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Abstract Background/purpose: Calcium silicate (CS) cement presents significant drawbacks,
including prolonged setting time, handling difficulty, and susceptibility to washout during early
setting stages. Given the molecular structure of L-ascorbic acid (AscA), we hypothesized that it
could influence the setting characteristics of CS cement. AscA is an effective antioxidant and
possesses wide therapeutic properties. This study investigated the effects of AscA addition on
the properties of CS cement.

Materials and methods: CS cement clinkers were synthesized and pulverized by jet milling. Af-
ter characterization of the synthesized CS cement, the composition having high percentage of
tricalcium silicate phase and low free CaO content (lime saturation factor 98.19) was selected.
Addition of ZrO, (20 wt%) to the jet-milled CS powder followed by CaS0,-'/,H,0 (5 wt%) addi-
tion, was done to fabricate CS cement. AscA was incorporated into the mixing solution at
various concentrations. Setting time, flow, penetration resistance, compressive strength,
washout resistance, and MTT cytocompatibility were evaluated.

Results: Adding AscA up to 0.05 % enhanced the cement’s flowability compared to the AscA-
free control. AscA concentration negatively correlated with both setting time (P < 0.01,
r = —0.963) and washout volume (P < 0.01, r = —0.957); setting time positively correlated
with washout volume (P < 0.01, r = 0.889). Higher AscA correlated with increased early
compressive strengths. The AscA-containing groups showed enhanced cell viability compared
to the AscA-free group.

Conclusion: Incorporating AscA into CS cement resulted in faster setting, greater washout
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resistance, and higher compressive strength. Incorporating AscA into CS cement formulations is
a promising approach for developing advanced CS cement.

© 2026 Association for Dental Sciences of the Republic of China. Publishing services by Digital
Commons. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Calcium silicate cement (CS cement), commonly known as
'mineral trioxide aggregate (MTA)’, was developed by Tor-
abinejad in 1993." Based on Portland cement, dental CS
cement includes radiopaque agents such as bismuth oxide
or zirconium oxide. It is widely applied in endodontic
treatments such as pulp capping, pulpotomy, apexification,
perforation repair, management of root resorption, canal
sealing, orthograde root filling, and retrograde root-end
filling.? This wide usage stems from its excellent sealing
ability, biocompatibility, antibacterial effects, and dentin
bridge formation.> However, CS cement presents significant
drawbacks, including prolonged setting time, handling dif-
ficulty, and susceptibility to washout during early setting
stages.”

Initially introduced as a retrograde root-end filling ma-
terial, the first commercial MTA product, ProRoot MTA
(Dentsply Inc., Tulsa, OK, USA), led to the development of
numerous other commercial products. The setting time of
ProRoot MTA is relatively long and is a significant disad-
vantage for procedures such as pulp capping and retrograde
root-end filling. Various approaches have been explored to
address this issue. For example, several studies have
focused on modifying the powder components by altering
the composition ratio,* controlling particle size,” or incor-
porating various additives. These modifications (including
hydration accelerators such as calcium chloride, citric acid,
lactic acid, calcium gluconate, and carboxyl ether poly-
mers, or excluding calcium sulfate) have been used to
reduce setting time.® While these approaches enhance the
setting speed, they may negatively impact physical prop-
erties such as flowability and strength, biological compat-
ibility, and tissue regeneration. Therefore, further
investigations are needed to overcome these challenges.

Given the molecular structure of L-ascorbic acid (AscA),
which can form coordinate bonds or ionic interactions with
alkaline earth metal ions owing to its enediol structure and
multiple hydroxyl groups,’-® we hypothesized that it could
influence the setting characteristics of CS cement. L-
ascorbic acid (AscA), a water-soluble vitamin (vitamin C), is
an effective antioxidant that alleviates oxidative stress and
participates in biochemical reactions as an important
cofactor for several enzymatic reactions, and electron
donor.”” Moreover, AscA possesses a broad spectrum of
therapeutic properties, including antimicrobial, antiviral,
antiparasitic, and antifungal effects.'®'" Importantly,
studies demonstrate AscA’s role in promoting osteogenic
differentiation.? It enhances collagen type 1 formation by
hydroxylating proline and lysine residues in pro-collagen,'?
which aids osteogenic stem cell development and improves
@2B1 integrin binding to collagen type 1, which is crucial for
osteogenesis.'® Therefore, CS cement containing AscA was
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synthesized, and its effects on the cement’s physical
properties and biocompatibility were evaluated.

This study involved synthesizing fast-setting CS cement
powder and examining the impact of AscA in the mixing
liquid on the cement’s physical properties and biological
compatibility. The key physical properties evaluated
comprised setting time, flowability, compressive strength,
penetration resistance, and washout resistance. A quanti-
tative, objective, and reproducible method was developed
for assessing the flowability, washout resistance, and
setting speed of CS cement groups without and with AscA at
varying concentrations.

Materials and methods
Fabrication of calcium silicate cement

Analytical grade CaCOs, SiO,, Al,03, MgO, K,CO3, Na,COs;,
CaS0,-'/,H,0 (orthorhombic form), and ZrO, were obtained
from Sigma—Aldrich (St. Louis, MO, USA). Isopropanol was
obtained from Merck (Darmstadt, Germany), and
phosphate-buffered saline (PBS) from Gibco (Carlsbad, CA,
USA). Raw materials, including CaCOs, SiO,, Al,03;, MgO,
K,CO;, and Na,CO3; were blended to achieve a lime satu-
ration factor (LSF) of 98 (Table 1). The mixture was ball-
milled in alumina pots with zirconia balls and isopropanol
for 6 h, dried at 80 °C for 24 h, formed into balls with
minimal water, and dried again at 80 °C for additional 24 h.
The dried balls were heat-treated to produce CS cement
clinker: heated up to 600 °C at a rate of 5 °C/min, held for
30 min, and then further raised to 1450 °C, and maintained
for 15 min. After sintering, the clinker was cooled in the
furnace to 1250 °C, then removed and rapidly cooled to
room temperature using a stainless steel fan with internal
water circulation and external air blow. The sintered
clinker was ground using an alumina mortar and pestle, and
further milled to a mean particle diameter of 3.051 um
using a vibration mill (WTVM, Woongbi Machinery Co., Ltd,
Cheonan, Korea; 1200 rpm) and a jet mill (§TJ-200, JS Tech,
Sacheon, Korea; 0.7 MPa pressure and 1 kg/h feeding
speed). In addition, 5 wt% of CaSO, hemihydrate was
incorporated, and 20 wt% ZrO, (Sigma—Aldrich) was further
added as a radiopacifying agent. This mixture was homo-
geneously blended and used as the CS cement control.

Evaluation of crystalline phases of the synthesized
cement clinker

The crystalline phases of the synthesized CS cement clinker
were identified using X-ray diffractometry (XRD; X’Pert PRO
Multi-Purpose  Diffractometer,  PANalytical, Almelo,
Netherlands). The analysis was performed using Cu Ko
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Table 1 Formulation of raw materials for dental calcium silicate cement clinker.
Compounds CaCOs3 MgO K,CO3 Na,CO3 SiO, AL 05 Total
Weight % 76.413 2.786 1.525 0.256 13.063 5.956 100.000

radiation source (A = 1.54056 ,&) at 40 kV and 30 mA.
Scanning was conducted over a 26 range of 10°—70° at a
rate of 1.8°/min. Diffraction patterns were interpreted
using HighScore Plus software (PANalytical, Netherlands)
with reference to the International Center for Diffraction
Data (ICDD) database.

Particle size analysis and scanning electron
microscopy

Particle size distribution was measured using a particle size
analyzer (MasterSizer 2000, Malvern Instruments Ltd, Wor-
cestershire, UK), with isopropyl alcohol as the dispersing
medium. Particle sizes at 10 % (D10) and 90 % (Dgo) of the
volume distribution were calculated. The morphology and
elemental composition of the synthesized CS cement were
observed using field emission scanning electron microscopy
(FE-SEM; GeminiSEM 500, ZEISS Co., Oberkochen, Germany)
coupled with energy dispersive spectrometry (EDS; Oxford
Instruments, Abingdon, UK). Samples were prepared by
compressing powders into a disk pellet (4 mm diameter)
using a Teflon mold.

Moreover, the surface morphology of CS cement mixed
with distilled water (DW) or 0.1 % AscA solution at a liquid/
powder ratio of 0.55 was examined after 7 d. Mixtures were
placed in a split Teflon mold (inner diameter 4 mm, thick-
ness 1 mm) on a glass slide and demolded after 3 h. Samples
were stored for 7 d at 37 °C under three conditions: 1) 100 %
relative humidity (RH), 2) PBS (pH = 7.4; Merck), and 3)
simulated body fluid (SBF) (pH = 6.8). Post-storage, sam-
ples were dried at 80 °C for 24 h, Pt-coated, and examined
via FE-SEM (SU-70, Hitachi, Tokyo, Japan) operating at
15 kV.

Physical properties of CS cement types without or
with AscA

Mixing procedure for CS cements

The AscA-containing solutions were prepared at concen-
trations of 0.01, 0.025, 0.05, 0.1, and 0.2 wt%, then filtered
through a 0.22 um syringe filter (Jet Biofiltration Co., Ltd.,
Guangzhou, China). To prepare the test samples, 0.3 g of CS
cement powder was mixed with each solution for 1 min at a
water/powder ratio (W/P ratio) of 0.55, under controlled
conditions of 23 + 1 °C and 50 + 5 % RH. A sample of CS
cement powder mixed with DW (0 wt% AscA) served as the
control group.

Flowability

International organization for standardization (ISO)
method

The flowability of the samples was assessed following ISO
standard 6876." A 0.05 mL portion of the mixed cement
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paste was loaded into a 1 mL syringe. After 3 min, the paste
was dispensed onto a glass plate. Subsequently, a
40 mm x 40 mm glass plate (weighing ~20 g) was placed on
top, followed by a 100 g weight. Ten minutes after initial
mixing, the largest and smallest diameters of the spread
specimen were measured using an image analyzer (I-Cam-
scope, Sometech Co. Ltd., Seoul, Korea). Seven samples
were tested per group.

Linear variable displacement transformer (LVDT)
method

Fig. 1 depicts the schematic diagram of the flow-measuring
test unit, consisting of a displacement-measuring digital
gauge with a linear variable displacement transformer
(LVDT). This flowability test method was developed to
improve the discernibility of ISO standard 6876. A 0.05 mL
portion of the mixed cement paste was loaded into a 1 mL
syringe. After 60 s from the start of mixing, the mixture was
dispensed onto a glass plate, and a cover glass was placed
on top. After 90 s from the start of mixing, a 500 g load was
applied. The change in height of the loading rod was
measured up to 10 min after mixing. These measurements
were digitized using a digimatic data logger connected to
the LVDT of the digital gauge and recorded using Com-
PortMaster software (Withrobot Inc., Seoul, Korea). The
reduction in specimen height, relative to its initial height,
was calculated and expressed as a percentage of short-
ening. This experiment was replicated seven times.

Setting time

The setting time was determined following ISO standard
6876 (2012). The CS cement was mixed at 23 + 1 °C and
60 + 5 % RH. The mixture was then filled into a metal mold
with a 10 mm diameter and 2 mm height dimensions,
ensuring the surface was leveled to the mold’s height. The
mold-filled sample was placed inside a temperature and
humidity controlled cabinet (37 + 1 °C and 70 &+ 5 % RH).
The setting time was measured using a Gilmore needle
(100 + 0.5 g) with a flat-ended indenter (2 + 0.1 mm
diameter) inside a controlled cabinet. The needle was
gently lowered vertically onto the sample, and the time
point at which no indentation remained was recorded. This
test was repeated for seven samples.

Washout resistance

The cement mixture was placed into a metal mold having
an indent with 10 mm inner diameter and 2 mm depth. The
mold was secured using a bisected fixture at the center of a
polisher’s rotating plate (300 rpm) (Phoenix Beta, Buehler
Ltd., Dusseldorf, Germany). At 150 s after the start of
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Figure 1

Schematic diagram of the flow measuring test unit consisting of a displacement measuring digital gauge with linear

variable displacement transformer (A), a digimatic data logger (B), and Comportmaster software (C).

.

(D) [

Figure 2

Washout resistance test setup: (A) water jet impinging onto a spinning sample surface (300 rpm) for 5 s. Water from a

circulating water bath (60 mL/min, 37 °C) is sprayed through an 18 G needle, the tip of which is positioned 45 mm over the sample
surface; (B) washed-out sample positioned on stage; (C) scanning with three-dimensional (3D) scanner; (D) optical image of the
washed-out surface; (E) meshed standard for the exchange of product model data (STEP) file of scanned surface; (F) washout
volume calculation with computer aided three-dimensional interactive application version 5 (Catia V5).

mixing, a water spray (60 mL/min, 18 G needle, 45 mm
distance) was applied to the sample surface for 5 s.

The washed-out indented area was scanned using a 3D
scanner (T710, Medit, Seoul, Korea) to generate a stereo-
lithography (STL) file. The STL data were converted into a
Standard for the exchange of product model data (STEP)
file via FreeCAD (version 0.20, open-source software,
available at https://www.freecad.org), and the washout
volume was calculated using computer aided three-
dimensional interactive application version 5 (Catia V5)
(Dassault Systemes Korea Corp., Incheon, Korea) (Fig. 2).
This experiment was replicated three times.

Penetration resistance

To assess the hardening kinetics of freshly mixed cement,
penetration resistance was measured using an automated
device (Fig. 3). A cylindrical tip (2 mm diameter) attached
to a digital force gauge (FGP-5, Nidec-Shimpo Co., Kyoto,
Japan) was lowered to a 0.8 mm depth at 30 um/s operated
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by a stepping motor using a LabVIEW program (National
Instruments Corp., Austin, TX, USA). The cement mixture
was placed in a metal mold (W 28 mm x D 5 mm x H 2 mm),
and penetration resistance was measured at 3, 6, 9, 12, 15,
20, 30, 45, and 60 min post-mixing under 23 + 1 °C and
60—70 % RH. The resistance force was read 20 times/s via a
LabVIEW program. The resistance force was divided by the
penetrating tip’s cross-sectional area, and expressed in
megapascals (MPa). Then, the data were plotted as a spline
curve graph. Penetration resistance values were extracted
from image graph over time using the Engauge digitizer
software, an open-source digitizing tool developed by Mark
Mitchell. The test was replicated five times, and the
average times to reach 30, 40, 50, and 60 MPa resistance
were calculated.

Compressive strength

Compressive strength was evaluated according to ISO 9917-
1," as no specific 1SO standard exists for CS cement. The
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Digital force gauge LabVIEW (software)

Figure 3

mixed cement was packed into a split-ring Teflon mold
(6.0 £ 0.1 mm height x 4.0 + 0.1 mm ID), and excess was
removed with a flat spatula. Specimens were placed in a
37 + 1 °C, 100 % RH chamber for 3 h, then surfaces were
finished using 400-grit SiC paper and demolded. Sets of seven
specimens per group were stored at 37 + 1 °Cand 100 % RH for
1, 3, and 7 days. Compressive strength was measured using a
universal testing machine (Instron 4302, Instron Ltd., High
Wycombe, UK) at a 1.0 mm/min crosshead speed.

Biocompatibility

Mouse fibroblast-like cells (L-929; National Collection of
Type Cultures [NCTC] clone 929) were seeded at
1 x 10° cells/well in a 96-well plate and incubated for
24 +1hat37 +1°Cunder 5% CO2. Cells were cultured in
RPMI complete medium, prepared by supplementing mini-
mum essential medium (DMEM; Gibco, Thermo Fisher Sci-
entific, Waltham, MA, USA, #11995) with 5 % fetal bovine
serum (FBS; Gibco, #16140) and 1 % penicillin/streptomycin
(Gibco, #15140).

CS cement powder was mixed with DW at a W/P ratio of
0.55, molded into a split Teflon mold (diameter 10 mm,
height 2 mm), and set for 24 h at 37 + 1 °C and 99 % RH. The
hardened specimens were demolded, sterilized under ul-
traviolet (UV) light for 30 min on each side, and immersed
in 1 mL of RPMI complete medium for 24 h at 37 + 1 °C. The
supernatant, obtained by centrifuging the leachate to
remove particulates, was serially diluted to 100 %, 50 %,
25 %, and 12.5 % using RPMI complete medium.

Cytotoxicity was assessed using the MTT assay following
ISO standard 10993-5."¢ After 24 h of cell culture, the media
were removed and replaced with 100 puL of the diluted
extracts, followed by a 24 h incubation. Control wells
received fresh RPMI complete medium. After incubation,
extracts were removed, and 100 pL of MTT solution
(0.5 mg/mL concentration of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide, Sigma—Aldrich, #M2128)
was added to each well and incubated for 4 h at 37 + 1 °C.
The MTT solution was discarded, and 100 pL of dimethyl
sulfoxide (DMSO; Sigma—Aldrich) was added to dissolve
formazan crystals, followed by 15 min incubation at room
temperature. Absorbance was measured at 570 nm using a
microplate reader (Sunrise™ microplate reader, Tecan
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Penetration resistance measuring setup: automated micrometer stage control and data acquisition using LabVIEW.

Group Ltd., Mannedorf, Switzerland), and cell viability was
expressed as a percentage relative to the control. The test
was replicated five times.

Statistical analysis

The data for flowability, setting time, and washout resistance
were analyzed using the Kruskal—Wallis test followed by
Tukey’s post hoc test for multiple comparisons in SPSS soft-
ware (version 26.0, IBM Software, Armonk, NY, USA).
Compressive strength was evaluated by two-way analysis of
variance (ANOVA), and Tukey’s multiple comparison tests
were performed. Statistical significance was set at P < 0.05.

Results
Characterization of the fabricated CS cement

X-ray diffraction analysis

Fig. 4 presents the XRD patterns of the synthesized CS
clinker powder (A), CS cement powder (B), and set CS
cement after hydration by mixing with either DW (C) or
0.1 wt% AscA solution (D) and storing at 37 °C and 100 % RH
for 7 d.

The XRD pattern of the CS clinker powder exhibited
characteristic peaks corresponding to tricalcium silicate at
20 = 34.39, 32.24, 32.65, and 29.48 (ICDD 00-042-0551),
dicalcium silicate at 26 = 32.20, 32.11, 32.65, 34.39, and
41.26) (ICDD 00-033-0302), and tricalcium aluminate at
26 = 33.33, 33.11, and 33.01) (ICDD 00-038-1429) (Fig. 4A).
These phases match the expected clinker composition,
confirming successful synthesis.'’

Following milling and adding 5 wt% CaSO, hemihydrate
and 20 wt% ZrO,, the XRD pattern of the CS cement powder
showed additional peaks attributable to these additives.
The newly emerged peaks, corresponding to CaSO4 hemi-
hydrate (ICDD 00-014-0453) and ZrO, (ICDD 00-037-1484),
alongside the existing tricalcium silicate, dicalcium sili-
cate, and tricalcium aluminate peaks (Figs. 4B),"” indicate
effective incorporation of these materials, altering the
mineralogical composition and potentially enhancing hy-
dration performance.
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Figure 4 X-ray diffraction (XRD) patterns of calcium silicate (CS) clinker powder, CS cement powder, and CS cement set at 37 °C
and 100 % relative humidity for 7 days: (A) CS clinker powder, (B) CS cement powder, (C) hydrated CS cement mixed with distilled

water, and (D) hydrated CS cement mixed with 0.1 % L-ascorbic acid (AscA) solution. Symbols:

silicate;
oxide; &, Magnesium oxide.

The XRD patterns of the 7-day hydrated CS cement, mixed
with either DW or 0.1 wt% AscA solution, are shown in Fig. 4C
and D, respectively. Both patterns revealed peaks of calcium
hydroxide at 26 = 34.13, 18.07, and 47.10 (ICDD 00-044-
1481) and CaCO3 at 26 = 29.42 and 35.94 (ICDD 00-005-0586),
along with zirconium oxide phases (Fig. 4C and D).

Particle size analysis and scanning electron microscopy
Vibration milling of the ball-milled CS powder reduced its
average particle size to 59.122 um, with a particle size
distribution of 2.345 um for D4o and 162.194 pum for Dy
(Fig. 5A). Further refinement by jet milling decreased the
average particle size to 3.051 um, with D¢ and Dyg values of
0.552 um and 6.397 um, respectively (Fig. 5B).

The SEM image and EDX spectra with elemental con-
centration of the CS powder processed by vibration and jet
milling are shown in Fig. 6.

The SEM images of hardened CS cement surfaces stored
under various conditions are shown in Fig. 7. Specimens
cured for 7 days after mixing with either DW or 0.1 % AscA
solution displayed small, uniformly sized granular
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, Tricalcium silicate; o, Dicalcium

, Tricalcium aluminate; @, Calcium sulfate hemihydrate; A, Calcium carbonate; &, Calcium hydroxide; », Zirconium

structures (Fig. 7A and B). Conversely, CS cement mixed
with 0.1 % AscA and cured for 7 days in PBS exhibited
acicular, spherule-like crystalline structures (Fig. 7C),
indicating significant interaction between the cement and
PBS.'® Samples mixed with 0.1 % AscA and cured in SBF for 7
days (Fig. 7D) revealed a highly complex microstructure.
Petal-like crystals (rectangle box ‘A’,'), were overlaid by
spherical calcium phosphate clusters (box ‘B’,2%), suggest-
ing a dual-phase process wherein SBF promoted both hy-
dration of calcium silicate phases and calcium phosphate
deposition. The petal-like structures increase surface area,
potentially promoting further mineralization, while the
calcium phosphate clusters suggest bioactivity, indicating
suitability for applications such as dentin bridge formation
and bone repair.2%?'

Flowability

Using ISO and LVDT methods, CS cement mixed with 0.05 %
AscA solution exhibited the highest flowability. Flowability
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Particle size distribution
Mean 59.122 ym (SD 6.81 pm)
D10 2.345pum, D90 162.194
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!

Particle size distribution
Mean D 3.051 ym (SD 2.10 ym)
D10 0.552 pym, D90 6.397 pm

(A)

Figure 5

(©)

Figure 6

(B)

Particle size distribution of synthesized calcium silicate powder after (A) vibration and (B) jet milling.

(B)

Element Wit% Atomic %

C 4.84 9.75
0 3178 48.09
Na 0.13 0.14
Mg 1.79 1.78
Al 4.02 3.60
Si 7.47 6.44
K 0.69 043
Ca 4928 29.77

Total: 100.00 100.00

(D)

Scanning electron microscopy (SEM) image at 1000x magnification (A) and energy dispersive x-ray spectroscopy (EDX)

elemental analysis (B—D) of calcium silicate (CS) powder ground by vibration and jet milling.

increases with AscA concentration up to 0.05 % when the
ISO method is used. However, the flowability decreased
significantly beyond this point (P < 0.05), decreasing from
6.96 mm in the 0.05 % AscA group to 5.89 mm in the 0.2 %
AscA group (Fig. 8, left vertical axis). The initial increase is
likely due to the plasticizing effect of AscA concentration,
whereas the subsequent decrease may reflect accelerated
reaction product formation at higher concentrations.
Similarly, the LVDT method showed that AscA concen-
trations up to 0.05 % significantly improved flowability
(P < 0.05). Sample height reduction was 51.23 % for the
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0.05 % AscA group compared to 49.76 % for the 0 % group
(Fig. 8, right vertical axis). Beyond 0.05 % AscA, flowability
decreased significantly, with sample height reduction
values dropping from 51.23 % (0.05 % AscA) to 45.15 % (0.1 %
AscA) and 27.40 % (0.2 % AscA) (Fig. 8, right vertical axis).

Setting time

The setting times of the test samples, measured using the
ISO method, are presented in Fig. 9 (pink color). When the
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Figure 7 Scanning electron microscopy (SEM) images of calcium silicate (CS) cement hardened at 37 °C and 100 % relative hu-
midity for 7 days (10,000x magnification): (A) CS cement mixed with distilled water without immersion; (B) CS cement mixed with
0.1 % L-ascorbic acid (AscA) solution without immersion; (C) CS cement mixed with 0.1 % AscA solution and stored in phosphate-
buffered saline; (D) CS cement mixed with 0.1 % AscA solution and stored in simulated body fluid.
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Figure 8 The results of the flowability test determined by the International organization for standardization (ISO) method and
linear variable displacement transformer (LVDT) method. * Different uppercase letters (within ISO method) and different lower
letters (within LVDT method) indicate significant differences between groups at P = 0.05, with n = 7 replicates for each group.

AscA concentration in the mixing solution exceeded (25.27 + 0.72 min) (P < 0.05). The 0.2 % AscA group
0.025 %, the AscA-containing groups exhibited significantly demonstrated the shortest setting time (9.75 + 0.77 min),
shorter setting times compared to the AscA-free group significantly lower than that of the other groups (P < 0.05).
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Figure 9 Mean and standard deviation of setting time (min; n = 7) and washout volume (mm?; n = 3) for calcium silicate cement
samples. *Different uppercase (setting time) and lowercase letters (washout resistance) indicate significant differences between

groups at P = 0.05.

Table 2 Mean and standard deviation of the washed-out volume (mm?) of the calcium silicate cement samples, with n = 3

replicates for each group.

Groups Concentration of AscA in mixing liquid (wt%)
0% 0.01 % 0.025 % 0.05 % 0.1% 0.2 %
Washed-out volume (mm?)  12.33% (0.59)  9.16®° (0.52) 7.51®P (0.79) 7.08%° (0.66) 4.02°° (1.54) 2.93¢ (0.62)

@ Different small lowercase letters indicate significant differences between groups at P = 0.05.

A strong negative correlation was observed between AscA
concentration and setting time (P < 0.01, r = —0.963).

Washout resistance

The washout volumes measured under the conditions
described in section 2.3 are demonstrated in Table 2 and
Fig. 9. All AscA-containing groups exhibited lower washout
volumes than the control. The 0.2 % AscA group showed the
most significant resistance to washout. Increasing AscA
concentrations correlated with reduced washout volume
(P < 0.01, r = —0.957). Furthermore, AscA concentration
negatively correlated with both setting time (P < 0.01,
r = —0.963) and washout volume (P < 0.01, r = —0.957);
setting time positively correlated with washout volume
(P < 0.01, r = 0.889).

Penetration resistance

Fig. 10 presents the average resistance values (MPa) of the
mixed CS cement samples against 0.8 mm penetration
plotted over time after mixing.

As summarized in Table 3, the average time required to
reach the specific penetration resistance (MPa) values
decreased with increasing AscA concentration in the mixing
solution, except for the 0.01 % AscA group.

100 4

80+

60

404
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——0.01% AscA
——0.025% AscA
——0.05% AscA
——0.1% AscA
——0.2% AscA
0 T T T T T

10 20 30 40 50 60

204

Penetration Resistance (MPa)

Elasped time after mixing (min)

Figure 10  Average resistance values (MPa) of mixed calcium
silicate cement samples against 0.8 mm penetration over
elapsed time after mixing, with n = 5 replicates for each
group.

Compressive strength

The compressive strengths of the CS cements increased
with aging (Fig. 11). At 7 days, the highest strength values
were observed across all groups (except the 0.1 % AscA
group) (P < 0.05), with compressive strengths converging
across groups by this point (P > 0.05).
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Table 3 Average elapsed time (min) for mixed calcium
silicate cement to reach penetration resistance values of
30, 40, 50, and 60 MPa (at 0.8 mm penetration), withn = 5
replicates for each group.

Concentration of AscA in mixing liquid

groups exhibited favorable cell viability, surpassing 100 %
relative to the control (AscA-free) group. Exceptions were
noted under specific conditions in the 0.05 %/50 %, 0.1 %/
100 %, 0.2 %/50 %, and 0.2 %/100 % groups (AscA %/extract
dilution %) (Fig. 12).

and tricalcium

Penetration (wt.%) Discussion
resistance (MPa)  (control) 0.01 0.025 0.05 0.1 0.2
30 14.3 6.1 6.5 57 29 0.2 The XRD pattern of the CS clinker powder synthesized in
40 17.3 11.9 10.2 7.8 4.6 1.7 this study showed characteristic peaks corresponding to
50 22.7 36.3 17.7 10.6 6.7 3.3 tricalcium silicate, dicalcium silicate,
60 40.9 52.4 22.7 16.0 14.1 4.8 aluminate (Fig. 4A), which confirmed the successful syn-
thesis."” Tricalcium silicate and dicalcium silicate are crit-
70
. [ ]1day
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:4_:: 50 |
2
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Figure 11  Mean and standard deviation values of compressive strength (MPa) of calcium silicate cements with varying L-ascorbic

acid (AscA) concentrations (%) in the mixing solution and across different aging times, with n = 7 replicates for each group.
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Group

Cell viability of calcium silicate cements. The cell viability (% viability compared to the control group) is shown ac-

cording to L-ascorbic acid (AscA) concentration in the mixing solution and elution extract dilutions. Statistical significance at
P < 0.05 (Two-way ANOVA), with n = 5 replicates for each group.

Biocompatibility

The biocompatibility of CS cement extracts at concentra-
tions of 12.5 %, 25 %, 50 %, and 100 % was assessed across
five AscA-containing groups (0.01 %—0.2 % AscA). Most
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ical for hydration, with tricalcium silicate contributing to
early setting through rapid hydration and dicalcium silicate
promoting long-term strength through slower hydration.
Because having a large portion of tricalcium silicate rather
than dicalcium silicate is beneficial for getting early
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setting,”? the composition of this study was blended to
achieve a lime saturation factor (LSF) of 98, which is higher
than that of ordinary CS cement.

In the XRD patterns of the 7-day hydrated CS cement,
mixed with either DW or 0.1 wt% AscA solution (Fig. 4C and
D, respectively), both patterns revealed peaks of calcium
hydroxide and CaCOs, along with zirconium oxide phases.
However, tricalcium silicate and dicalcium silicate peaks
were absent in the 7-d hydrated samples, whereas Voicu
et al. reported only a reduction in these peaks.? This
observation indicates that both phases underwent com-
plete or near-complete hydration, rendering them unde-
tectable in the hydrated specimen. The absence of CS
hydrate peaks can be attributed to its low crystallinity. The
inclusion of AscA in the mixing solution did not significantly
alter peak intensities or positions. However, further quan-
titative studies are warranted to elucidate its potential
influence on hydration kinetics and microstructural
development.

In this study, we prepared fine particles with the average
size of 3.051 pum using jet-milling (Fig. 5B). This particle
size reduction is critical, as finer particles increase specific
surface area, thereby enhancing powder reactivity and
accelerating setting rates.?* Post-jet-milling, the particles
exhibited a predominantly spherical morphology (Fig. 6A),
which favors easy mixing and efficient packing for material
performance. Elemental mapping by EDS (Fig. 6B—D)
confirmed the homogeneous distribution of the constituent
elements throughout the sample, which is critical for
ensuring structural uniformity and consistent mechanical
properties in the CS cement.

In this study, we evaluated the flow property using two
different methods. The ISO 6876 method, initially designed
for dental root canal sealers, presents challenges when
applied to CS cement.’*?> Manual centering of the glass
plate is difficult, and repeatedly measuring the minimum
and maximum diameters of the compressed disc with cali-
pers until the diameters are within 1 mm of each other,
proves to be complex and far from straightforward intro-
ducing substantial user-related errors. Therefore, in this
study, a novel flowability measurement method using an
LVDT was developed. The LVDT, which measures linear
displacement digitally, produces continuous, real-time
data,’® making capturing precise flowability changes
easier. Compared with I1SO 6876, the LVDT method more
clearly reflects changes in flowability. In summary, the
consistent trends observed in both methods indicate sup-
port for LVDT as a promising alternative for assessing CS
cement flowability.

As shown in Fig. 8, the flowability of CS cement,
measured by both the ISO and LVDT methods, clearly
depended on the concentration of AscA in the mixing so-
lution. A paste with good flowability ensures a comfortable
working environment for clinicians and it is crucial for the
successful penetration of CS cement into every narrow root
canal spaces.>?’ Therefore, flowability is a key factor for
successful endodontic treatment. However, while high
flowability is desirable for procedures like root canal seal-
ing,?® other clinical situations, such as retrograde fillings or
cement base applications, require sufficient viscosity to
maintain the cement’s stability at the applied site. There-
fore, the findings of this experiment provide critical
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information for optimizing CS cement formulations for
different applications by balancing flowability and me-
chanical strength. This study demonstrated that the flow-
ability of CS cement could be effectively controlled by
incorporating small amounts of AscA into the mixing solu-
tion, with the degree of flowability adjustable by varying
AscA concentrations.

A prolonged setting time is a significant drawback in the
clinical use of CS cement.? Since setting time is heavily
influenced by particle size,’° the mean particle size of
3.051 pum for the jet-milled CS clinker powder indicates a
smaller particle size than commercial MTA products.?’
Consequently, the average setting time of the control group
in this study (25.27 + 0.72 min) was shorter than that of
many commercial products.??%?° While shorter setting
times are advantageous in the oral environment, reducing
treatment time and minimizing contamination risks, overly
rapid setting can impair workability.>*' Therefore,
achieving an optimal setting time is critical. This study
found that incorporating AscA into the mixing solution
effectively reduced the CS cement’s setting time (Fig. 9).
Adding AscA up to 0.05 % enhanced the cement’s flowability
compared to the AscA-free control (Fig. 8). Improved
flowability facilitates better penetration into the complex
root canal geometries, promoting effective sealing and
potentially reducing risks of leakage or reinfection.?> This
method of lowering setting time using AscA is especially
valuable for endodontic applications, where high flow-
ability combined with appropriate setting time enhances
clinical utility.?> Further research is warranted to elucidate
the mechanisms by which AscA modifies the physical
properties of CS cement.

Disintegration of cement paste can compromise sealing
and trigger inflammatory responses. Slow-setting materials
are particularly vulnerable to washout when exposed to
tissue fluids, blood, or irrigation. Therefore, enhancing
washout resistance is crucial for successful root canal
treatments, particularly for cement types with extended
setting times.® Various methods have been employed to
assess CS cement washout resistance, including immersion
and visual scoring by multiple observers,** solution spraying
followed by visual inspection,®* weight-based calculations
of washed and retained material,> and adaptations from
concrete industry standards such as CRD-C 661-06 specifi-
cation.>® However, there remains a need for more objec-
tive, quantitative approaches. In response, a novel test
method was developed based on the ’jet impingement’
method, originally used to evaluate cell adhesion strength.
In our adapted method, a fluid jet impacts the specimen
under controlled conditions,>”*® and the washed-away
portion is captured via 3D scanning. The washout volume
was then quantified using Catia V5 3D modeling software,
offering a highly visual, quantitative, and objective
assessment.

The ISO flowability results showed that all experimental
groups, except the 0.2 % AscA group, exhibited higher
flowability than the control. Despite this increased flow-
ability, AscA-containing groups demonstrated superior
washout resistance. This combination of high flowability
and low washout volume is particularly advantageous for
root canal sealing procedures, where both properties are
critical for clinical success.
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Figure 13  Average elapsed time (min) for mixed calcium
silicate cement to reach the penetration resistance values of
30, 40, 50, and 60 MPa at various L-ascorbic acid (AscA) con-
centration groups, with n = 5 replicates for each group.

In the result of penetration resistance test (Fig. 10,
Table 3), the average time required to reach the specific
penetration resistance (MPa) values decreased with
increasing AscA concentration in the mixing solution,
except for the 0.01 % AscA group. This trend is more clearly
illustrated in Fig. 13, illustrating the average elapsed time
(min) needed to achieve resistance values of 30, 40, 50, and
60 MPa across different AscA concentration groups. A
reduction in the time required to develop penetration
resistance indicates faster material hardening, a crucial
factor in clinical procedures requiring rapid setting, such as
pulp capping, perforation repair, and retrograde filling.*’
Faster hardening improves procedural efficiency and en-
hances the overall clinical outcome. The penetration
resistance trends (Table 3, Figs. 10 and 13) were consistent
with the setting time results (Fig. 9) regarding the effect of
AscA addition. This agreement across different assessment
methods reinforces the notion that AscA enhances the
hardening behavior of CS cements.

This study introduced a novel method for evaluating the
hardening behavior of CS cement during setting, utilizing a
digital force gauge. Data acquisition, test automation, and
instrument control were managed using the LabVIEW pro-
gram. Unlike the ISO method employing a Gilmore needle,
this mechanical approach reduces operator skill depen-
dence and minimizes variability. Results, expressed as the
time required to reach a specified penetration resistance
value (MPa), indicate that the gel-like mixture progressively
hardens. Faster attainment of penetration resistance re-
flects a quicker setting process. Our findings revealed a
consistent trend of accelerated setting with AscA addition,
as shown by penetration resistance and setting time
measurements.

Higher AscA correlated with increased early compressive
strengths at 1 d and 3 d. This enhancement is crucial for
perforation repairs in root furcation areas, where materials
must withstand occlusal forces. Compressive strength re-
flects the degree of hydration and material setting in hy-
draulic cements.® These results reflect AscA’s potential to
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improve the mechanical properties of CS cement,
enhancing its clinical performance.

The biocompatibility test results (Fig. 12) indicated a
promising trend toward enhanced biocompatibility across
varying extract and AscA concentrations. Most AscA-
containing groups showed no cytotoxicity, with cell
viability consistently above 100 % compared to the control.
According to I1SO 10993 standards, which define biocom-
patibility as cell viability greater than 70 %, all tested
samples met the criteria.’®*® A cytotoxicity study by
Golonka et al. showed that ascorbic acid concentrations
above 2.5 % exhibited cytotoxic effects on L929 fibro-
blasts.’® Nonetheless, the general trend of increased cell
viability following AscA supplementation observed in our
study supports its potential as a valuable additive in CS
cement formulations, contributing to improved biocom-
patibility and physical properties for clinical use. Further
research into the cellular mechanisms and long-term ef-
fects of AscA supplementation is needed to fully under-
stand its benefits.

Incorporating AscA into CS cement substantially
improved its physical properties, including faster setting
time, enhanced washout resistance, and increased
compressive strength, all critical for clinical use in humid
biological environments. The inclusion of AscA presents a
promising strategy for manufacturing advanced CS
cements.
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