements type; subgroup 
I: Conventional glass ionomer (CGI) (control), subgroup 
II: 5  wt% experimental Ca aluminate glass ionomer (5% 
 C3A GI), subgroup III: 10 wt% experimental Ca aluminate 
glass ionomer (10%  C3A GI).

Development of  artificial caries‑affected dentin Half 
of the dentin specimens were etched using 37% phos-
phoric acid for 30 s followed by rinsing for 30 s to obtain 
artificial caries-affected dentin.

Application of  the  experimental cements A cylindri-
cal transparent plastic tube of inner dimensions (2 mm 
diameter and 3  mm height) were utilized to act as a 
mold during cements application. Modified Ca alumi-
nate glass ionomer cements (Group II, III) or glass iono-
mer cement (control; group I) were mixed and placed in 
the plastic molds on either the sound or artificial caries-
affected dentin specimens as mentioned before in the 
in  vivo study. After removing the plastic tubes, all the 
cements cylinders were checked using magnifying glass 
lens (25s) to detect any defects. Each restored specimen 
was stored in 15 ml artificial saliva (pH = 7) in an incu-
bator at 37 °C for 15 days until testing.

Shear bond strength (SBS) test
Shear bond strength test was carried out for all speci-
mens using a universal testing machine (Lloyd Instru-
ments Ltd;.model LRX-plus;, Fareham, UK). A 
chisel-shaped shearing blade with a 0.5 mm width sharp 
edge was aligned parallel with the flat dentin surface of 
the bonded specimen. The load cell control system was 
then adjusted to apply load force of (5  N) by chisel on 
dentin-cement interface at a crosshead speed of 0.5 mm/
min until failure occurs. The control system and its asso-
ciated software recorded the maximum force needed to 
de-bond each specimen in Newton (N), which was auto-
matically calculated to express the shear bond strength 
records on output device in Mega pascal (MPa).

Statistical analysis
The mean and standard deviation values were calculated 
for each group in each test. Data were explored for nor-
mality using Kolmogorov–Smirnov and Shapiro–Wilk 
tests, data showed parametric (normal) distribution. 
One-way ANOVA followed by Tukey post hoc test was 
used to compare between more than two groups in non-
related samples. Independent sample t-test was used to 
compare between two groups in non-related samples. 
Two-way ANOVA was used to test the effect of interac-
tion between different variables. The significance level 
was set at p ≤ 0.05. Statistical analysis was performed 
with IBM® SPSS® Statistics Version 20 for windows.

Results
Setting time results
The setting time of the formulated  C3A phase composite 
used in this study was (40 min ± 5.08 min).

Results of the characterization of the prepared Tri‑Calcium 
aluminate phase
X‑ray diffraction
The X-ray diffraction analysis was used in this study to 
investigate the hydration characteristics of the synthe-
sized aluminate composite pastes cured under artificial 
saliva solution in comparison with those cured in dis-
tilled water. Figure 3 represents the X-ray diffraction pat-
terns of the pure anhydrous tri-calcium aluminate phase 
 (C3A) in comparison with the prepared composite pastes 
hydrated for one day and those cured under distilled 
water and artificial saliva solution for 14  days at 37  °C. 
It was clear from Fig. 3 that the beaks intensities of the 
anhydrous  C3A phase decrease with the hydration peri-
ods for pastes prepared with distilled water after one day 
curing period and those cured for 14 day under the two 
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different curing media that was due to the formation of 
different hydrated phases. The XRD patterns reveal that 
the hydration reactions proceeded normally, i.e., the 
main peaks of calcium aluminate hydrates, mono and tri-
sulphoaluminate compounds were found.

The XRD pattern of pastes cured for one day showed 
the characteristic peaks of trisulphoaluminate com-
pound (ettringite,  C3A.3CaSO4·32H2O) due to the reac-
tion of  C3A phase with  CaSO4·2H2O (gypsum) that was 
responsible for set regulation of the synthesized phase 
composite during early hydration period. The character-
istic peaks of the residual free gypsum were also detected 
in this pattern. In this pure system of  C3A, the added 
amount of gypsum retards the phase hydration by the 
formation of the protective impermeable ettringite layer 
on the  C3A surface. The ettringite compound that was 
formed rapidly after mixing with distilled water  reacted 
with  C3A to form the more stable monosulphoaluminate 
compound  (C3A·CaSO4·12H2O) according to Eq.  (1 and 
2) with an XRD characteristic peak detected in the pat-
terns of the two 14 days samples as shown in Fig. 3. The 
XRD patterns of samples cured for 14 days under distilled 
water and saliva solution showed an increase in peak 
height of aluminate hydrate compounds  (C3AH6,  C4AH13 
and  C4AH19) for pastes cured under artificial saliva solu-
tion more than those cured under distilled water. The 
characteristic peak of ettringite (trisulphoaluminate) was 
found only in the XRD pattern of one day sample, while, 
that of the monosulphoaluminate compound was found 
in the pattern of the 14  days samples for both curing 
media due to chemical reaction of the trisulphate form 
with  C3A phase to form the more stable monosulphate 
compound according to chemical Eq. 2. As can be seen 
from Fig.  3, the XRD peaks for monosulphoaluminate 

compound showed an increasing intensity for the sam-
ples cured in saliva solution than those cured in distilled 
water.

FTIR spectroscopy
The infrared spectral analysis was carried out on the 
hydrated paste samples cured for 24 h. and those cured 
for 14  days under distilled water and artificial saliva 
solution. The FTIR spectra given in Figs.  4 and 5 indi-
cate the presence of strong aluminate bands at ~ 425 and 
540   cm−1 correspond to aluminate coupling vibration, 
weak band at ~ 805 that overlapped with Ʋ4 and Ʋ2 for 
 CO3

2− at ~ 715 and 874   cm−1, respectively, and medium 
shoulder at ≈ 945 and 950   cm−1 associated with weak 
band of Ʋ1  CO3

2− at ~ 1067   cm−1. The very strong wave 
band at ~ 1420  cm−1 assigned to Ʋ3  CO3

2− and the shoul-
der for Ʋ4 + Ʋ2,CO3

2−at ~ 2840   cm−1 were detected in 
the IR spectra. The medium to weak band at ~ 1645  cm−1 
and its associated shoulder at ~ 1635   cm−1 assigned to 
the molecular water bending H–O-H (Ʋ2,  H2O) are 

Fig. 3 XRD spectral analysis of the anhydrous  C3A phase and cured 
samples under distilled water and saliva solution for 1 and 14 days

Fig. 4 FTIR spectra of the  C3A composite samples cured under 
distilled water for 1, 3 and 14 days

Fig. 5 FTIR spectra of the  C3A composite samples cured under 
artificial saliva solution for 1, 3 and 14 days
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found in Figs. 4 and 5. In addition, the strong broad band 
at ~ 3365   cm−1 corresponding to Ʋ2,  H2O and the band 
for  OH− at ~ 3620 and 3670   cm−1 were also seen in the 
spectra.

SEM–EDS analysis
The scanning electron microscopy was carried out on 
some selected hydrated samples to investigate the influ-
ence of curing medium on the morphology and crystal 
forms of the different hydrated aluminate phases. Fig-
ure  6 represents the scanning electron micrographs of 
the hardened paste samples cured for 14 days hydration 
period under both distilled water (Fig.  6a, b) and saliva 
solution (Fig. 6c, d).

The micrographs given in Fig.  6 reveal a clear dif-
ference in the structural morphology between the 
samples cured under distilled water and those cured 
under saliva solution. Generally, accumulation of the 
hydrated aluminate compounds was found to precipi-
tate over the anhydrous particles and inside the pores 
which results in a more dense structure. The micro-
graphs of samples cured in distilled water (Fig.  6 a 
(7000 ×), b (25,000 ×)) reflect the difference in mor-
phology compared with the micrograph of samples 

Fig. 6 14 days C3A composite sample cured in distilled water (a, b) and cured in artificial saliva solution (c, d)

cured in salvia solution (Fig. 6 c (7000 ×), d (25,000 ×)). 
Figure 6a shows an agglomerated micro-fine crystals of 
sulphoaluminate compounds (mono- and tri- forms) 
that covered the anhydrous particles together with the 
hexagonal crystals of the hydrated aluminate phases 
 (C4AH13 and  C4AH19). The cubic crystals of the hydro-
garnet phase  (C3AH6) resulting from the conversion 
process of the aluminate hydrate compounds were also 
seen clearly in the micrographs. Figure 6c and d which 
represents the micrographs of samples stored in arti-
ficial saliva solution showed a dense agglomeration 
of the hexagonal crystals of aluminate hydrate phases 
more than those found in Fig. 6a and b. It is also clear 
that the hydrogarnet cubic crystals were  not clearly 
seen in these micrographs as they may be encapsulated 
by the aluminate hydrate crystals. Fig. 7A and B repre-
sents the EDS graphs of samples cured under the cur-
ing media for 14 days. The EDS analysis emphasize the 
presence of Ca, Al and O elements that were incorpo-
rated in the different hydration crystals of C3A phase. 
It was clear from Fig. (7-B) that there was an increase 
in the intensities of those elements. EDS analysis also 
showed the presence of phosphorus peaks in Fig. (7-B).
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pH of the immersion medium
Figure  8 represents the pH values of the immersing 
media (distilled water and saliva solution) after 3, 7 
and 14 days curing ages. There was a statistically sig-
nificant difference between (0  days), (3  days), (7  days) 
and (14  days) groups for both specimens immersed in 
distilled water and artificial saliva, where (p = 0.001) 
and (p = 0.002), respectively. A statistically sig-
nificant difference was found between (0  days) and 
each of (3  days), (7  days) and (14  days) groups where 
(p = 0.001), (p = 0.001) and (p < 0.001) for distilled water 

Fig. 7  EDS graphs of samples: A‑ samples cured under distilled water, B‑ samples cured under artificial saliva solution

specimens and (p = 0.001), (p = 0.002) and (p < 0.001) 
for artificial saliva specimens. No statistically signifi-
cant difference was found between any other groups. 
While regarding comparing distilled water and arti-
ficial saliva specimens results revealed a statistically 
significant difference between (Distilled water) and 
(Saliva) groups at 0 and 14  days where (p < 0.001) and 
(p = 0.008), respectively. On the other hand, there was 
no statistically significant difference between (Dis-
tilled water) and (Saliva) groups at 3 and 7 days where 
(p = 0.738) and (p = 0.288), respectively.
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Results of the experimental  C3A‑modified Glass Ionomer
Results of elemental analysis (calcium and phosphorous 
wt%)
Results of calcium (Ca) wt%, and phosphorous (P) wt% 
(Tables  2, 3) revealed that there was a statistically sig-
nificant difference between (SD) and (CAD) groups for 
the three tested materials. While regarding compar-
ing the tested materials on SD, there was no statistically 
significant difference between them. On the other hand, 
comparing the tested materials on CAD, a statistically 
significant difference was found for Ca wt% between 
(CGIC) and each of (5%  C3A-GIC) and (10%  C3A-GIC) 
groups where (p = 0.034) and (p < 0.001), respectively. 
Also, a statistically significant difference was found 
between (5%  C3A-GIC) and (10%  C3A-GIC) groups 
where (p < 0.001). Where 10%  C3A-GIC group showed 
the highest statistically significant mean Ca wt% val-
ues. For P wt%, no statistically significant difference was 
found between (5%  C3A-GIC) and each of (CGIC) and 
(10%  C3A-GIC) groups where (p = 0.722) and (p = 0.102). 
A statistically significant difference was found between 
(CGIC) and (10%  C3A-GIC) groups where (p = 0.038). 
Figure 9 showed representative figures for the elemental 
analysis by EDX for different groups.

Results of the shear bond strength
Table  4 showed results of the shear bond strength for 
different groups. There was a statistically significant 
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Fig. 8 pH values of the two immersion liquids after zero, 3, 7 and 14 days curing periods

Table 2 The mean, standard deviation (SD) values of calcium of 
different groups

ns, non-significant (p > 0.05)

*Significant (p < 0.05)

Variables Calcium (Ca)

SD CAD p value

Mean SD Mean SD

CGIC 25.46 2.58 11.26 0.61 0.001*
5%  C3A‑GIC 25.90 1.02 12.81 0.23 < 0.001*
10%  C3A‑GI 26.12 1.41 19.30 0.72 0.002*
p value 0.902ns < 0.001*

Table 3 The mean, standard deviation (SD) values of 
Phosphorus of different groups

ns, non-significant (p > 0.05)

*Significant (p < 0.05)

Variables Phosphorus (P)

SD CAD p value

Mean SD Mean SD

CGIC 16.23 0.20 4.80 0.56 < 0.001*
5%  C3A‑GIC 16.66 0.56 5.56 0.26 < 0.001*
10%  C3A‑GIC 16.83 0.47 7.97 1.95 0.002*
p value 0.300ns 0.038*
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difference between (SD) and (CAD) groups for both 
(GIC) and (5%  C3A-GIC) groups where (p = 0.008) and 
(p = 0.030), respectively. While there was no statisti-
cally significant difference between (SD) and (CAD) 
groups with 10%  C3A-GIC where (p = 0.073). Moreover, 
there was no statistically significant difference between 
(CGIC), (5%  C3A-GIC) and (10%  C3A-GIC) groups with 
SD where (p = 0.982), while with CAD, 10%  C3A-GIC 
group showed a statistically significant higher bond 
strength compared to (CGIC) and (5%  C3A-GIC) groups.

Different upper case letters in the same column indi-
cating statistically significant difference, while different 
lower case letters in the same raw indicating statistically 
significant difference; *: significant (p < 0.05), ns: non-sig-
nificant (p > 0.05).

Discussion
Progression of dental caries or its reversal relies upon the 
equilibrium between demineralization and reminerali-
zation. Many factors affect this equilibrium such as: the 
concentration of Ca and P in saliva, bio-obtainability of 
fluoride, pH and prevention of secondary caries. For the 
prevention of secondary caries, dentin left in the cavity 
remineralization is expected to happen due to the usage 
of highly bioactive adhesive restorative materials (Tamil-
selvi et al. 2019).

A bioactive material produces a biologic response from 
the host in the interface and provoke the creation of a 
band between the material and the tissue. So, the bioac-
tive materials chemically react with body fluids in terms 
of tissue repair. Moreover, the ability of forming apatite 
is closely related to the ability of exchanging data with 
the biological system, this is called interactivity. So, the 
material capability to stimulate apatite formation on 
demineralized dentin is greatly correlated with its bio-
interactivity and bioactivity (Daneshpoor and Pishevar 
2020).

The hydration reactions of  C3A phase involve the for-
mation of various aluminate hydrate compounds in addi-
tion to carbo- and sulphoaluminate hydrates depending 
upon the chemical composition of the curing medium. 
Calcium aluminate hydrate compounds of formulas 
 CAH10,  C2AH8 and  C4AH19 are readily formed at ambi-
ent temperature in CaO·Al2O3 system (Ramachandran 
1969; Taylor 1997; Sarkar et al. 2005).

The setting time of the formulated  C3A phase com-
posite used in this study was carried out in accordance 
with Sect.  (2.2) by using the desired amount of distilled 
water to be 40  min ± 5.08  min. In the current study, 
15 wt% chemically pure Calcium sulphate dihydrate 
 (CaSO4·2H2O; gypsum) was incorporated in the experi-
mentally prepared C3A cement composition in order 
to regulate setting process and to avoid flash set of the 
prepared pastes. The  CaSO4·2H2O (gypsum) reacts with 
 C3A phase to form the ettringite (tri-sulphoaluminate) 
and the more stable mono-sulphoaluminate compounds 
that were responsible for set regulation according to the 
following chemical equations (Taylor 1997):

The hydration products of  C3A in the absence of sul-
phates and other interfering ions were  C2AHx and 
 C4AH19. It reacts with  H2O to give  C2AH8,  C3AH6 and 
 C4AH13  [C3A·Ca(OH)2·12H2O]. The hydrated compound 
 C2AH8 reacts with free lime [Ca(OH)2] if present in the 
curing medium to form  C4AH13 or  C3AH6 (Taylor 1997; 
Sarkar et al. 2005). The hydrated compound  C3AH6 crys-
tallizes in the cubic form similar to garnet of chemical 
formula  Ca3Al2(SiO4)3 and of  (SiO4)4− was replaced by 
4 (OH)− as a hexahydrate of composition  Ca3Al2(OH)2 
was formed. The hydrated phases  C2AH8 and  C4AHx 
crystallize as a thin hexagonal plates, and the compound 
 C4AH19 exists in α1 and α2 modifications converted to 
 C4AH13. These α-forms of  C4AH19 may give the formula 
of  C3ACaCO3·11  H2O by carbonation reactions (Taylor 
1997; Lea 1970).

The reaction of the formulated pure  C3A phase com-
posite with water in the presence of small amounts of 
free unreacted lime [Ca(OH)2] present in  C3A phase 
composition at 37 °C results in the formation of  C4AH13 
and  C4AH19 that was converted to the more stable cubic 
crystals of hydrogarnet  (C3AH6) (Matschei et al. 2007). In 
this research work, this conversion process is more rapid 
due to the exothermic nature of the hydration reactions 
of  C3A phase in addition to the higher working tempera-
ture of the curing media (37 °C). The hydration reaction 
of  C3A phase proceeds through two highly exothermic 

(1)C3A+ 3CŚH2 + 26H2O → C3AŚ3H32

(2)2C3A+ C6AŚ3H32 + 4H2O → 3C4AŚH12

Table 4 The mean, standard deviation (SD) values of Shear bond 
strength of different groups

Different upper case letters in the same column indicating statistically significant 
difference, while different lower case letters in the same raw indicating 
statistically significant difference

*: significant (p < 0.05), ns: non-significant (p > 0.05)

Variables Shear bond strength

SD CAD p value

Mean SD Mean SD

CGIC 3.61aA 0.40 2.46bA 0.63 0.008*
5%  C3A‑GIC 3.58aA 0.29 2.54bA 0.83 0.030*
10%  C3A‑GIC 3.53aA 1.16 3.24aB 0.79 0.073ns
p value 0.982ns 0.008*
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reactions, the first was the formation of tri-sulphoalumi-
nate compound (ettringite) and  C4AH19 during the first 
30  min after mixing with distilled water at 37  °C. This 
elevated curing temperature did not prevent ettringite 
formation. The second step, at later hydration periods, 
is typically related to the formation of solid solution of 
aluminate hydrate phases and mono-sulphate compound 
according to the following equation, Eq. 3 (Taylor 1997).

As can be seen in Fig.  3, the characteristic peaks of 
the aluminate hydrate compounds  (C4AH13 and  C3AH6) 
were clearly detected in XRD pattern of the 14 days sam-
ples, while, for the one day sample only the peaks of the 
hydrated aluminate phase  (C4AH19) was found together 
with those of hydrogarnet compound  (C3AH6) that was 
formed due to the conversion process mentioned above 
(Poellmann 1989; Lawrence 1998). The increase in almost 
all XRD peaks intensities of the aluminate hydrate com-
pounds might  be attributed to the presence of different 
ions in chemical composition of artificial saliva solution 
[Table 1] that may act as a nucleating centers during the 
hydration process of  C3A phase with an acceleration 
effect on the hydration reactions by both cations and ani-
ons as much of these ions are present in the interlayer 
spaces and adsorbed on the surface of both anhydrous 
and hydrated aluminate compounds (Taylor 1997; Lea 
1970). The presence of a small amount of  CaCl2·2H2O 
(0.04%) in saliva solution has long been known to accel-
erate the hydration process of the used material. It may 
react with  C3A phase to form few crystals of chloroalu-
minate hydrate  (C3A·CaCl2.H2O) that were precipitated 
in the micropores and could not be detected by XRD as it 
was encapsulated by other aluminate hydrates (Lea 1970). 
Artificial saliva solution contains very low concentrations 
of NaCl and KCl salts (0.04% and 0.048%, respectively) 
as given in Table 1. The ions of these highly ionized salts 
were sufficiently free in solution and might accelerate the 
hydration reactions of  C3A phase in artificial saliva solu-
tion by suggesting the electrolyte effect of such free ions 
(Glasser et al. 1999; Quennoz and Scrivener 2012).

By following up the IR spectral bands given in Figs.  4 
and 5 as a function of hydration period, it was clear that 
there was an increase in the IR bands of pastes cured for 
3 and14 days under both distilled water and artificial 
saliva solution compared with those of pastes mixed with 
distilled water for 24 h that was due to the formation of 
different hydrated aluminate compounds. The aluminate 
coupling vibration bands at ~ 425 and 540   cm−1 were 
increased due to the incorporation of the  C3A phase in the 
hydration reactions to form  C3AH6,  C4AH13 and  C4AH19 
hydrated phases together with tri- and mono-sulphoalu-
minate compounds (ettringite,  C3A.3CaSO4·32H2O and 

(3)C3A+ Ca(OH)2 + 12H2O → C4AH13

mono-sulphate  C3A·CaSO4·12H2O). This was connected 
with the increase in band broadening of the molecular 
water Ʋ2,  H2O at ~ 1635   cm−1 and also the IR bands of 
OH- at ~ 3620 to 3670   cm−1. These findings were in a 
good agreement with the results of XRD data. The little 
change of the IR bands between the samples cured for 
14 days and those cured for 3 days for both curing media 
might be attributed to the encapsulation of the formed 
aluminate hydrate phases on the surface of the anhydrous 
composite particles especially in case of pastes cured in 
artificial saliva solution because it accelerates the hydra-
tion reactions of tricalcium aluminate phase as was dis-
cussed before. The presence of  CO3

2− bands was mainly 
due to the reaction of atmospheric  CO2 gas with hydrated 
aluminate compounds in a process cold carbonation (Lea 
1970; Poellmann and Kuzel 1990; Kuzel and Poellmann 
1991; Kuzel 1996). Results of XRD were confirmed by the 
SEM photomicrographs which showed a dens agglom-
eration of the hexagonal crystals of aluminate hydrate 
phases in samples cured in artificial saliva.

This study showed that the prepared experimental  C3A 
cement has bioactivity properties. EDS analysis empha-
sizes the presence of Ca, Al and O elements that were 
incorporated in the different hydration crystals of  C3A 
phase. It is clear from Fig. 9b that there was an increase 
in the intensities of those elements due to the enhance-
ment of the hydration reactions rate of pastes cured 
under artificial saliva solution. EDS analysis also showed 
the presence of phosphorus peaks in Fig.  7b which was 
attributed to the formation of small amounts of calcium 
phosphate crystals on the surface of aluminate hydrate 
crystals in artificial saliva solution.

Moreover, pH results showed that the fully hardened 
material was basic and stay basic through-out its service. 
This might be attributed to the presence of trace amounts 
of free lime or unreacted Ca(OH)2 in the composition of 
the synthesized  C3A phase. The pH values showed a lit-
tle decrease from 3 to 14 hydration ages for pastes cured 
in distilled water while in case of artificial saliva solution 
the pH values showed a slight increase up to 14 days cur-
ing period that might be due to the presence of free ions 
which act as nucleating centers during the aluminate 
phase hydration process (Taylor 1997). This property is 
crucial for the material to be bioactive that is forming 
apatite on its surface when the material is in contact with 
phosphate containing solution (artificial saliva).

Conventional glass ionomer cements (CGIC) have 
many favorable characteristics, as adhesion to enamel 
and dentin, discharge of fluoride, low thermal expan-
sion coefficients and low shrinkage, low cytotoxicity and 
excellent compatibility with the pulp (Mahesh et al. 2011; 
Shikumar et  al. 2016). On the other hand, glass iono-
mers have some shortcomings as: low early mechanical 
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strength and short working time, moisture sensitivity 
during the early stages of the setting reaction, inadequate 
wear-resistance, brittleness and unsatisfactory surface 
properties (Dhoot et  al. 2016). Thus, in order to over-
come the low mechanical properties of glass ionomers, 
many alterations have been created to the conventional 
GICs. Modifying the conventional GICs by calcium alu-
minate cement could be beneficial in terms of increasing 
strength and retention over time; biocompatibility; bio-
activity apatite creation; sealing of tooth material inter-
face; durable, constant long-term properties and scarcity 
of solubility; and greatest development of a stable basic 
cement pH (Jefferies 2014).

Energy-dispersive X-ray (EDX) analysis was utilized in 
the current study to evaluate the remineralization of den-
tin after the restoration with  C3A-GIC. EDX was consid-
ered as a non-destructive tool that provides reliable data 
of the surface composition of the object (Tamilselvi et al. 
2019).

Results of the current study using EDX analysis showed 
a remarkable increase in Ca and P wt% values of the CAD 
restored with  C3A-GIC (5%wt, 10%wt), significantly 
with the higher concentrations 10% wt, than the CGIC 
(control). This might be due to the chemical reaction of 
tricalcium aluminate which started when reacted with 
water contained in GI mixing solution. The dissolution 
of calcium aluminate phase aqueous curing medium 
had a consequent development of calcium ions  (Ca2+), 
aluminum hydroxyl ions (Al (OH)4−, and hydroxyl ions 

 (OH−). This procedure was then followed instantly by 
precipitation of new hydrated solid phases mentioned 
above (tri-sulphoaluminate, mono-sulphoaluminate, 
 C2AH8,  C3AH6 and  C4AH13) as the solution attains sat-
uration. These precipitates mature and enlarge until 
they meet, and a linked cluster of hydroxide particles is 
formed repeatedly. Crystallization of the phases continue 
and the hydrates enlarge in size from nanometers (nm) 
to microns (μm). Sedimentation and penetration of these 
crystals into the demineralized tooth surface acts as a 
template and attracted large amount of  Ca2+ and  PO4

3− 
from the in  vivo body fluids (saliva, dentinal fluids). 
These crystals precisely fill up defects and micropores 
on CAD (demineralized teeth) (Huang et al. 2009). These 
unique properties as apatite formation and remineraliza-
tion develop quickly and continue to be active (Chotard 
et al. 2001; Jefferies 2014).

The shear bond strength (SBS) test was selected in 
the present study to evaluate the bond strength of the 
CGIC and the experimental 5%wt and 10%wt  C3A-GIC 
to sound and artificial caries-affected dentin. Shear bond 
strength testing of restorative materials is one of the 
widespread techniques to assess its capability to endure 
stresses of the oral environment. Furthermore, it is con-
sidered the most important test for evaluation of restora-
tive materials, because most of intraoral failure occurs 
through shear forces (Somani et  al. 2016; Zhao et  al. 
2017). Thus, the higher shear bond strength indicates 

Fig. 9 Representative figures for the elemental analysis by EDX (a).  Sound dentin restored with CGIC; (b). Sound dentin restored with 5% C3A‑GIC; 
(c). Sound dentin restored with 10% C3A‑GIC; (d) CAD restored with CGIC; (e). CAD restored with 5% C3A‑GIC; (f). CAD restored with 10% C3A‑GIC
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advanced bonding and enhanced clinical performance of 
the material to tooth (Sirisha et al. 2014).

Regarding to the effect of the tooth substrate either; 
sound or caries-affected dentin on the SBS for the 
tested cements, results showed that sound dentin had 
statistically significant higher shear bond strength val-
ues than CAD; with both CGIC and 5%wt  C3A-GIC 
(Table 4). This might be related to that CAD lost a part 
of its mineral component from the intertubular dentin 
during the demineralization procedure (Palma-Dibb 
et al. 2006). Thus, loss of calcium ions during the dem-
ineralization process in caries-affected dentin groups, 
decrease the chance for bonding between calcium ions 
and carboxyl groups of polyalkenoic acid. As it is pro-
posed that the chemical bonding mechanism of CGICs 
is reached through ionic and polar exchanges between 
calcium ions of hydroxyapatite and carboxyl groups of 
polyalkenoic acid (Choi et al. 2006).

In addition, chemical and morphological changes that 
occur in the demineralized CAD as loss of its organic 
content, increased porosity of intertubular dentin, dis-
solution of apatite crystals and degradation of collagen 
fibrils and increasing the permeability might negatively 
impact the performance of the GIC bonding to it (Alves 
et al. 2013; Saad et al. 2017).

Results of the SBS showed that 10%  C3A-GIC showed 
the highest statistically significant SBS values when 
bonded to CAD compared to both 5%  C3A-GIC and 
CGIC, Table  4. It seems that the addition of  C3A to 
the CGIC in high concentration (10wt%) fixed the 
GIC structure and improved its properties.  C3A phase 
enhanced the hydration chemical reactions with a 
continuous dissolution/precipitation process which 
maintained sufficient seal insoluble in tissue fluid and 
non-resorbable (Sarkar et al. 2005; Shetty et al. 2014).

This might be due to aluminum ions concentration in 
calcium aluminate rather than conventional type.  Al3+ 
was a main contributor to increase strength as it was 
supposed to form three-dimensional crosslinks but not 
 Ca2+ or  Sr2+, which makes enormous strength differ-
ence between glass-ionomer cement and other cements 
(Burgess et al. 1993; Mitra and Kedrowski 1994). There-
fore, the presence of  Al2O3 in the reacted glass particles 
might precisely also contributed to the mechanical per-
formance of the  C3A-GIC (Mitra and Kedrowski 1994).

This result may refer to a strong reaction between 
glass ionomer cement matrix and the  C3A phase. 
Which might be also due to the release and precipi-
tation of extra calcium  (Ca2+) ions from dissoluted 
Ca-Aluminate in the cement, forming polysalt bridge 
and cross-linking that all reinforce the cement matrix 
(Barandehfard et  al. 2016). Moreover, the presence of 

additional hydroxyl  (OH−) and phosphate  (PO4−3) ions 
from the  C3A phase in the intermediate layer between 
the cement and tooth structure may lead to more 
hydrogen and ionic bonds between the modified GIC 
and the tooth structure, with subsequent increase in 
the GIC bond strength (Moshaverinia et al. 2008).

Moreover, in the chemical reaction the particle size was 
an important factor, and by decreasing the particle size 
greater surface area available for interaction (Moshaver-
inia et  al. 2008). Thus, the formed sulphoaluminate fine 
crystals and hexagonal crystals of aluminate hydrate 
compounds coating the anhydrous phase particles seen 
in the XRD, FTIR and the SEM photomicrographs in the 
current study, could occupied the empty spaces between 
the glass ionomer powder particles made the GIC mix 
denser and improved its chemical reactivity. This may 
lead to enhanced and superior adhesion with subsequent 
increase in cement bond strength.

Conclusions

• The hydration process of the synthesized tri-calcium 
aluminate phase composite proceeded normally 
under distilled water and artificial saliva solution at 
37 °C.

• The free ions (cations and anions) present in artificial 
saliva solution accelerate the hydration reactions of 
 C3A composite pastes more than those cured under 
distilled water which results in the formation of more 
hydrated aluminate compounds at all hydration peri-
ods with a delaying effect on the conversion process 
of the hexagonal crystals of aluminate hydrates to the 
cubic hydrogarnet crystals that occurred at elevated 
curing temperatures.

• 10  wt% Calcium aluminate-modified glass iono-
mer had a remineralizing effect on artificial caries-
affected dentin under in  vivo conditions. Moreover, 
it had an improved bonding to dentin. Thus, it might 
be promising restorative/base with advanced remin-
eralization potential and adequate bond strength to 
both sound dentin and caries-affected dentin.
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