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Abstract
Hydraulic calcium silicate cements (HCSCs) are valuable for various dental procedures. However, several reports 
document inherent limitations and complaints about their high costs, hindering accessibility in low—and middle-income 
countries. This study aimed to characterize four low-cost HCSC prototypes to show their microstructure, composition, 
and fundamental physical properties. Four HCSC prototypes were formulated: 1- calcium silicate powder with 17.5 wt. % 
replacement of calcium tungstate, 2- calcium silicate powder with 17.5 wt. % replacement of zirconium oxide, 3- calcium 
silicate powder with 17.5 wt. % replacement of calcium tungstate and 2.5 wt. % of zirconium oxide and 4- calcium silicate 
powder with 10 wt. % replacement of calcium tungstate and 10 wt. % replacement of zirconium oxide. Scanning electron 
microscopy, energy-dispersive X-ray spectroscopy, and X-ray diffraction were used to assess their microstructure and 
composition. Additionally, radiopacity, setting time, solubility, pH, and in vitro bioactivity were evaluated at different time 
points and contrasted with controls (Mineral trioxide aggregate –MTA Angelus- and Intermediate restorative material 
-IRM-). Their production cost was significantly lower than commercially available HCSCs. All prototypes exhibited a 
microstructure and composition comparable to MTA Angelus. All the prototypes exhibited radiopacity exceeding 3 mm 
of aluminum and shorter initial and final setting times than MTA Angelus. The solubility of some prototypes closely 
adhered to the ISO standard recommendation of 3% after 1 day, and all promoted an alkaline pH and the formation of 
calcium/phosphate precipitates. These promising findings suggest the potential clinical application of these prototypes. 
However, further research is necessary to evaluate their mechanical and biological properties for definitive clinical use.
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Introduction

Thirty years ago, hydraulic calcium silicate cements 
(HCSCs) revolutionized dentistry with the introduction of 
mineral trioxide aggregate (MTA).1 This was due to its 
combination of appropriate physical, mechanical, and bio-
logical properties, but mainly because of their bioactivity, 
characteristic of these materials and considered the foun-
dation for their favorable properties.2

HCSCs mainly comprise di- and tri-calcium silicate and 
possess the capability to set in humid and wet environ-
ments. They were primarily proposed for root-end filling,3 
perforation repair,4 and apical barrier formation.5 Later they 
were used in direct pulp capping,6 or vital pulp therapies.7 
However, several reports have documented inherent limita-
tions, mainly long setting time,8 tooth discoloration,9 and 
difficult manipulation,10 in addition to complaints about 
their very high cost.11 These issues spurred researchers 
worldwide to propose improvements.12 Several more mate-
rials were developed throughout the years, mainly by modi-
fying the original formula. The initial focus was to 
overcome the shortcomings and, later, to improve their 
general physical, mechanical, and biological properties, 
allowing for the development of a wide variety of prod-
ucts.13 To this day, it is well known that even minor chemi-
cal differences14,15 or the inclusion of different additives,16–20 
as well as differences in the size and shape of the particles, 
will largely determine the physical, mechanical, and bio-
logical properties that each HCSC will present under differ-
ent conditions.21 This will undoubtedly influence the 
clinical outcome of treatment.22

A significant body of knowledge now exists concerning 
HCSCs. Commercial entities actively leverage this knowl-
edge to constantly develop novel materials with improved 
properties. While not yet reaching complete optimization, 
these materials approach a state of perfection by incorpo-
rating the minimum requisite characteristics to elicit a 
favorable tissue response, ultimately promoting successful 
treatment outcomes.13 The only aspect that has not yet 
been solved is their high cost, which has been criticized 
since the first of these came on the market, but that could 
never really be resolved, even though their cost has contin-
ued to increase for the new ones as they are more complex 
materials (unidosis capsules, ready-to-use preparations, 
materials with diverse additives). This situation may be 
less significant in developed countries with accessible 
healthcare. However, it is a significant barrier in low- and 

middle-income countries. The high cost of HCSCs restricts 
access to treatments that can significantly impact patients’ 
health and quality of life, as demonstrated in a recent pilot 
clinical trial where vital pulp therapies (VPT) were suc-
cessfully performed on cases of irreversible pulpitis or 
deep caries, avoiding dental extractions.7 Unfortunately, 
due to the high cost of these materials, this treatment can-
not be routinely provided to the population in public pri-
mary care clinics.7

For this reason, the Multidisciplinary Dentistry Research 
Laboratory (Faculty of Medicine, Universidad Autónoma 
de Querétaro, Mexico) has undertaken a multi-year effort to 
design, produce, and evaluate several experimental HCSCs. 
These prototypes prioritize the optimization of physical, 
mechanical, and biological properties while minimizing 
production costs, aligning with sustainable development 
and environmental considerations.23 To date, promising 
prototypes have undergone preliminary evaluation but 
require detailed ones currently being carried out. This study 
aimed to characterize four HCSC prototypes to show their 
microstructure and composition, as well as to evaluate their 
radiopacity, setting time, solubility, pH, and in vitro bioac-
tivity, as these are the most critical physical properties of a 
material used in VPT. These properties were also compared 
with two commercial materials, MTA Angelus (Angelus, 
Londrina, Brazil) and a zinc-oxide eugenol-based material 
(IRM; Dentsply Sirona, Charlotte, NC, USA).

Methods

Four HCSC prototypes were formulated using the follow-
ing materials: calcium-silicate powder (CPC-30R-B, 
Cemex, Mexico) subjected to a 60°C thermal treatment 
during 24 h (CS-base), calcium tungstate (Cat: 248665, 
Sigma Aldrich) ball-milled for 20 h (m-CaWO4) and zirco-
nium oxide (Cat.230693, Sigma Aldrich) ball-milled for 
20 h (m-ZrO2). The prototypes were prepared as presented 
in Table 1. All formulations were mixed in a grinding 
chamber for 12 h at 60°C to ensure complete integration of 
all constituents while preventing moisture absorption from 
the environment.

MTA Angelus and IRM were used as control materials. 
These controls were prepared according to their manufac-
turer’s instructions,24,25 while the HCSC prototypes were 
manually prepared with distilled water at a water-to-powder 
ratio of 0.35 to achieve a putty consistency.

Table 1. Powder ratios of the HCSC prototypes and their assigned names.

Prototype name Formulation

w175 CS-base with 17.5 wt. % replacement of m-CaWO4

z175 CS-base with 17.5 wt. % replacement of m-ZrO2

w175z25 CS-base with 17.5 wt. % replacement of m-CaWO4 and 2.5 wt. % of m-ZrO2

w10z10 CS-base with 10 wt. % replacement of m-CaWO4 and 10 wt. % of m-ZrO2
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Microstructure and composition of the HCSCs 
in powder and set forms

Each prototype and MTA Angelus (powder and set forms) 
were placed upon carbon tapes and imaged with a scanning 
electron microscope (SEM, Hitachi TM1000, Mito City, 
Japan) operating at 15 kV, with a backscattered detector and 
equipped with energy-dispersive X-ray spectroscopy (EDX; 
Oxford Instruments, Abingdon, UK). EDX data was used to 
identify the elements in each of the presentations. The anal-
ysis was performed in triplicate for each sample. In addition, 
crystalline phases were identified through X-ray diffraction 
(XRD). Powder forms of all HCSCs were analyzed using a 
Miniflex 600 equipment (Rigaku, Tokyo, Japan) with cop-
per radiation Kα 1.5406 Å, generated at 30 kV and 30 mA, 
between 10 and 70 degrees 2θ, with a step of 0.02 degrees 
and a scan speed of 1° per minute. Phases were identified 
according to the ICDD database (International Centre for 
Diffraction Data, Newtown Square, PA, USA).

Radiopacity

The radiopacity of each HCSC prototype and controls was 
evaluated according to ISO 6876:2012 standard. Eight 
specimens were prepared using molds with a diameter of 
7 ± 0.1 mm and a height of 1 ± 0.1 mm. The specimens 
were stored at 37°C and 95% relative humidity for 7 days 
to ensure complete setting.

Subsequently, specimens were radiographed alongside 
a 1 mm increment aluminum step wedge (1–10 mm thick-
ness) positioned on a digital radiographic system (Acteon/
MicroImagem, Indaiatuba, Brazil). Digital radiographs 
were acquired using a standard X-ray unit with an expo-
sure time of 0.50 s, 10 mA current, 65 ± 5 kV tube voltage, 
and a source-to-image distance of 30 cm. The optical den-
sities of the test materials were evaluated using the ImageJ 
software (v1.33, NIH, Bethesda, MD, USA), and the grey-
scale values (density measurements) were converted into 
mm equivalents of aluminum.

Setting time

Setting times were determined according to the ASTM 
C266-08 standard.26 Five silicon molds (diameter: 
10.0 mm ± 0.1 mm, height: 2.0 mm ± 0.1 mm) were filled 
with each material. Following a 5-min incubation at 37°C 
and 99% relative humidity, the initial setting time was 
assessed using a Gilmore-type needle (diameter: 
2.0 mm ± 0.1 mm, height: 5 mm, weight: 100 g ± 5 g). It 
was carefully lowered onto the specimen surface without 
additional pressure. This procedure was repeated every 60 s 
until no indentation remained on the material surface. The 
time at which this occurred was recorded as the initial set-
ting time. The final setting time (elapsed time from the start 
of mixing until no indentation was observed) was 

determined using a heavier Gilmore-type needle (diameter: 
1.0 mm ± 0.1 mm, weight: 456.5 g ± 5 g) every 5 min until 
no indentation remained on the material surface.

Solubility

A total of 280 specimens (70 per time point: 1, 7, 14, and 
28 days) were fabricated to be used with a well-known 
method.27 Each group included 12 replicates of the HCSCs 
and control. Molds with a diameter of 7.75 mm ± 0.1 mm 
and height of 1.5 mm ± 0.1 mm were utilized for specimen 
fabrication.

The molds were placed on a glass plate and filled with 
the materials. Following 1 h incubation period at 37°C and 
95% relative humidity, the specimens were carefully 
demolded, gently surface-dried using absorbent paper, and 
transferred to a drying chamber maintained at 37°C for 
24 h. Triplicate measurements determined the initial mass 
of each specimen on an analytical balance (Accuris Dx 
Series, Benchmark Scientific, NJ USA) with a precision of 
0.0001 g. The average of these three measurements was 
recorded. Specimens were then submerged individually in 
7.5 mL of deionized water (pH = 7.4) for their designated 
immersion time (1, 7, 14, or 28 days). Following immer-
sion, specimens were retrieved, surface-dried with absor-
bent paper, and placed in a drying chamber at 37°C for 
24 h. The final mass of each specimen was determined 
using the same triplicate weighing procedure employed for 
initial mass measurement. Each specimen’s weight loss 
(initial mass minus final mass) was expressed as a percent-
age of the original mass (solubility).

pH in soaking media

Following the completion of the solubility test at each des-
ignated time point (1, 7, 14, and 28 days) and after care-
fully removing the specimens from their respective tubes, 
eight randomly selected tubes of each group were sub-
jected to pH measurement. The pH was determined using 
a pre-calibrated digital pH meter (Digimed, Digicrom 
Analitica, Campo Grande, Brazil) at a constant tempera-
ture of 25°C.

Calcium/phosphate nucleation (bioactivity)

Forty-eight specimens (diameter: 8.0 mm ± 0.1 mm; 
height: 1.6 mm ± 0.1 mm) were fabricated, two per group 
for four immersion time points: 1, 7, 14, and 28 days. 
Following preparation, the specimens were vertically 
immersed in individual containers holding 5 mL of 
Dulbecco’s Phosphate-Buffered Saline (DPBS) solution 
and hermetically sealed. The containers were maintained 
at 37°C for the designated immersion periods. A control 
group of all materials was exposed to double distilled 
water (DDW) instead of DPBS solution. The 
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DPBS solution was replaced weekly. After immersion, 
each specimen was vacuum-desiccated. Subsequently, one 
specimen from each pair was analyzed using the SEM 
equipped with EDX. EDX data was used to quantify the 
surface ratio of calcium/phosphate precipitate. The surface 
of the remaining specimens from each pair soaked in 
DPBS solution was scraped for XRD phase analysis. Phase 
identification was performed using search-match software 
and the ICDD database (Newtown Square, PA, USA).

Statistical analysis

The normality of data was assessed using the Kolmogorov-
Smirnov test. One-way analysis of variance (ANOVA) 
was performed, followed by a post hoc Tukey’s multiple 
comparison test or the Kruskal–Wallis test, followed by 
Dunn’s test when appropriate. All statistical analyses were 
conducted using GraphPad Prism version 3.0 (GraphPad 
Software, San Diego, CA, USA). Statistical significance 
was set at p < 0.05.

Results

The production cost of the HCSC prototypes was signifi-
cantly lower (USD 3–6 per 10 g of powder, depending on 
the prototype) than that of commercially available MTA 
(USD 75 per g of MTA Angelus powder). The scanning elec-
tron micrographs of the powder and set forms are displayed 
in Figure 1. All the powders consisted mainly of small and 
irregular particles, with some larger ones interspersed. MTA 
Angelus showed a more noticeable presence of radiopaci-
fier particles. In contrast, fewer radiopacifier particles were 
observed in the prototypes with 17.5 wt. % replacement 
(w175 and z175), and more in those with 20 wt. % replace-
ment (w175z25 and w10z10). This difference is evident in 
the micrographs due to the heavier atomic mass of the radi-
opacifier particles, making them appear bright and electron-
dense. At higher magnification, the smaller particles were 
seen to cluster around the larger ones. Regarding the set 
forms, all of them exhibited a smooth surface morphology, 
with large particles joined by clusters of smaller ones being 
more evident. All shared similar characteristics with MTA 
Angelus; however, in the case of the last, the presence of the 
radiopacifier was even more evident.

The elemental analysis (Figure 1 and Table 2) of the 
powder and set forms indicated that all were primarily 
composed of calcium, silicon, and aluminum. Additionally, 
a significant percentage of the corresponding radiopacifier 
(zirconium or tungsten) was observed, in line with expec-
tations for each case. MTA Angelus presented the lower 
aluminum content, followed by the w175, which, in turn, 
presented the highest calcium content. In addition, XRD 
data of all the HCSC powders exhibited di- and tri-calcium 
silicate peaks and tricalcium aluminate (Ca3Al2O6). MTA 
Angelus, w175, w10z10, and w175z25 showed calcium 

tungstate (CaWO4), while z175, w10z10, and w175z25 
showed zirconium oxide (ZrO2). Only the prototypes 
showed the presence of calcite (CaCO3) (Figure 2).

Regarding the radiopacity, all materials exhibited radi-
opacity exceeding 3 mm of aluminum (Table 3). Among 
the HCSCs, MTA Angelus displayed the greatest radiopac-
ity, significantly (p < 0.05) different from all prototypes. 
Conversely, the w175 and z175 prototypes showed the 
lowest, with no significant (p > 0.05) difference between 
them, while the w175z25 and w10z10 prototypes were 
also similar (p > 0.05).

Most prototypes exhibited significantly (p < 0.05) 
shorter initial and final setting times than MTA Angelus. 
The w175 and z175 prototypes had the shortest initial and 
final setting times, followed by the w175z25 prototype, 
while the w10z10 prototype exhibited setting times similar 
(p > 0.05) to those of MTA Angelus (Table 3).

The solubility presented by the MTA Angelus, the w175, 
and the z175 prototypes adhered closely to the ISO standard 
recommendation of 3% after 1 day of immersion. However, 
a significant (p < 0.05) solubility increase was observed 
over time in all cases. Notably, the prototypes with the high-
est radiopacifier content (w175z25 and w10z10) exhibited 
the greatest solubility, which differed statistically (p < 0.05) 
from that of MTA Angelus. The w175 prototype exhibited 
the lowest solubility in all experimental periods (Figure 3).

Regarding pH in soaking media, all the HCSCs pro-
moted an alkaline pH. MTA Angelus consistently dis-
played the highest (p < 0.05) pH throughout all observation 
periods, while the w10z10 prototype generally showed the 
lowest (p < 0.05). The pH of all HCSCs significantly 
(p < 0.05) decreased over time, with the lowest pH values 
observed at 28 days (Figure 3).

During the bioactivity evaluation, SEM analysis of 
specimens soaked in DDW revealed that the HCSCs con-
taining only calcium tungstate (MTA Angelus and w175) 
exhibit an irregular surface with round formations. In con-
trast, the prototypes containing zirconium oxide alone or 
in combination with calcium tungstate have smooth sur-
faces without round formations. In all cases, from the first 
to 28 days of soaking in DPBS solution, a multi-layered 
irregular precipitate composed primarily of aggregated 
spherulites (spherical crystals) was observed. These 
agglomerates and precipitates altered the surface topogra-
phy of all the HCSCs, increasing their irregularities and 
unevenness. The thickness of the precipitate layer on all 
materials appears to increase progressively with soaking 
time. This suggests the formation of calcium/phosphate 
precipitates on the surface (Figure 4). EDX analysis 
revealed calcium, silicon, aluminum, and phosphorus peaks 
in all the HCSCs. As expected, tungsten peaks were present 
in the MTA Angelus, w175, w175z25, and w10z10 proto-
types. At the same time, zirconium was only observed in 
the z175, w175z25, and w10z10 prototypes (Figure 4). 
Specimens without exposition to DPBS solution showed 
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minimum phosphorus content. However, the phosphorus 
peaks increased in the DPBS-exposed ones at different 
soaking times, resulting in their highest calcium/phosphate 
ratio after 1 day for the MTA Angelus, w175, and z175 pro-
totypes. Conversely, the w175z25 and w10z10 prototypes 
exhibited their higher calcium/phosphate ratios after 7 and 

28 days, respectively (Table 4). Notably, silicon became 
almost undetectable in all materials after soaking. During 
XRD analysis of the surface precipitates peaks correspond-
ing to hydroxylapatite (Ca5(PO4)3(OH)) and halite (NaCl) 
were clearly detected in all prototypes and MTA Angelus 
(Figure 5).

Figure 1. Scanning electron micrographs and corresponding energy-dispersive X-ray spectroscopy analysis (in keV) of MTA 
Angelus and the four HCSC prototypes in their powder (×4000 magnification) and set (×1000 magnification) forms.
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Discussion

VPT offers a promising approach to reducing tooth loss in 
populations with limited access to root canal treatment, 
particularly those relying on public healthcare.7 However, 
a significant obstacle remains: the high cost of commer-
cially available HCSCs impedes their widespread use in 
public dental services. To address this limitation, we have 
leveraged existing knowledge of HCSCs to design and 
produce low-cost prototypes. These HCSC prototypes pri-
oritize optimal physical, mechanical, and biological prop-
erties through affordable and readily available high-purity 

laboratory-grade ingredients within a university setting. 
All our prototypes boast a mean production cost that is at 
least 150 times lower than the actual cost of commercial 
MTA (MTA Angelus).

Most of the results from this investigation demonstrate 
excellent physical properties in all prototypes, comparable 
to those of MTA Angelus, a well-known and positioned 
commercial material. Some of them performed even better 
than MTA Angelus, while others met the minimum require-
ments for VPT applications.

All the prototype powders generally consisted of slightly 
finer particles than the MTA Angelus powder but with the 
same irregular appearance when examined using SEM. 
This difference in particle size was more evident in the set 
forms, where larger particles were observed embedded 
within the MTA Angelus matrix but not in the z175 nor the 
w175 prototypes. Their chemical composition was very 
similar, with only the expected variations attributable to 
their formulation. To the best of our knowledge, this is the 
first investigation where two radiopacifiers have been 
simultaneously incorporated into the individual preparation 
of an HCSC; both are widely used and have documented 
efficacy.28 They allow calcium release and maintain an 
alkaline pH, while neither induces tooth discoloration.29,30 
They exhibit minimal biological reactivity, and their com-
bination has been used in a popular endodontic sealer 
known for its excellent radiopacity, AH Plus.31 Achieving 
sufficient radiopacity is essential for clinical practice, as it 
enables clear visualization of the material within the tooth 
structure during radiographic examinations. This ensures 
proper placement and verifies the material’s placement 
within the intended area. However, it is well documented 
that these additives can interact with surrounding tissues, 
potentially leading to adverse biological effects. The poten-
tial impact of these specific radiopacifiers on these 

Table 2. Elemental composition (wt %), by EDX of the HCSCs in powder and set forms.

Elements MTA (n = 3) w175 (n = 3) z175 (n = 3) w175z25 (n = 3) w10z10 (n = 3)

Mean ± standard deviation
Aluminum
 Powder 2.55 ± 0.64 4.30 ± 2.10 7.80 ± 0.14 5.65 ± 0.35 11.05 ± 4.31
 Set 2.65 ± 0.35 3.05 ± 1.20 2.35 ± 0.07 2.65 ± 0.35 6.10 ± 0.28
Silicon
 Powder 6.05 ± 0.78 6.43 ± 0.15 6.95 ± 0.92 4.75 ± 0.35 4.45 ± 0.64
 Set 5.90 ± 0.28 5.40 ± 0.71 6.20 ± 0.14 4.95 ± 0.21 4.35 ± 0.49
Calcium
 Powder 69.45 ± 3.04 73.56 ± 1.35 66.25 ± 0.21 68.20 ± 1.13 55.45 ± 7.57
 Set 64.60 ± 1.84 78.30 ± 0.0 73.20 ± 0.71 66.45 ± 0.49 61.90 ± 4.67
Zirconium
 Powder 0 0 19.00 ± 0.42 7.55 ± 0.07 19.25 ± 2.23
 Set 0 0 18.20 ± 0.57 9.65 ± 1.20 18.80 ± 2.12
Tungsten
 Powder 21.90 ± 2.83 15.70 ± 1.21 0 13.90 ± 0.99 9.70 ± 0.28
 Set 26.90 ± 1.84 13.20 ± 0.42 0 9.65 ± 1.20 8.80 ± 2.69

Figure 2. X-ray diffraction patterns of the HCSCs. (a) MTA 
Angelus, (b) w175, (c) w175z25, (d) w10z10, (e) z175.
W: scheelite (CaWO4); C: calcite (CaCO3); S: calcium silicates 
(Ca3SiO5, Ca2SiO4) and calcium aluminate (Ca3Al2O6); Z: baddeleyite 
(ZrO2).
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prototypes is currently under investigation in ongoing 
research. During the design of the prototypes, a critical bal-
ance was sought between achieving radiopacity and mini-
mizing the amount of radiopacifying agents incorporated 
into the formula. All prototypes achieved a radiopacity 
exceeding the ISO 4049 standard (>3 mm aluminum 
equivalent). Among the developed prototypes, w10z10 and 
w175z25 demonstrated the highest radiopacity, while those 
with a lower radiopacifier content (17.5 wt. %) exhibited 
the minimum values. As expected, MTA Angelus, which 
also contains calcium tungstate as a radiopacifier, displayed 
the highest radiopacity. The specific amount used in MTA 
Angelus remains undisclosed by the manufacturer. 
However, our EDX analysis showed a higher proportion of 
tungsten than the prototypes, which explains the observed 
difference in radiopacity. Interestingly, these radiopacity 
findings appear to be inversely correlated with the results 
obtained in the setting time tests; it is well known that the 
amount of additives influences the setting time.

One of the most discussed properties of HCSCs is their 
setting time, mainly since the first commercially available, 
the ProRoot MTA (Dentsply Tulsa Dental, Tulsa, OK, 
USA) exhibited an extended setting time (up to 2.5 h) 
while for the MTA Angelus, it has been reported in 
80 min.32 A lengthy setting time can hinder clinical perfor-
mance by making the material susceptible to washout from 
the prepared cavity due to biological fluids or irrigation 
solutions, posing challenges for the dentist. To address this 
limitation, extensive research has been conducted to 
explore strategies for reducing the setting time of 
HCSCs.33–41 These strategies include setting accelerators 
and optimizing particle size and the powder-to-liquid 
ratio.42 These principles guided the design of our proto-
types. We achieved a fine particle size and established the 
optimal powder-to-liquid ratio, ensuring a consistency 
suitable for clinical applications. Additionally, we reduced 
the radiopacifier content to a maximum of 20 wt. %, com-
pared to the generally reported 25 wt. % in commercial 

Table 3. Radiopacity (mm of aluminum) and setting time (initial and final in minutes) of the HCSCs and control.

Physical 
property

MTA w175 z175 w175z25 w10z10 p-Value IRM

Mean ± standard deviation

Radiopacity (n = 8) (n = 8) (n = 8) (n = 8) (n = 8) (n=8)
5.60 ± 0.13 3.91 ± 0.12 3.99 ± 0.11 4.87 ± 0.07 5.09 ± 0.20 <0.0001 5.70 ± 0.29

Setting time (n = 5) (n = 5) (n = 5) (n = 5) (n = 5) (n=5)
 Initial 16.6 ± 0.54 9.4 ± 0.54 9.0 ± 0.00 10.4 ± 0.54 16.6 ± 0.54 <0.0001 1.8 ± 0.44
 Final 82.0 ± 2.73 61.0 ± 2.23 63.0 ± 2.73 69.0 ± 2.23 72.0 ± 2.73 <0.0001 6.0 ± 2.23

ANOVA was applied in all comparisons. The Tukey-Kramer multiple comparison tests indicated significant differences in all comparisons except 
when comparing radiopacity: z175 versus w175 and w175z25 versus w10z10. Initial setting time: MTA versus w10z10 and w175 versus z175. Final 
setting time: w175 versus z175 and w175z25 versus w10z10.

Figure 3. Solubility (%) and pH values (means and standard deviations) of the tested HCSC and IRM. The Kruskal–Wallis test 
was used to compare solubility values, while ANOVA was used to compare pH values. All differences were statistically significant 
(p < 0.0001; Supplemental Table 1). Multiple comparisons are shown in Supplemental Tables 2 and 3.
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Figure 4. Representative scanning electron micrographs and corresponding energy-dispersive X-ray spectroscopy analysis (in keV) 
of MTA Angelus and the four HCSC prototypes. Representative analysis of specimens soaked in double-distilled water (DDW) for 
one day or in Dulbecco’s Phosphate-Buffered Saline (DPBS) solution for 28 days (×1000 magnification).

Table 4. Calcium/phosphate ratio of the HCSCs after soaking in DPBS solution.

Time point MTA (n = 3) w175 (n = 3) z175 (n = 3) w175z25 (n = 3) w10z10 (n = 3)

Ca/P ratio

1 day 5.49 5.54 4.49 3.94 4.72
7 days 4.05 4.95 4.31 4.68 5.44
14 days 3.57 3.55 4.29 4.56 6.71
28 days 2.88 2.55 3.17 3.61 8.26
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MTA. This reduction resulted in shorter setting times with 
minimal incorporation (17.5 wt. %). This is in agreement 
with previous reports43–45 that suggest that a minimal 
quantity of radiopacifier could be crucial for optimal set-
ting time because the larger amounts of cement in these 
mixtures allow better hydration but also because diminish-
ing the particle size increases the amount of its surface 
area that come into contact with water.46 All this also con-
tributed to minimizing their solubility.

Solubility of HCSCs is crucial for achieving a long-last-
ing seal and preventing leakage. The ISO 6876/2002 stand-
ard mandates solubility evaluation after 24 h, although 
extended evaluation periods are commonly used.47,48 In this 
study, all the materials exhibited solubility values below the 
recommended 3% limit established by the ISO standard at 
the 24-h mark. MTA Angelus showed a solubility in agree-
ment with another study,43 while single radiopacifier proto-
types (w175 and z175) exhibited the lowest solubility at 
24 h, with no significant differences compared to MTA 
Angelus. Conversely, prototypes with two radiopacifiers 
(w175z25 and w10z10) exhibited the highest solubility val-
ues. This suggests a potential correlation, where a lower 
cement-to-radiopacifier ratio might have hindered the 
hydration process. It is well known that the solubility of the 
HCSCs is influenced by the formation of soluble calcium 
salts and calcium hydroxide during the hydration and set-
ting reactions of the material14 but also by the water-to-
powder ratio. Increasing the water content increases 
solubility.49,50 Adjustments to this ratio can also modify 
other properties, such as calcium ion release and flow char-
acteristics.51 Mixing these prototypes was prioritized using 
an optimal water-to-powder ratio to achieve the desired 
balance between these properties. Still, these were the best 
characteristics that could be obtained for them.

Regarding pH, all HCSCs induced rapid medium alka-
linization, peaking between 7 and 14 days. Subsequently, a 
gradual decrease in pH was observed at 28 days, aligning 
with previous reports32,37 of decreased alkalinizing activity 
over time. The initial pH rise is attributed to the combined 
effects of calcium hydroxide formation and calcium ion 
release from the dissolving calcium silicate particles.32,52 
While MTA Angelus exhibited the highest pH values, con-
sistent with previous findings,32,37 all the prototypes pre-
sented an alkaline pH, with the lowest value only 1 unit 
below MTA Angelus. It has been reported that ion release 
from HCSCs is influenced by several factors, including the 
size, density, and distribution of mineral particles (calcium 
hydroxide or unhydrated cement particles). Additionally, 
the hydrated cement matrix’s network structure, particu-
larly the calcium silicate hydrate phase, significantly 
impacts water sorption, solubility, and permeability.53 
These findings suggest that all prototypes are suitable for 
acidic environments due to their pH-mediated antimicro-
bial properties, a well-established concept.54,55 Furthermore, 
the elevated pH may also promote tissue healing pro-
cesses.32,56 However, the formation of calcium/phosphate 
precipitate when they come into contact with phosphate-
containing physiological fluids, known as bioactivity,57,58 
plays a positive role in cell attachment and differentiation 
but also within tissue mineralization.14,59,60 Also, the cal-
cium/phosphate precipitate formation is known to contrib-
ute to the occlusion of dentinal tubules61 and the sealing of 
the material–dentine interface,62,63 both essential in a mate-
rial that will be used in VPT. The calcium/phosphate pre-
cipitate forms via the dissolution of the calcium hydroxide 
that forms during the initial hydration reaction, which 
causes increases in pH and the calcium ion concentration 
and enhances the supersaturation of the phosphate-contain-
ing fluid, promoting precipitation.64

All the HCSCs tested in this investigation demonstrated 
the ability to produce calcium/phosphate precipitates, 
which displayed a spherical appearance with acicular 
microprojections and contained calcium and phosphate as 
their main elements. Silicon was almost completely absent 
on the aged specimens’ surface, while the phosphate com-
ponent prevailed. Nevertheless, the findings are consistent 
with the observation that precipitates are uniformly formed 
on all HCSCs after 7 days of DPBS immersion.

The early immersion periods suggest that the precipi-
tates were less “mature” than those in more extensive peri-
ods. However, XRD peaks corresponding to hydroxylapatite 
were detected in all time point precipitates. In most proto-
types, the calcium/phosphate ratios were higher than that 
obtained on the MTA Angelus. In contrast, the ratio 
obtained by this at 28 days was consistent with a previous 
report of 2.05.37 The w10z10 prototype produced the pre-
cipitates with lower calcium/phosphate ratios than the other 
HCSCs.

While the results of this study suggest the potential 
application of all tested prototypes in VPT, their physical 

Figure 5. X-ray diffraction patterns of the hydroxylapatite 
and halite produced by the prototypes (a) MTA Angelus, (b) 
w175, (c) w175z25, (d) w10z10, and (e) z175.
H: hydroxylapatite (Ca5(PO4)3(OH)); N: halite (NaCl).
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properties represent only one aspect of the requirements 
for a dental cement. Further research is ongoing to fully 
evaluate the prototypes' mechanical and biological proper-
ties, while preliminary results seem promising.

Conclusion

All prototypes exhibited physical properties comparable to 
or exceeding those of MTA Angelus, including an alkaliz-
ing pH, appropriate solubility, radiopacity, and faster ini-
tial and final setting times. Additionally, they demonstrated 
the ability to form calcium/phosphate precipitates. These 
promising findings suggest their potential application in 
VPT. However, further investigation is necessary to assess 
their mechanical and biological properties for definitive 
clinical translation.
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