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ABSTRACT
Objective: The aim of this study is to evaluate and compare (a)Biointeractivity (release of 

calcium (Ca2+) and hydroxyl (OH-) ions and (b) Bioactivity (formation of apatite(Ap) and/or calcium 
phosphate (CaP) precursors) of a novel light-curable resin-modified calcium silicate(RMCS) in 
reference to other pulp capping materials, namely; White-MTA and light-cured Ca(OH)2

Methods: A total of twenty-four cylindrical specimens(8mm in diameter and 1.6mm thick) 
were used in this study. The specimens were divided into 3 groups according to the type of pulp 
capping material (n=8), namely; RMCS(Theracal), W-MTA(MTA Angelus) and light-cured 
Ca(OH)2 (PD). Five specimens from each group were used for biointeractivity test, while the 
remaining three specimens were used for assessment of bioactivity. For the hydroxyl ions(pH) and 
calcium ions release test, the specimens were prepared according to the manufacturer,s instructions  
and suspended individually after setting in sterile glass container with 10 ml triple distilled water at 
37ºC. The pH values of the soaked water were determined using pH meter and the Ca ion release 
was evaluated by the atomic absorption spectrophotometry after different immersion time periods; 
15 min,3hrs,24hrs,7days,14 days,28days and 2months. Apatite-forming ability was assessed before 
and after immersion of the prepared specimens of each material in Dulbecco,s Phosphate Buffered 
Saline( DPBS) at 37ºC for 5hrs, 1day and 7days. The material surface was studied by environmental 
scanning electron microscope with dispersive x-ray(ESEM-EDX) analyses.

Results: RMCS(Theracal) showed higher pH values than Ca(OH)2 but lower pH values than 
W-MTA. RMCS was able to alkalinize the surrounding fluid initially to pH 11-11.5(up to 7days) 
and subsequently to pH 9-10.5 (14 days-2 months). All tested pulp capping materials proved to be 
calcium releasing formulations reaching a maximum release after 7days. Although W-MTA exhibited 
high levels of Ca ion release throughout the study, RMCS (Theracal) recorded significantly higher 
Ca ion release initially up to the first 24 hrs. Environmental scanning electron microscope and 
dispersive x-ray spectroscopy(ESEM-EDX) analyses of the surface of RMCS specimens  showed 
apatite formation(revealed by the fast formation of calcium phosphate deposits of apatite nano-
spherulites) started after 5 hrs of immersion into a DPBS solution. Moreover, many spherulites 
were packed to form clusters of spheroidal bodies with needle-like projections after 1 week storage 
in DPBS. For W-MTA, calcium phosphate deposits were only visible after 24hrs. Light-cured 
Ca(OH)2 demonstrated less apatite deposition compared to RMCS and W-MTA materials.

Conclusions: RMCS (Theracal) is a new light-curable calcium silicate pulp capping material 
able to release calcium ions and have a basifying effect for a period up to 2months. Generally, a 
pronounced formation of mature apatite precursors were obvious after 1 week which was related 
to its high ion-releasing ability. The ability to form apatite can play a critical/positive role in new 
dentin formation, thus making this material a promising alternative to MTA.
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INTRODUCTION 

The consequences of pulp exposure from caries, 
trauma or tooth preparation misadventure can 
be severe, with pain and infection the result. The 
morbidity associated with treating pulp exposures 
is consequential, often requiring either extraction 
or root canal therapy. An alternative procedure 
is pulp capping, in which a medicament is placed 
either directly over the exposed pulp, or a cavity 
liner is placed over residual caries, in an attempt to 
maintain pulp vitality and avoid the more extensive 
treatment(1). 

Calcium hydroxide was introduced to the dental 
profession in 1921 and has been considered the 
“gold standard” of direct pulp capping materials 
for several decades(2).Because of the basic pH of  
about 11, calcium hydroxide is both antibacterial 
and can neutralize the acidic bacterial byproducts. 
The high pH creates an environment conductive 
to formation of reparative dentin. In addition, 
calcium hydroxide has the capacity to mobilize 
growth factors from the dentin matrix, causing the 
formation of new dentin(3).

Unfortunately, the self-setting formulations of 
calcium hydroxide are highly soluble and subject 
to dissolution over time(1).Traditional calcium 
hydroxide liners are easily lost during acid 
etching. Dentin bonding agents that contain water, 
acetone or alcohol can also detrimentally affect the 
properties of calcium hydroxide. Therefore, when 
composite resin is to be used, resin modified glass 
ionomer liners are required as a separate step over 
calcium hydroxide(4).More recently, manufacturers 
have produced resin containing calcium hydroxide 
materials with superior physical properties when 
compared to cements without resin components. 
These materials are cured by visible light and are 
highly resistant to etchants(5).

Mineral Trioxide Aggregate(MTA) has generated 
considerable interest as a direct pulp capping agent 
in recent years. The major component of MTA 

is essentially a refined preparation of Portland 
cement, which is a mixture of dicalcium silicate 
(2CaO·SiO2), tricalcium silicate (3CaO·SiO2), 
tricalcium aluminate (3CaO·Al2O3), gypsum, and 
tetracalcium aluminoferrite (4CaO·Al2O3·Fe2O3). 
Gypsum is added for setting retardation. Trace 
amounts of SiO2, CaO, MgO, Fe2O3, K2SO4, Na2 SO4 
and crystalline silica are also present. Bismuth oxide 
is added for radiopacity(6). MTA  is more effective 
and better than calcium hydroxide materials, as it 
has an enhanced interaction with dental pulp tissue(7) 
with limited pulp tissue necrosis shortly after its 
application and less pulp inflammation(8). MTA 
facilitated the proliferation/differentiation of human 
dental pulp cells(7,9) and exhibited calcified tissue-
conductive activity with the ability to stimulate 
more/faster complete bridge formation and new 
hard tissue formation(8,10-11). 

Although MTA has many favorable properties, 
there are several drawbacks. MTA has a  prolonged 
setting time  which impair its integrity  during the 
setting period(12). Another drawback is its difficult 
handling characteristics. The mixture of MTA and 
distilled water is difficult to deliver to the required 
site and hard to compact adequately. Moreover, the 
cost of MTA is also relatively high(13).

A novel material that creates a new category 
of resin-modified calcium silicates (RMCS) pulp 
protectant/liner has been introduced to the dental 
market as Theracal. It is a light-cured, resin-based 
and a highly radiopaque liner designed to release 
calcium to promote hard tissue formation, and can be 
used under both direct and indirect restorations(14). It 
is intended to protect the pulp and be used in deep 
areas of decay for direct and indirect pulp capping. 
The handling properties are very similar to flowable 
materials. Dispensed in a syringe with a small tip 
it is easy to place in even the deepest areas of the 
preparation(15). It was reported that it has good 
sealing capabilities(16) and was well-tolerated by 
immortalized odontoblast cells(17).
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Biointeractivity and bioactivity are involved 
in reparative healing process. A material can be 
considered bioactive if it evokes a positive response 
from the host, and reacts chemically with body 
fluids in a manner compatible with the repair 
processes of the tissue. The concept of bioactivity 
is closely correlated with biointeractivity which is 
the ability to release biologically active ions. Thus, 
biointeractivity is a prerequisite for a material to 
be bioactive and trigger the formation of apatite. 
Apatite formation offers many advantages such as 
the exposure of a suitable surface for cell adhesion 
and may stimulate odontoblast-like cells to produce 
new dentin tissue and remineralize the adjacent 
dentin through the deposition of apatite crystals(18).

The main question is whether this novel pulp 
capping material is biointeractive, i.e, has the 
ability to release (Ca2+) and hydroxyl(OH)ions 
and bioactive thus able to form apatite(Ap) and/ or 
calcium phosphate (CaP) precursors when soaked 
in phosphate containing solution. Evaluation of the 
in vitro apatite forming ability on the surface of a 
material soaked in phosphate containing solution 
is useful to predict its biological response in vivo. 
Thus, the aim of the current research is to evaluate 
and compare the biointeractivity and apatite-forming 
ability of the new resin-modified calcium silicate 
(Theracal) with reference pulp capping materials; 
self-setting mineral trioxide aggregate(White MTA-
Angelus) , and light-cured calcium hydroxide(PD) 
as a function of immersion time in a phosphate 
solution (Dulbecco,s Phosphate Buffered Saline, 
DPBS).

MATERIALS AND METHODS

Materials

Resin-modified calcium silicates (RMCS)  
(Theracal, Bisco Inc, lot,1300001702, U.S.A)  
consists of a single paste containing CaO, calcium 
silicate particles(type III Portland cement), Sr glass, 
fumed silica, barium sulphate, barium zirconate 

and resin containing hydrophobic monomers 
(UDMA,BIS-GMA, TEGDMA), and hydrophilic 
monomers(HEMA and PEGDMA)(16). RMCS was 
prepared as layers of maximum 1mm thickness each 
and light curing of each increment for 20 seconds as 
stated by the manufacturer.

White MTA (W-MTA) (MTA Angelus, lot, 
20857, Londrina, PR, Brazil) is composed of SiO2, 
K2O, AL2O3, Na2O, Fe2O3, SO3, CaO, Bi2O3, MgO, 
Insoluble residues of CaO, KSO4, NaSO4 and 
crystalline silica. W-MTA was prepared following 
the manufacturer’s instructions by mixing one spoon 
of MTA powder with one drop of distilled water.

Light-cured calcium hydroxide Ca(OH)2) (PD, 
lot, 1212536DD, Switzerland) consists of UDMA, 
Ca(OH)2), Barium Sulfate, Silicate and excipient. It 
is supplied as one paste and prepared as layers of 
1mm thickness which was polymerized for 40-60 
seconds as recommended by the manufacturer.

Methods

Biointeractivity test (Hydroxyl ions (pH) and Cal-
cium ions release)

Five cylindrical specimens (8 mm in diameter 
and 1.6 mm thick) of each material; RMCS, 
W-MTA and Ca(OH)2) were prepared according to 
the manufacturers, instructions using a Teflon mold.

The mold was filled with the different materials 
and covered with a polyester strip and a glass plate, 
until the complete setting of the material in case of 
W-MTA or then light cured using Bluephase C5 
LED light curing light (Ivoclar, Vivadent), in case 
of RMCS and Ca(OH)2).

 A dental floss was inserted into the liner 
pastes before setting so that an adequate length 
was projected from the mold for proper handling 
of specimens and ensuring complete immersion 
in distilled water. After setting, specimens were 
removed from the mold and any excess was removed 
carefully. Specimens were suspended individually 
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in sterile glass container with 10ml triple distilled 
water at 37˚C in an incubator. This means that 
the exposed surface area of each specimen was 
140.74±0.01mm2 (100.53mm2 for the upper and 
lower surface calculated as 2(πr2) and 40.21 mm2 for 
the lateral surface calculated as 2πrh). The storage 
water was collected (for pH and Ca ion analyses) and 
replaced after different time intervals (15minutes, 
3hrs, 24hrs, 7days, 14days, 28days and 2months). 
At each time interval, the specimen was transferred 
to a new container under the same conditions as 
the initial one, to assess pH and the ability of the 
material to release Ca ions continuously. The pH 
values of the soaking water was determined using 
pH meter (HANNA instruments pH 212,USA) and 
the resulting solution from each period of analysis 
was used to quantify the Ca ion release, (ppm), by 
the atomic absorption spectrophotometry. (Perkin 
Elmer A analyst 100 USA).

In-vitro apatite-forming ability (Bioactivity test)

Three cylindrical specimens (8 mm in diameter 
and 1.6 mm thick) of each investigated material 
were prepared. Immediately after preparation, the 
specimens were soaked in Dulbecco’s phosphate 
buffered saline ( DPBS) at 37ºC in an incubator. 

DPBS (Dulbecco’s Phosphate Buffered Saline- 
0.0095M (PO4); Lonza, BioWhittaker, lot. 1MB160, 
Belgium) is a physiological-like buffered(pH 
7.4) Ca and Mg-free solutions with the following 
composition(mM):  K+ (4.18), Na+ (152.9), Cl- 
(139.5), PO4

3-(9.56, sum of H2PO4
- 1.5 mmol L-1 and 

HPO4
2- 8.06 mmol L-1).

The endpoint times were 5 h, 1 day and 7 days. 
Specimens were removed and washed with distilled 
water and then analyzed for bioactivity before 
and after immersion by Enviromental Scanning 
Electron Microscope (E-SEM) (QuantaTM 250 

FEG, FEI company, Netherlands)  connected to a 
secondary electron detector for Energy Dispersive 
X-ray analysis (EDAX; Ametek, Materials Analysis 
Division, Netherlands), computer controlled 
software Genesis using an accelerating voltage of 
20–25 kV. The specimens were placed directly onto 
the E-SEM stub and examined without preparation 
(the specimens were not coated for this analysis).
The elemental analysis (weight % and atomic %) 
of specimens was performed applying the ZAF 
correction method. 

Statistical analysis

The data are reported as mean and standard 
deviation values. Regression model using repeated 
measures Analysis of Variance (ANOVA) was 
used to analyze the results of the Ca and OH ion 
release (pH). The significance level was set at P ≤ 
0.05. Statistical analysis was performed with IBM® 
SPSS® Statistics Version 20 for Windows

RESULTS

Biointeractivity (Hydroxyl ions (pH) and 
Calcium ions release test)

The results of the study showed that W-MTA 
recorded the statistically significantly highest mean 
pH value (11.67±2.26). RMCS showed statistically 
significantly lower mean pH value (10.65±2.51). 
Ca(OH)2 showed the statistically significantly 
lowest mean pH value (8.51±1.98) (Table 1). On 
the other hand, regarding the effect of immersion 
time, there was no statistically significant difference 
in mean pH initially up to 24 hours; all showed 
the highest mean pH values. After 7 days, there 
was a statistically significant decrease in mean pH, 
which is not statistically different than after 14 
days. Additionally, there was a further statistically 
significant decrease in mean pH after 28 days which 

® IBM Corporation, NY, USA.
® SPSS, Inc., an IBM Company.
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is not statistically different than after 2 months 
(Table 2).

TABLE (1): Effect of the pulp capping material type 
on the mean pH values

RMCS W-MTA Ca (OH)2

P-value

Mean SD Mean SD Mean SD

10.65 b 2.51 11.67 a 2.26 8.51 c 1.98 <0.001*

*: Significant at P ≤ 0.05, Different superscripts are 
statistically significantly different 

TABLE (2): Effect of the different immersion time 
periods on the mean pH values   

Time Mean SD P-value

15 minutes 10.66 a 1.31

<0.001*

3 hours 10.71 a 1.37

24 hours 10.71 a 1.07

7 days 10.25 b 1.89

14 days 10.00 b 1.77

28 days 9.75 c 1.69

2 months 9.84 c 0.93

*: Significant at P ≤ 0.05, Different superscripts are 
statistically significantly different 

The results also showed that there was no 
statistically significant difference between the pH 
values of W-MTA after 15 minutes, 7 days, and up 
to 28 days, all showed the statistically significantly 
highest mean pH values (Table3,Fig.1).

There was no statistically significant difference 

between the pH values of Ca (OH)2 after 7 days, 
and up to 28 days; all showed the statistically 
significantly lowest mean pH values(Table 3,Fig. 1).

Table (3): Mean pH values ± Standard deviation 
of soaking water after immersion of the 
pulp capping materials for different time 
periods

Material Time Mean SD P-value

RMCS

15 minutes 11.04 c 0.57

<0.001*

3 hours 11.56 b 0.44

24 hours 11.11 c 0.04

7 days 11.05 c 0.08

14 days 10.34 e 0.08

28 days 9.41 g 0.04

2 months 10.02 f 0.05

W-MTA 

15 minutes 11.91 a 0.03

3 hours 11.65 b 0.02

24 hours 11.68 b 0.03

7 days 11.90 a 0.02

14 days 11.86 a 0.03

28 days 11.85 a 0.05

2 months 10.81 d 0.06

Ca (OH)2

15 minutes 9.04 h 0.03

3 hours 8.91 h 0.01

24 hours 9.35 g 0.39

7 days 7.78 j 0.16

14 days 7.81 j 0.03

28 days 7.80 j 0.19

2 months 8.71 i 0.27
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*: Significant at P ≤ 0.05, Different superscripts are 
statistically significantly different 

The results of the study showed that W-MTA 
exhibited the statistically significantly highest 
mean calcium ion release (30.57±6.64). RMCS  
showed statistically significantly lower mean value 
(26.24±7.54). Ca(OH)2 showed the statistically 
significantly lowest mean calcium ion release 
(8.29±2.27) (Table 4). Regarding the effect of 
immersion time, there was a statistically significant 
increase in mean calcium ion release from 15 
minutes to 3 hours, with no statistical difference 
after 24 hours. Further statistically significant 
increase in the mean Ca ion release was observed 
after 7 days followed by a significant decrease in the 
mean values after 28 days and again after 2 months 
(Table 5).

TABLE (4): Effect of the pulp capping material type 
on the mean Ca ion release values in ppm

RMCS W-MTA Ca (OH)2

P-value

Mean SD Mean SD Mean SD

26.24 b 7.54 30.57 a 6.64 8.29 c 2.27 <0.001*

*: Significant at P ≤ 0.05, Different superscripts are 
statistically significantly

Table (5): Effect of the different immersion time 
periods on the mean Ca ion release values 
in ppm

Time Mean SD P-value
15 minutes 10.13 d 4.97

<0.001*

3 hours 18.13 c 10
24 hours 17.08 c 9.21
7 days 43.83 a 29.51
28 days 29.63 b 19.63
2 months 11.40 d 4.79

*: Significant at P ≤ 0.05, Different superscripts are 
statistically significantly different 

The results of the variables interaction proved 
that W-MTA after 7 days showed the statistically 
significantly highest mean Ca ion release values. On 
the other hand, Ca(OH)2 recorded the significantly 
lowest mean Ca ion release values after 15 min,3hrs, 
24hrs and 2months with no statistical difference 
between them.(Table 6, Fig.2).

Table (6): Mean values ± Standard deviation of Ca 
ion  released, expressed as ppm in soaking 
water, after immersion of the pulp capping 
materials for different time periods

Material Time Mean SD P-value

RMCS

15 minutes 15.85 e 1.23

<0.001*

3 hours 36.28 c 11.87
24 hours 32.21 c 6.60
7 days 39.19 c 1.12
28 days 19.86 d 0.33

2 months 14.04 e 0.89

W-MTA 

15 minutes 10.07 e 0.12
3 hours 11.90 e 0.12
24 hours 11.08 e 0.22
7 days 79.95 a 2.54
28 days 55.37 b 4.64

2 months 15.06 e 1.09

Ca(OH)2

15 minutes 4.48 f 0.66
3 hours 6.21 f 0.34
24 hours 7.94 f 0.10
7 days 12.35 e 0.44
28 days 13.67 e 0.70

2 months 5.11 f 0.11
*: Significant at P ≤ 0.05, Different superscripts are 
statistically significantly different 

Fig. (1): Mean pH values of soaking water after immersion of 
the pulp capping materials for different time periods



BIOINTERACTIVITY AND APATITE-FORMING ABILITY (7)

In-vitro apatite-forming ability (Bioactivity)

E-SEM and EDX analysis showed different 
surface morphologies depending on the type of pulp 
capping material and the immersion time. 

RMCS

The surface of the specimen of the control 
group showed an uneven appearance with irregular 
granules. EDX and elemental analysis revealed the 
presence of Ca, Si,Al,O and the absence of P peak 
(Fig.3). After 5 hrs storage in DPBS, some visible 
deposits composed of aggregates of nano-spherulites 
were detected at high magnification(×20,000)
(Fig.4b). EDX and the elemental analysis displayed 
Ca,O and P peaks suggesting the presence of calcium 
phosphate deposits(Fig.4c). After 24 hrs storage in 
DPBS, many noticeable spherulites were precipitated 
on the cement surface and higher peaks of Ca,O 
and P denoted the presence of calcium phosphate 

crystals(Fig.5).Similarly, many spherulites were 
packed to form clusters of mature spheroidal bodies 
with needle-like projections after 1 week storage in 
DPBS with absence of Si peaks denoting increased 
thickness of  calcium phosphate deposits that is able 
to mask the underlying components of the RMCS 
material(Fig.6).

W-MTA

The surface of the specimen of the control group  
showed particles of different sizes and shapes. High 
Ca, Si and O peaks were evident with absence of 
P peak(Fig.7). After 5 hrs storage, irregular plate-
shaped crystals were noticed. EDX and elemental 
analysis revealed the appearance of P peak(Fig.8). 
After 24 hrs, some visible precipitates composed 
of spherical microcrystals were obvious. The high 
peaks of Ca,O and P indicates the presence of 
calcium phosphate deposits (Fig.9). Moreover, after 
1 week storage clusters of mature spherical particles 
with noticeable spins were randomly distributed on 
the cement surface. EDX and elemental analysis 
showed higher Ca, O and P peaks(Fig.10).

Ca(OH)2

The control specimen showed amorphous struc-
ture. EDX and elemental analysis displayed O,Si,C, 
with traces of Ca and absence of P peak(Fig.11). 
After 5 hrs storage, slight deposition of calcium 
phosphate was revealed (Fig.12). Additionally, the 
deposition increased after 24 hrs (Fig.13) and 1 
week (Fig.14) but to a lesser extent than RMCS and 
W-MTA.

Fig. (2):  Mean values of Ca ion  released in soaking water 
(ppm), after immersion of the pulp capping materials 
for different time periods
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Fig. (3): Environmental scanning electron micrograph of RMCS surface (control) (a) ×4000 (b) ×20,000(c) EDX pattern and 
elemental analysis revealed C, O, Mg, Al, Si, Zr, S, Ca, Ba, Sr peaks and the absence of P peak in the material composition.

Fig. (4): Environmental scanning electron micrograph of RMCS surface (after 5 hrs in DPBS) (a) ×4000 (b) ×20,000(c) EDX 
pattern and elemental analysis revealed  C, O, Na, Al, Si, P, S, Cl and Ca peaks

Fig. (5): Environmental scanning electron micrograph of RMCS surface (after 24 hrs in DPBS) (a) ×4000 (b) ×20,000 (c) EDX 
pattern and elemental analysis revealed C, O, Na, Al, Si, P, Cl and Ca peaks
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Fig. (6): Environmental scanning electron micrograph of RMCS surface (after 1week in DPBS) (a) ×4000 (b) ×20,000 (c) EDX 
pattern and elemental analysis revealed C, O, Na, P, Cl and Ca peaks

Fig. (7): Environmental scanning electron micrograph of W-MTA surface (control) (a) ×4000 (b) ×20,000(c) EDX pattern and 
elemental analysis revealed C, O, Al, Si, Ca, Bi peaks and the absence of P peak in the material composition

Fig. (8): Environmental scanning electron micrograph of W-MTAsurface (after 5 hrs in DPBS) (a) ×4000 (b) ×20,000 (c) EDX 
pattern and elemental analysis revealed  C, O, Na, Al, Si, P, Ca and Bi peaks
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Fig. (9): Environmental scanning electron micrograph of W-MTAsurface (after 24 hrs in DPBS) (a) ×4000 (b) ×20,000(c) EDX 
pattern and elemental analysis revealed C, O, Na, Sr, P and Ca peaks

Fig. (10): Environmental scanning electron micrograph of  W-MTA surface (after 1 week in DPBS) (a) ×4000 (b) ×20,000 (c) EDX 
pattern and elemental analysis revealed C, O, Na, Al, P, Ca, Bi and Sr peaks

Fig. (11): Environmental scanning electron micrograph of Ca(OH)2 surface (control) (a) ×4000 (b) ×20,000 (c) EDX pattern and 
elemental analysis revealed C, O, Al, Si, S, Ca, Ba peaks and the absence of P peak in the material composition
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Fig. (12): Environmental scanning electron micrograph of Ca(OH)2 surface (after 5 hrs in DPBS) (a) ×4000 (b) ×20,000 (c) EDX 
pattern and elemental analysis revealed C, O, Na, Al, Si, P, S, Cl, Ca and Ba peaks

Fig. (13): Environmental scanning electron micrograph of Ca(OH)2 surface (after 24 hrs in DPBS) (a) ×4000 (b) ×20,000(c) EDX 
pattern and elemental analysis revealed C, O, Na, Al, Si, P, S, Cl, Ca and Ba peaks

Fig. (14): Environmental scanning electron micrograph of Ca(OH)2 surface (after 1 week in DPBS) (a) ×4000 (b) ×20,000 (c) EDX 
pattern and elemental analysis revealed C, O, Na, Al, Si, P, S, Cl, Ca and Ba peaks
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DISCUSSION 

The use of materials that provide high alkalinity 
favors high tissue mineralization as well as offers 
good antimicrobial activity(19). The bioavailability 
of calcium ions plays a key role in the various 
biological events on cells involved in the new 
formation of mineralized hard tissues. Ca ions 
stimulate the expression of bone-associated 
proteins mediated by calcium channels , and large 
quantities of Ca ions could activate adenosine 
triphosphate(ATP), which plays a significant 
role in the mineralization process(20). Ca ions are 
necessary for the differentiation and mineralization 
of pulp cells , and a Ca-rich medium induces both 
proliferation and differentiation into odontoblast-
like cells. In addition, the release of Ca ions enhances 
the activity of pyrophosphatase, which helps to 
maintain dentine mineralization and the formation 
of a dentine bridge(21). Therefore, by analyzing the 
alkalinization ability and calcium releasing, the 
induction potential of mineralization provided by a 
material could be expected.

The assessment of pH by pH meter and calcium 
releasing by atomic absorption spectrophotometry, 
through the method of immersion in distilled water 
is well established(22).

The ability of RMCS and W-MTA to exhibit  
high Ca release and alkalinize the surrounding 
fluids could be explained by the surface hydration 
and dissolution of calcium-silicate particles due to 
their high reactivity with water. This results in the 
formation of calcium hydroxide (portlandite) that 
separates into calcium and hydroxyl ions, resulting 
in Ca and OH ion release that is confirmed by the 
high pH of the soaking water.

The alkalinizing power of a pulp capping 
material represents a key property for different 
alkaline-related biological properties. The release of 
hydroxyl ions during the hydration reaction creates 
an adverse environment for bacterial survival and 
proliferation. These antibacterial properties are 

primarily required at the dentine/restoration interface 
where residual bacteria could further increase the 
risk of re-infection and secondary caries. Moreover, 
alkaline pH causes an inflammatory reaction with 
the formation of reparative dentin(23). The results 
of this study showed that RMCS proved to be an 
ion-leaching material able to release calcium and 
hydroxyl ions for a period of at least 2 months(Table 
3,6). This is in agreement with another study for 28 
days(22). However, there was a significant decrease 
in the hydroxyl ion release from RMCS after 14 
days-2 months(Table 3). This is assumed to create 
a favourable environment for pulp cell activity 
with the formation of new/reparative tertiary 
dentin(24). The results also showed that the pH of 
the surrounding fluid conditioned by W-MTA was 
significantly higher than either RMCS or light-cured 
Ca(OH)2after all tested time periods. This could be 
explained as both RMCS and light-cured Ca(OH)2 
have resin in their composition, consequently 
reducing the medium alkalinization(19).

The results of this study demonstrated that all the 
pulp capping materials tested proved to be calcium-
releasing formulations reaching a maximum release 
values after 7 days. W-MTA exhibited high levels 
of Ca ion release throughout the study as proved 
by other studies(7,25). Ca(OH)2 released the least 
significant Ca ions throughout the tested periods of 
this study(Table 6). 

The findings of this study suggest that the resin 
portion of RMCS(comprising hydrophobic and 
hydrophilic monomers) is able to sustain Ca and 
OH ion release within the wet environment and thus 
might allow for the interaction of the formulation 
with the hydrophilic tooth dentin.

It is well known that the in vitro and in vivo 
precipitation of calcium phosphates (CaPs) does 
not directly boost the growth of an apatite (Ap)
structure, but involves the initial formation of 
amorphous calcium phosphates (ACPs) that are 
precursors of Ap(26). Two main HPO4 2--containing 
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(acidic orthophosphate containing) precursors are 
chemically well defined: amorphous tricalcium 
phosphate, which initially forms in basic solutions, 
and amorphous octacalcium phosphate, which 
appears essentially in neutral and slightly basic 
solutions. These amorphous metastable phases 
transform into a crystalline octacalcium phosphate-
like phase which then transforms into a crystalline 
apatitic phase by taking up OH- ions from the 
solution(27).

 In our study, the bioactivity was studied by 
the immersion of the pulp capping materials in 
DPBS, where the release of calcium ions from 
the materials was the limiting parameter in the 
precipitation reaction, and the large amount of 
phosphate represents the continuous replenishment 
of phosphate ions from tissue fluids. A commercial 
medium was selected because of being standardized 
and its availability(18).

The results of our study clearly demonstrated that 
the novel RMCS pulp capping material possess high 
bioactivity and showed that surface morphology 
and chemical composition are rapidly modified by 
immersion in DPBS. The significant finding of this 
study is the fast formation of nano-spherulites  of 
calcium phosphate deposits that started after 5 hrs of 
immersion into a phosphate containing solution(Fig. 
4). Moreover, many spherulites were packed to 
form clusters of spheroidal bodies with needle-like 
projections after 1 week storage in DPBS(Fig. 6 a,b). 
This is in accordance with the Ca release test results 
that proved to reach maximum values after1 week 
(Table5). It has been reported that the hydroxyl, 
ester and ether chelating groups(OH, C=O, C-O-C 
and C-O groups) of HEMA and TEGDMA exposed 
on the surface of the RMCS material are the 
coordination sites for chelating calcium ions(25). So 
HEMA can bind calcium ions and form HEMA-
calcium chelate complexes providing initiation 
sites for apatite nucleation. This is in agreement 
with another study(28)which demonstrated that poly-

HEMA based materials possess bioactivity and 
increase the reactivity of a calcium phosphate bone 
cement. It has been previously demonstrated that 
negatively charged polar groups must be present at 
the surface for a catalytic effect on apatite nucleation. 
In RMCS, negatively charged Si–O− groups from 
calcium silicate hydrate(CSH) derived from the 
hydrolysis of silica groups of calcium-silicate 
particles  may exert this catalytic action. At the same 
time, the combination of calcium-silicate particles 
with a HEMA–TEGDMA-based resin enhances the 
bioactivity of the liner(25). The formation of calcium 
carbonate (CaCO3) isomorphs(calcite and aragonite) 
was taken into account in the presence of very high 
Ca/P ratios(27). In this study, EDX showed that the 
Ca/P ratio decreased from 7.2 at 5hrs storage(Fig. 
4c) to 1.9 after 24hrs(Fig.5c) to 1.88 after 1week 
(Fig.6c) immersion in DPBS. This was confirmed 
by the EDX and elemental analysis where C peaks 
were denoted throughout the immersion periods. 
Moreover, the presence of high O peak was due 
to the presence of water, Cl and Na (traces) to the 
soaking medium. 

Additionally, the results of our study showed 
apatite formation by W-MTA. A previous study(18) 
reported that when W-MTA is exposed to a 
phosphate-containing solution such as DPBS, a 
series of reactions take place on its surface between 
calcium from the cement and phosphate from the 
solution. Namely, the adsorption of Ca and P ions 
on the silica-rich CSH surface(as a result of local 
supersaturation) and the precipitation of a HPO4

2- 
containing apatite, which changes into a mature 
phase at increasing storage times. However, the 
calcium phosphate deposits were only visible after 
24 hrs (Fig.9a,b)in contrast to the rapid deposition 
displayed after 5 hrs by RMCS(Fig.4a,b). It can 
be hypothesized that the hydrophilicity of RMCS 
allows water mobility(inward-outward flux)and 
penetration into the material bulk through the 
meshes of the resin molecular net, these processes 
are responsible for the high initial Ca release from 
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the RMCS material. Differently, the formation 
of a sheath protective layer on the surface of 
W-MTA reduces the inward flux of water into the 
material bulk after the first stages of the hydration 
reaction and consequently decreases the material–
environment mass exchanges and leaching (outward 
flux of calcium from the material) (25). The Ca/P ratio 
decreased from 13.3 after 5 hrs(Fig.8c) to 2.67 after 
24 hrs(Fig.9c) and to 1.76 after 1 week(Fig.10c). 
These high Ca/P ratios can be correlated with the 
contribution of calcium carbonates(calcite and 
aragonite). This was also confirmed by the C peaks 
in the elemental analysis throughout the storage 
periods.

Although light-cured Ca(OH)2 pulp capping 
material is known by its ability to induce reparative 
dentin formation, the results of the present study 
demonstrated less apatite deposition compared to 
RMCS and W-MTA materials. This may be related 
to the low calcium release exhibited by the light-
cured Ca(OH)2 throughout the immersion periods 
tested(Fig.2) where the Ca/P ratio varied between 
1.23 at 5hrs(Fig.12c) to 1.45 after 24hrs(Fig.13c) to 
1.35 after 1 week(Fig.14c) storage in DPBS.

CONCLUSIONS

RMCS (Theracal) is a new light-curable calcium 
silicate pulp capping material able to release 
calcium ions and have a basifying effect for a period 
up to 2months. Generally, a pronounced formation 
of mature apatite precursors were obvious after 1 
week which was related to its high ion-releasing 
ability. The ability to form apatite can play a critical/
positive role in new dentin formation, thus making 
this material a promising alternative to MTA.
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