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Mineral trioxide aggregate (MTA) has many clinical applications in dentistry;
the main drawback is the long setting. The main objective is to investigate and
compare the chemical effect of using two commercially available hyaluronic
acid hydrogels (HA) instead of distilled water for mixing MTA as an accelerant
of setting time. Materials and method: Test materials were divided into three
groups; Group 1: (control) mixing MTA with distilled water supplied by the
manufacturer; Group 2: mixing MTA with a hybrid cooperative complex of
high and low molecular weight HA (Profhilo®); Group 3: mixing MTA with High
molecular weight /  non-cross-linked ~ HA (Jalupro®).  Mixing time, and nadiahameed @uomosul.edu.iq
setting time (initial and final) were determined, Fourier-transform infrared
spectroscopy, Energy-dispersive X-ray spectroscopy, Field emission Scanning
Electron Microscopy, and X-ray diffraction were performed. Results: mixing
time, initial, and final setting time for (MTA + HA) groups were significantly
different and lower in comparison to the control group (p < 0.05). This study
revealed higher expression of calcium silicate hydrate and calcium hydroxide
expression with higher Ca release in the MTA + HA group than the control
group. Conclusion: commercially available HA demonstrated better chemical
properties when used as a mixing medium for MTA. The Mixing and setting
time for MTA + HA group were significantly shorter than those of the control

group were. Thus, commercially available HA can be used as a mixing medium )
for MTA. Key Words: MTA, hyaluronic

acid, setting time, chemical
properties, pulp.

health directorate, Iraq;

Introduction

Direct pulp capping is a dental management that uses a dressing, medicament, or dental
material to seal the exposed pulp when placed directly to protect and preserve the dental pulp vitality.
Capping material stimulate pulp cells to generate reparative tertiary dentin [1]. For many decades,
calcium hydroxide considered as the material of choice among the different available pulp-capping
agents [2]. However, some of the limitations of using this technique include degradation on tooth
flexure, dissolution by tissue fluids, and development of tunnel defects beneath dentinal bridges as a
result of dissolution of the dressing that leaves voids beneath the restoration. The presence of such
imperfection within the dentin in the form of tunnel defects will lead to microleakage, will cause
bacterial re-infection, persisting pulp tissue inflammation and necrosis [3,4]. Mineral trioxide
aggregate (MTA) considered as the alternative gold standard to calcium hydroxide Ca(OH),. It is
available as a more effective direct pulp capping material than Ca(OH), [5,6,7]. The composition of MTA
is tricalcium silicate, tricalcium oxide, tricalcium aluminate, and silicate oxide [8]. The effect of MTA is
equivalent to that of Ca(OH), on the pulp tissue. In setting reaction of MTA, the primary product is
Ca(OH), that will dissociate later on to give calcium and OH. The calcium ions act to enhance
proliferation and attachment of progenitor cells from the pulp tissue. It also helps in the hard tissues
formation due to dentinogenesis. In comparison to other capping materials, using MTA will lead to less
tissue inflammation [9,10].

However, MTA has several drawbacks like high pH during setting that induce necrosis of the
contacting tissue [11,12,13,14], sandy consistency that leads to difficulties in handling and placement,
as well as its slow setting time which often requires another treatment session for the placement of
final restoration [15].

MTA produces complete dentin bridge formation after 2-3 months of its application as pulp
capping material [16,17,18]; however, several in vitro investigations used additives to the powder or
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the liquid in order to enhance the quality of the dentin bridge formation and inflammatory process
after pulp capping using MTA and enhancing its physical properties, thus improving its clinical
outcomes [16,19,20] such additives include Calcium Lactate Gluconate [21], propylene glycol [22],
nano-titanium oxide (TiOy, nano-zirconia, nano-silicon dioxide (SiO,), hano-aluminum oxide (Al,0s)
[23], zinc oxide powder particles [24], Eggshell powder [25],tannic acid liquid [26],and chitosan [27].

Hyaluronic acid (HA) is an essential, naturally occurring compound that considers as a main
component of the extracellular matrix (ECM) of the tissues in all adult animal. HA composed of
glycosaminoglycan disaccharide that is consists of an alternately repeating units of D-glucuronic acid
and N-Acetyl-D-glucosamine [28]. Naturally, HA can be found in the skin, vitreous body, synovial fluid,
joints, tendons, pleura, umbilical cord, and the pericardium. Fifteen grams of hyaluronic acid can be
obtained from the body of a human weighing 70 kg [29]. The interaction of HA with other
macromolecules plays a major role in tissue morphogenesis, cell differentiation, migration, and
adhesion [30]. Which is used largely in many clinical applications and regenerative medicine because
of its important biological properties such as biocompatibility, biodegradability, and non-
immunogenicity [31].

The origin of commercial HA is from animal sources. In order to produce HA for medical
applications, biotechnology and microbial fermentation techniques are used. Microorganism-derived
HA is biocompatible with the mammalian body. In vivo, HA degrade rapidly by oxidative damage effect
and the action of hyaluronidase enzymes [32]. Chrepa et al. [33] showed the ability of commercial HA
to stimulate stem cells of the apical papilla (SCAP) mineralization and odontogenic differentiation. It
expressed significantly higher activity of alkaline phosphatase (ALP) with increased and upregulation
of all genes related to odontoblastic differentiation like dentin sialophosphoprotein (DSPP), matrix
extracellular phosphoglycoprotein (MEPE), and dentin matrix acidic phosphoprotein-1 (DMP-1).
AlHowaish et al. [34] reported that commercially available HA has the ability to enhance vascularization
within the pulp spaces and vascularized soft connective tissue formation with the presence of collagen
fibers and fibroblasts within the spaces of the pulp.

The null hypothesis of this study states that hyaluronic acid can be used as a mixing media
with MTA to enhance its chemical properties and reduce setting time. Therefore, we aimed to evaluate
the chemical effects of HA, which when added to MTA, can reduce the setting time and enhance its
chemical properties.

Materials and method

The materials that were used in this study are reported in Box 1. MTA Repair HP was used in
this study. Which has the same formula of conventional MTA but the radio  pacifier used is calcium
tungstate with the addition of a plasticizer agent to the mixing liquid [35]. It has many clinical
applications as a direct pulp capping material, root-end filling for retrograde restorations, pulpotomy,
apexification, apexogenesis, and for root canal perforations repair. The manufacturer of MTA repair HP
claim that the chemical properties of the original MTA is maintained in this formula, with improved
physical property in relation to handling and manipulation.

The first HA used in this study was Profhilo® (IBSANordic ApS, Denmark). It is a novel HA
formula of stable hybrid cooperative complexes production technology (HyCoCos), representing an
innovative thermal production process. Each Package contains one 2mL prefilled syringe containing 32
mg of high molecular weight HA (HMW HA) and 32mg of low molecular weight HA (LMW HA) dissolved
in 2 mL of sodium chloride buffered physiological solution. The process of HA production starts with a
simple mixture of 32mg of HMW HA weights (1100 -1400kDa) and 32mg of LMW HA weights (80 -
100kDa). The hybrid crosslinking technology stabilizes the mixture using innovated thermal process.
No chemicals or crosslinking agents are used, as the crosslinking is performed thermally in two steps:
a high-temperature step, and a low-temperature step.

The second HA used in this study was Jalupro® HMW (PROFFESSIONAL DERMA SA, ITALY), an
HMW, non-cross-linked HA. The Jalupro® HMW comprises disposable syringe of a sterile sodium
hyaluronate gel (20 mg/ml gel of 1200-1400 kDa).

The following characteristics were evaluated in included study: mixing time (n=5), initial
setting time (n=5), final setting time (n=5), Fourier-transform infrared spectroscopy (FTIR) (n=1), X-ray
diffraction (XRD) (n=1), Field emission Scanning Electron Microscopy (FESEM) (n=1), and Energy -
dispersive X-ray spectroscopy (EDAX) (n=1).
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Box 1. materials used in the study.

Materials and Lot number and "
S Composition Formula
manufacturers expiration date
. Powder: 3Ca0.5i0,, 2Ca0.5Si0;, Two capsules of 0.17 g
MTA Repair HP (Angelus, 59311 3Ca0.AL0s, Ca0, CaWO, Powder supplied with liquid
Londrina, Brazil) (09-2024) T L e
Liquid: H,0 and Plasticizer. for mixing.
quophaS|c HA, based on stable 64mg/2mi gel consists of
hybrid cooperative complexes of low .
o e ; . 32mg low molecular weight
Hyalyronic acid: Profhilo 2111027 and high molecular weight HA (80-100 kDa) and 32 m
(IBSANordic ApS, Denmark) (11-2024) hyaluronic acid, is the first product g

of high molecular weight HA

developed by NAHYCO® hybrid (1100-1400 kDa)
technology. '
20 g/mL gel of 1200-1400
Hyaluronic acid: Jalupro® . . kDa.
19P49002 High molecular weight [ non -
HMW (PROFFESSIONAL (12-2022) cross-linked.

DERMA SA, ITALY).

Samples preparation
To evaluate the changes in the chemical properties of MTA after mixing it with HA, the Ex-vivo
study included the following groups:

Group 1 (control): MTA + distilled water.
Group 2 (HA1): MTA + Profhilo® HA (LMW HA + HMW HA).
Group 3 (HA2): MTA + Jalupro® HA (HMW non cross-linked).

To prepare the hydrated cement samples, the MTA powder was mixed with the supplied distilled
water for control group, and with hyaluronic acid (profhilo®, Jalupro®) for group 2 and 3 respectively.
The powder and the liquid were dispended on a glass slab and mixed with a metal spatula for manual
mixing. A paste with a homogeneous consistency was obtained. We followed the manufacturer
instructions for the powder/liquid ratio and mixing protocol.

After preparing study groups, the following chemical tests were conducted:

Mixing time

The mixing time was evaluated according to the specifications of the American National
Standards Institute/American Dental Association ANSI/ADA Standard No. 96 (2020) by using three
samples for each group (n=3). The cement was prepared in accordance with the manufacturer's
instructions by mixing the by mixing 0.17 g of powder to 2 drops of liquid to ensure that the
preparation of each specimen is completed from one mix. The mixing liquids were (the supplied distilled
water supplied by the manufacturer, HA1, HA2). A metal spatula used for mixing on a glass slab to
form a paste of putty-like consistency. The test was performed under controlled environments (37+1C
and 95+5% humidity). A fresh mix has been prepared for each specimen.

Setting time (initial and final settings)

The initial and final setting times were evaluated according to the criteria and conditions
specified by both the (ANSI/ADA) specification No. 96-2020 and the American Society for Testing and
Materials (ASTM: C266 - 21) methods (which represents the use of Gillmore needles to determine the
setting time of hydraulic-cement paste). Three samples (n=3) were used for each group.

For the initial setting time measurement, one of Gillmore needles, which is of 2.12 mm in
diameter, and 113.4 g weight is used. While the second needle which is of 1.06 mm in diameter, and
453.6 g weight is used for final setting time measurement.

The test was performed under controlled temperature and relative humidity (37+1C and
95+5% humidity), After mixing the cement with the proposed mixing liquid, 5 cylinder-shaped stainless
steel mold (h=5mm and d=10 mm) were filled with the material while it is in a plastic condition. To
perform the test, the tip of the penetrometer was lowered vertically to touch the surface of the samples
and left it in place for 5seconds. The needle of the penetrometer was lowered until it stopped making
circular indentations in the cement sample when examined using 2.5X magnification loops. The setting
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time was described as the time elapsed between the end of the mixing process and the time when the
penetrometer needle stopped making circular indentation on the surface of the prepared cement
samples [36].

FTIR

Changes in the functional groups of the proposed mixing media (HA) and the MTA powder
before and after mixing were evaluated using FTIR analysis. Infrared spectra records between 400 and
4000 em™' [37].

FTIR analysis was performed using ALPHA FTIR (Bruker, Germany). As prior preparation of the
samples was not required; thus, the samples were placed directly on the diamond crystal for
examination 48 hours after the material had set completely.

XRD

XRD analysis was performed using a PAN alytical X'Pert PRO diffractometer (Almelo,
Netherlands), with Cu-Ko radiation (0.154187 nm). The diffractometer was operated at 45 kV and 40
mA using a step size of 0.02 and a 500 s exposure time. Phase identification was accomplished using
search-match software using XPERT high score software.

FESEM [ EDAX

The morphologies and microstructure with surface analysis of the mixed cement were
examined using FESEM (TECSCAN FEG SEM MIRA 3LMU, Czech Republic). FESEM incorporated a cold
cathode field emission gun that operates with a 0.5-30 kV voltage range.

EDAX analysis done for the same samples as the x-ray cone is coupled with the SEM device.

Statistical Analysis

Statistical analysis of the collected data was performed using SPSS (version 22.0; IBM-SPSS
Inc., Chicago, IL, USA) package program with analysis of variance (ANOVA) and Tukey post hoc test. A
p value of less than 0.05 considered as statistically significant.

Results

Mixing time

The mixing time for both HA groups were lower than that for the control group; HA1 (40.66
s), HA2 (44.66 s), and control group (45 s) as shown in Table 1 and Figure 1.

Table 1. One - way (ANOVA) showed the effect of different mixing medium on the mixing time of MTA
(per second).

ANOVA Sum of Squares Mean Square F P- value
Between Groups 34.889 17.444 31.400 0.001
Within Groups 3.333 0.556
Total 38.222

Setting time

The initial setting time for both HA groups were lower than the control; control group (15
minute), HA1 group (13 minute), and HA2 group (11.66 minute) as shown in Figure (1).

The final setting time of the HA2 groups was lower than that of the control group and HA1
group; control group (83.33 minute), HA1 group (85.66 minute), and HA2 group (71.33 minute) as
shown in Figure (1).
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Table 2. One - way (ANOVA) showed the effect of different mixing medium on the initial setting time
of MTA (per minute).

ANOVA Sum of Squares Mean Square F P-value
Between Groups 16.889 8.444 19.000 0.003
Within Groups 2.667 0.444
Total 19.556

Table 3. One - way (ANOVA) showed the effect of different mixing medium on the final setting time
of MTA (per minute).

ANOVA Sum of Squares Mean Square F P- value
Between Groups 354.889 177.444 44.361 0.000
Within Groups 24.000 4.000
Total 378.889

MIXING TIME INITIAL SETTING FINAL SETTING
100 83.333 85.6667

20 71.333

650 45 40.6667 44.6667

40

20 15 13 11.6667

0
MTA + H20 MTA + PROFHILO MTA + JALUPRO

Figure 1. Column graph for Duncan's multiple range test showed the mixing time; initial
setting; and final setting time for the tested materials.

FTIR analysis

FTIR analysis for the hydrating media

FTIR spectra of liquids (distilled water, HA1, HA2) of all investigated hydration media shown in
Figures 2, 4, and 6 revealed broad bands corresponding to the OH group spectra of water molecules
found at =3300 em™' [38,39], and bands at 1637 cm™' that can be assigned to the OH bending mode
of absorbed water, overlapping the C = O group. The band at 1637 cm~' can be assigned to water
molecules which is associated to sulfate (gypsum) phase [40].

FTIR analysis of the mixed samples in Figures 3, 5, and 7 showed Methyl spectra band (C-H) at
2980-2870 cm~" in all groups. Carbonate bands (C-0) were observed at 1460-1420 and 1240-1200
em~'. Unlike the liquid used for mixing the MTA powder, the absorption band corresponding to O-H
stretching was not prominent for the control or HA3 groups, whereas it was at 3361.11 cm-' for HA2
group. Aragonite (CO;?) bands revealed antisymmetric stretching and located at 1450.7-1499.55 cm-
!. The carbonation of the hydrated phases by the effect of atmospheric Co, possibly caused these bands.
They were slightly larger for samples prepared with HA2 solution because of the accelerated rate of
early hydration reactions, the formation of more hydrated compounds, and the release of more free
Ca(OH); in the reaction medium. In the set material, alite and belite phases showed a band at = 513,437
em~'representing the anhydrate calcium silicate of both phases.
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Figure 2. FTIR spectra of the mixing liquid supplied by the manufacturer.
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Figure 3. FTIR spectra of the MTA powder mixed with the supplied liquid.
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Figure 5.FTIR spectra of the MTA powder mixed with stable hybrid cooperative complexes HA.
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Figure 6. FTIR spectra of non cross-HA.

W—*—*—-Wf_-———r—-——"'—’v—u
=D RE R
(_')‘;—_‘\ "‘"\‘.'L\\l m
= ny
= = '|I'l r'/(‘I\'l
= I oy I \
E |I [ !I
3 1 | |
E = i [
= VN
= \| \ Iy
- \ | |

T T T T —
3500 3000 2500 2000 1500 1000
Wavenumber cm-1

Figure 7. FTIR spectra of the MTA powder mixed with non cross-linked HA

Graphical representations of the XRD spectra are presented in Figures 8-10. All groups showed
peaks at 29.3°,34.4 = 20 representing tricalcium silicate (C;S). Peaks representing dicalcium silicate
(C.S) was observed at 26 = 32.45°,31.9, and at 41.66°. Other peaks representing tricalcium aluminate
(CsA) were recorded at 33.1°and 47.62 with peak of tetracalcium aluminoferrate (C,AF) observed at

34.26°. All samples revealed Ca(OH), at peaks 28.69 and 18. The peaks of Ca(OH), for the HA groups
were higher (nearly twice) than those of the control group.
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Figure 10. XRD analysis of MTA powder mixed with non-cross-linked HA.

Morphologies and microstructural analysis with (FESEM)

At higher magnifications (Figures11-16), spiky-ball like clusters or clusters like structure lie
under an amorphous layer with needle- like crystals and plates projecting out on its periphery with an
irregular shape and severe agglomeration of small particles, which can be observed as small irregular
particles interspersed. Calcium silicate hydrate (CSH) exhibit a typical honeycomb pattern.
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SEi.I‘HV: 15.0 KV WD: 10.50 mm
Det: SE
Figure 11. FESEM of MTA mixed with the supplied liquid by
the manufacturer (X 15000).

MIRA3 TESCAN

Figure 12. FESEM of MTA mixed with stable hybrid
cooperative complexes HA (X 15000).

MIRA3 TESCAN

Figure 13. FESEM of MTA mixed with HA (X 15000).
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Figure 14. FESEM of MTA mixed with the supplied liquid by
the manufacturer (X 50000).
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Figure 15. FESEM of MTA mixed with stable hybrid
cooperative complexes HA (X 50000).

WD: 10.49 mm MIRA3 TESCAN

SEM MAG: 50.0 kx | Date(m/dly): 10/27/22

Figure 16. FESEM of MTA mixed with HA (X 50000).
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EDAX analysis

EDAX analysis show the elemental peaks for each material. The same elements are shown EDAX
analysis showed elemental peaks for each material. The same elements were observed in all groups of

tested materials (calcium, aluminum, oxygen, silica, and carbon).

The percentages of calcium production by weight and the atomic weight was higher in group

3 than in group 1 (control) and 2.

EDAX analysis results of group 1 (MTA + distilled water)

From the EDAX analysis of control group (Figure 17), C (17.07%W) (29.49%A), Si (15.77%X)

(11.65%A), P (2.54%W) (1.70%A), and Ca (23.68%W) (12.26%A) were discovered.

100

EDAX analysis results of group 2 (MTA + HA1)
From the EDAX analysis of HA1 group (Figure 18), C (16.24%W) (29.22%A), Si (19.34%X)

)
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Figure 17. EDAX of MTA mixed with the supplied liquid by the manufacturer.
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Figure 18. EDAX of MTA mixed with stable hybrid cooperative complexes HA.
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EDAX analysis results of group 3 (MTA + HA2)
From the EDAX analysis of control group (Figure 19), C (13.14%W) (24.34%A), Si (7.60%X)
(6.0200A), P(0.63%W) (0.45%A), and Ca (29.77%W) (16.53%A) were discovered.
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Figure 19. EDAX of MTA mixed with non cross-linked HA.

Discussion

To our knowledge, no study (to date) has evaluated the chemical properties of MTA mixed with
commercially available HA as a mixing liquid. As MTA has long setting time, many additives has been
evaluated to reduce its setting time and enhance its chemical properties. The chemical effects of hybrid
cooperative complex HA and HMW HA that, when added to MTA was evaluated in this study and
showed that they can reduce the setting time and improve the chemical properties of MTA.

The tissue repair mechanism in vital pulp therapy involves the replacement of the damaged
and destroyed odontoblasts with newly redeveloped odontoblasts-like cell that originate from human
dental pulp stem cells (HDPSCs) in non-injured sites of the pulp [41]. However, applying the pulp
capping procedure when dental caries are involved is challenging and must be limited to only a few
cases following fine case election criteria [42,43,44]. A limitation of this procedure is the severe
inflammatory reactions induced by synthetic pulp capping materials. ~ When inflammation develops,
the integrity of the newly formed dentin-like bridge is disrupted, which increases microbial
recontamination and results in secondary pulpal inflammation. In addition, the blood supply in the
axial wall of the exposed pulp tissue is blocked, leading to necrosis of the pulp tissue. Complete
retreatment is mandatory in case where dentin bridge formation may occur within the pulp but
inflammation is irreversible [45].

HMW HA exhibits anti-inflammatory effect by controlling the inflammatory cells recruitment
[46,47] and reduce the production of inflammatory cytokines by multiple cell types [48,49], In addition,
HMW HA interacts with the cluster of differentiation 44 (CD44) receptors found on the surface of
monocytes and granulocytes cells [32]. The interaction between HMW HA and CD44 can affect
different intracellular signaling pathways that control biological processes such as cell proliferation,
migration, and adhesion to ECM components, angiogenesis [50,51,52,53], the intracellular reactive
oxygen species (ROS) elimination [54], as well as reduction of the damage happening in
deoxyribonucleic acid (DNA) [55,56]. Accordingly, it can be used as a good candidate to replace the
distilled water as a mixing medium for MTA with better inflammatory modulation properties.

HA seems to have stimulatory and enhancing effect on the vascularization of the affected
tissues, probably by direct effect on endothelial cells [57]. While indirectly, it has the ability to create
conditions that favors tissue mineralization. It stimulates the migration of different types of cells into
the injured area, followed by proliferation and differentiation of the migrated cells into odontoblast-
like cells [58]. BOGOVIC et al. [59] reported that cultures of pulp tissue treated with HA showed a larger
number of odontoblasts and fibroblasts differentiation than cultures treated with Ca(OH),, which
indicates that HA has greater potential for reparative dentin formation. In cultures treated with HA,
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smaller proportion of necrotic and apoptotic cells were found. Viability analysis has also shown that
HA is more biocompatible and less toxic to pulpal tissues than Ca(OH),.

The results of the mixing time and setting time (initial, final) of both tests revealed a significant
difference between the HA groups (group 2, group 3) and the control group, with the lowest initial
and final setting time was for group 3 (non-cross-linked HA). The initial setting time for group 1 was
(15.00 + 1.00) minute, the initial setting time for group 2 was (13.00 + 0.00) minute and for group 3
was (11.66+ 0.55) minute. The final setting time for group 1 was (83.33 + 2.08) minute, group 2 was
(85.66 + 1.15) minute, and for group 3 (71.33 + 1.52) minute. These results indicate that hybrid
cooperative complex HA and HMW HA can be used as an accelerant for MTA. The null hypothesis for
the setting time was accepted based on the results obtained from this study.

The process of MTA setting reaction is complex. First, the C;S particles react with OH group of
water. In this process, the margins of the powder of CsS is dissolved to form CSH [60]. The main
composition of CSH is calcium and silicon which were derived from MTA and OH ion which is derived
from the liquid used to be mixed with the MTA powder. The other product of MTA setting reaction is
Ca(OH),, which is known to be formed as a byproduct of the process of MTA hydration reaction [61].
The elevated pH of MTA after mixing can be explained as a result of Ca(OH), production. It was also
hypnotized that Ca(OH), formation is the precursor of the ability of MTA to produce hard tissue. As the
setting reaction further progresses, the formed Ca(OH), reacts with calcium sulfate to produce
ettringite [11]. The reaction of calcium hydroxide with phosphate ion produce amorphous calcium
phosphate, which eventually give rise to hydroxyapatite [62]. Later on, Ca(OH), dissociate to give
calcium ions which stimulates the differentiation of progenitor cell in order to repair the damaged
dental hard tissues [63] and hydroxyl ions (OH) which has an antimicrobial property [64].

FTIR chemical tests were performed 48 h after mixing of the MTA, whereas (XRD, FESEM, EDAX)
were performed 28 days after mixing as hydration process of C;S is known to be slow. Therefore,
complete hydration of the CsS requires 28 days, which makes the setting time of MTA long [65]. After
mixing the MTA with distilled water, the hydration of C;S phase starts immediately and its paste will
solidify to a more hardened structure. About 90% of the anhydrous CsS phase will be hydrated at
ambient temperature and curing age of 28 days, C;S phase is considered the main constituent in MTA
material that is responsible for development of mechanical strength by production of calcium silicate
hydrate (C-S-H) [66,67]. At early hydration periods (3 and 7 days), faster hydration reaction rate of
C;S phase was detected which liberate an excess amounts of Ca(OH),. Causing an elevation in the pH
of the hydration medium to more alkaline (pH>8). At later ages of hydration (28 days), large amounts
of C-S-H gel is formed as a hydrated compound of tri-calcium silicate material that will encapsulate
the anhydrous C;S particles by filling the micro-pores of the hardened structure. Preventing more
water molecules penetration that is needed for the hydration process progression [68,60]. At later
hydration ages (7 and 28 days), this covering layer will be distorted and the water molecules will come
in contact with the anhydrous C3S grains [68].

The FTIR spectra of the mixed media (distilled water, hybrid cooperative complexes HA, non-
cross-linked HA) were the same. The most important spectrum is that of the OH group involved in the
hydration reaction (band at 3600-3000 cm~") [69]. The most likely reactions for HA are involve OH
groups [70]. For the set material, the OH band was prominent in the FTIR spectra of the completely set
materials, indicating the formation of hydrated phases and their byproducts (Ca(OH),, CSH) [71].

HA can be depolymerized using both alkaline and acidic hydrolysis. Dilute and semi- dilute
solutions of HA are degraded with faster degradation rate at high pH [72]. The pH of MTA increases
after mixing; thus, the alkaline media enhance HA hydrolysis and release of OH.

For HA groups, especially for group 3 (non-cross-liked HA), the OH band is nearly disappeared
which indicates maximum integration of the OH group into the hydration reaction and could produce
higher hydration reaction byproducts (CSH, Ca(OH),). This concept can be confirmed clearly from the
higher band of Ca(OH), for HA group 3 by XRD analysis in which the resulted spectrum of Ca(OH), at
the peak 28.69 and 18 for HA groups is as twice as that of the control group which indicates higher
production rate of Ca(OH), when using HA as a hydrating media instead of distilled water.

The higher diffraction peak of CSH at 26 = 29.3° for HA group content in the final hydrated
product will give a faster and better hydration reaction in comparison to the control group, with a
shorter setting time [73]. The same results can be confirmed when examining the EDAX data that
showed higher Ca release for non-cross-linked HA group (29.77%W,16.35%A) in comparison to the
control group.
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FESEM study of both HA groups reveals calcium phosphate/HA (CaP/HA) composite material
suggested to be consist of CaP nanoparticles that shows a uniform distribution mode throughout the
matrix of HA-MTA. Previously, it has been reported that HA can serve as a template or scaffold for CaP
crystals growth that controls their morphology and size like in the process of native bone
biomineralization. Chen et al. [74] showed that HA inhibits agglomeration of CaP crystals. Inhibition
was initiated by first entrapping Ca into the matrix of HA due to the complexing interactions and then
surrounding newly formed CaP crystals into HA loops. Based on the results of this study, the null
hypothesis regarding the enhancement of the chemical properties of MTA is accepted.

However, this study has several limitations, starting from the selection of the HA type for the
study as there are many types that are commercially available (hybrid cooperative complex HA, non-
cross-linked HA, chemically cross-linked HA). Further in-vivo studies are needed to evaluate the effect
of HA on inflammatory process that is a part of the pulp tissue healing process.

Conclusion

HA can be used for mixing MTA with shorter setting time, higher Ca ion release, and higher
CSH and Ca(OH), production. When used as a mixing media for MTA, commercially available HA
revealed better chemical properties, with shorter setting time, and higher Ca ion release. It is readily
available with no previous preparation steps. Thus, it suggests that commercially available HA can be
used as a mixing medium for MTA.
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Resumo

0 agregado de trioxido mineral (MTA) tem muitas aplicacées clinicas em odontologia, mas a
principal desvantagem ¢ a longa presa. O objetivo principal € investigar e comparar o efeito quimico
do uso de dois hidrogéis de acido hialurénico (HA) disponiveis comercialmente em vez de 4gua destilada
para misturar o MTA como um acelerador do tempo de presa. Materiais e método: Os materiais de
teste foram divididos em trés grupos: Grupo 1: (controle) misturando o MTA com agua destilada
fornecida pelo fabricante; Grupo 2: misturando o MTA com um complexo cooperativo hibrido de HA
de alto e baixo peso molecular (Profhilo®); Grupo 3: misturando o MTA com HA de alto peso
molecular/nio reticulado (Jalupro®). Foram determinados o tempo de mistura e o tempo de presa
(inicial e final), a espectroscopia de infravermelho com transformada de Fourier, a espectroscopia de
raios X com dispersao de energia, a microscopia eletronica de varredura com emissdo de campo € a
difracdo de raios X. Resultados: o tempo de mistura, o tempo de presa inicial e final dos grupos (MTA
+ HA) foram significativamente diferentes e menores em comparagio com o grupo de controle (p <
0,05). Esse estudo revelou maior expressio de silicato de calcio hidratado e expressio de hidroxido de
calcio com maior liberacdo de Ca no grupo MTA + HA do que no grupo de controle. Conclusdo: a HA
disponivel comercialmente demonstrou melhores propriedades quimicas quando usada como meio de
mistura para o MTA. O tempo de mistura e de presa do grupo MTA + HA foi significativamente menor
do que o do grupo de controle. Portanto, a HA disponivel comercialmente pode ser usada como meio
de mistura para o MTA.

63



References

1.
2.

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24

T. Dammaschke, " The history of direct pulp capping”, Journal of the history of dentistry vol.56, pp.9-23,2008.
TJ. Hilton, "Keys to clinical success with pulp capping: a review of the literature”, Operative Dentistry, vol.34,
pp. 615-625,2009.

CF Cox, G Bergenholtz, DR Heys, SA Syed, M Fitzgerald, RJ Heys , Pulp capping of dental pulp mechanically
exposed to oral microflora: a 1-2 year observation of wound healing in the monkey. Journal of Oral Pathology
14, 156- 68,1985.

Y. Kitasako, M. lkeda, J. Tagami, Pulpal responses to bacterial contamination following dentin bridging
beneath hard-setting calcium hydroxide and self-etching adhesive resin system. Dental Traumatology, 24(2),
201-206. 2008.d0i:10.1111/j.1600-9657.2007.00517 x.

M Parirokh and M Torabinejad "Mineral trioxide aggregate: a comprehensive literature review— part Ill:
clinical applications, drawbacks, and mechanism of action”, Journal of endodontics, vol. 36, no.3, pp.400-
413,2010.

M Aeinehchi, B Eslami, M Ghanbariha, AS. Saffar. Mineral trioxide aggregate (MTA) and calcium hydroxide as
pulp-capping agents in human teeth: a preliminary report. Int Endod J 36:225-231,2003.

PN Nair, HF Duncan, TR Pitt Ford, HU. Luder. Histological, ultrastructural and quantitative investigations on
the response of healthy human pulps to experimental capping with mineral trioxide aggregate: a randomized
controlled trial. Int Endod J 41:128-150,2008.

M Torabinejad, DJ White. Tooth filling material and use. US Patent Number 5,769,638, 1995.

C Zhu, B Ju, and R. Ni, "Clinical outcome of direct pulp capping with MTA or calcium hydroxide: a systematic
review and meta-analysis", International journal of clinical and experimental medicine, vol.8, no.10,
pp.17055-60,2015.

KS Min, HI Kim, HJ Park, SH Pi, CU Hong, EC Kim. Human pulp cells response to Portland cement in vitro. J
Endod.;33:163-166,2007.

.J. Camilleri, "Characterization and chemical activity of Portland cement and two experimental cements with

potential for use in dentistry", International endodontic journal, vol.8, no.41, pp.791- 799,2008.

TR Pitt Ford, M Torabinejad, HR Abedi, LK Bakland, SP Kariyawasam. Using mineral trioxide aggregate: as a
pulp-capping material. Journal of the American Dental Association. ;127(10):1491- 1494,1996.

IM Faraco, Jr., R. Holland Response of the pulp of dogs to capping with mineral trioxide aggregate or a calcium
hydroxide cement. Dental Traumatology;17(4):163-166, 2001.

R Holland, V de Souza, SS Murata, Healing process of dog dental pulp after pulpotomy and pulp covering with
mineral trioxide aggregate or Portland cement. Brazilian Dental Journal. ;12(2):109-113, 2001.

. Islam, HK. Chng, and AU.Yap, "Comparison of the physical and mechanical properties of MTA and Portland
cement”, Journal of endodontics, vol. 32, pp.193-197,2006.

RS. Saleh, SM. Nagi, ME. Khallaf, SH. Abd EI-Alim, MH. Zaazou, and AM. Abu-Seida, "Invivo assessment of
dentin bridge formation after using MTA and experimental propolis paste as direct pulp capping material”,
Research Journal Of Pharmaceutical Biological And Chemical Sciences, vol.7, pp.1244-50, 2016.

AM. Negm, EE. Hassanien, AM. Abu-Seida, and MM.Nagy, "Biological evaluation of a new pulp capping
material developed from Portland cement”, experimental and toxicologic pathology, vol.69, pp.115-22,2017.
0. Ebtesam, EQ. Abo EI-Mal, AM. Abu-Seida,and SH. El Ashry,"Biological evaluation of hesperidin for direct
pulp capping in dogs, teeth”, international journal of experimental pathology, vol.102, pp. 32-44, 2021.

IM. Al-Sherbiny, MH. Farid, AM. Abu-Seida, IT. Motawea, and HA. Bastawy, "Chemicophysical and mechanical
evaluation of three calcium silicatebased pulp capping materials”. Saudi Dental Journal, doi.org/10.1016/].
sdentj.2020.02.001,2020.

MA. Al-Anesi, AM. Abu-Seida, SH. EI Ashry, AH. Mahran, and ES. Abd-Elhamid, "Influence of insulin on the
healing of exposed dental pulp after pulp capping: An experimental study in a dog model", Special Care in
Dentistry, vol.41, pp.49-59, 2021.

Teng Nai-Chia, Sung-Chih Hsieh, Chien-Chung Chen, En-Sheng Ke, Dian-Yu Jil, Shu-Lien Cheng, and Jen-
Chang Yang. ,"The Chemo-Physical and Biological Properties of Portland CementIBismuth Oxide/Zinc Oxide
Composites Hydrated by a Novel Calcium Lactate Gluconate (CLG) Accelerant", Current Nanoscience, vol. 10,
no.2,2014.

A. Salem-Milani, S. Ghasemi, S. Rahimi, A. Ardalan-Abdollahi, and Asgharilafarabadi, M.,"The Discoloration
Effect of White Mineral Trioxide Aggregate (WMTA), Calcium Enriched Mixture (CEM), and Portland Cement
(PC) on Human Teeth". Journal of clinical and experimental dentistry, vol.9, no.12, e1397. doi:10.
4317/jced.54075,2017.

K. Tabari, M. Rahbar, L. Safyari, and Safarvand H. "Comparison of Compressive Strength and Setting Time of
Four Experimental Nanohybrid Mineral Trioxide Aggregates and Angelus Mineral Trioxide Aggregate”, World
Journal of dentistry, vol.8, no.5, pp.386-392,2017.

.Allu Bharat Kumar, Shibani Shetty, K. Jayalakshmi, G. Symala, Nitesh Rai, and Satya Sravani, "Influence of

Powder to Liquid Ratio On Calcium lon Release of Zinc Oxide Modified Mineral Trioxide Aggregate — An In-
vitro Study", RGUHS Journal of Dental Sciences, July/ Vol-12 [ Issue- 2,2020.

64



25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

A. Beshra Khaled and A. Ramy Abdelrahimb, "Enhanced bioactivity and interfacial marginal adaptation of
mineral trioxide aggregate and Biodentine materials modified by eggshell powder at root dentine”, Tanta
Dental Journal, pp.136-141, 2020.

Kharouf Naji, Jihed Zghal, Frédéric Addiego, Manon Gabelout, and Hamdi Jmal, "Tannic acid speeds up the
setting of mineral trioxide aggregate cements and improves its surface and bulk properties”. Journal of Colloid
and Interface Science, Elsevier, vol.589, pp. 318-326,2021.

RA. Emara, AM. Abu-Seida, and SH. El Ashry, "Histological evaluation of the synergistic effect of chitosan and
mineral trioxide aggregate on mechanically exposed dental pulp following pulp capping in dogs' teeth”, Saudi
Endodontic journal, vol. 12, pp. 25-30, 2022.

M. Landau and S. Fagien,"Science of hyaluronic acid beyond filling: fibroblasts and their response to the
extracellular matrix", Plastic and Reconstructive surgery, vol.136, no.5 Suppl, pp.1885-95S, 2015.

N. M. Salwowska, K. A. Bebenek, D. A. Zadto, and D. L. Wcisto-Dziadecka ,"Physiochemical properties and
application of hyaluronic acid: a systematic review", Journal of Cosmetic Dermatology, vol.15, no.4, pp. 520-
526, 2016.

A. Stellavato, M. La Noce, L. Corsuto, AVA. Pirozzi, M. De Rosa, G. Papaccio, C. Schiraldi, and V. Tirino,"Hybrid
Complexes of High and Low Molecular Weight Hyaluronans Highly Enhance hASCs Differentiation:
Implication for Facial Bioremodelling". Cellular physiology and biochemistry, vol.44, no.3, pp.1078-92, 2017.
R. Song, M. Murphy, C. Li, K. Ting, C. Soo, and Z. Zheng,"Current development of biodegradable polymeric
materials for biomedical applications". Drug Design,development and therapy, vol. 12, pp.3117-45, 2018.

A. Fallacara, E. Baldini, S. Manfredini, and S. Vertuani,"Hyaluronic Acid in the Third Millennium", Polymers,
vol.10, no.7, pp.701,2018.

V. Chrepa, 0. Austah, and A. Diogenes, "Evaluation of a Commercially Available Hyaluronic Acid Hydrogel
(Restylane) as Injectable Scaffold for Dental Pulp Regeneration: An in Vitro Evaluation", J Endod, vol.43, no.2,
pp. 257-262,2016.

N.A. AlHowaish, D.I AlSudani., and N.A. AlMuraikhi,"Evaluation of a hyaluronic acid hydrogel (Restylane Lyft)
as a scaffold for dental pulp regeneration in a regenerative endodontic organotype model", Odontology,
vol.110, pp. 726-734, 2022.

CJ. Tomas-Catald , M. Collado-Gonzalez, D. Garcia-Bernal, R.E. OfateSanchez, L. Forner, C.

Llena, Comparative analysis of the biological effects of the endodontic bioactive cements MTAAngelus, MTA

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

repair HP and NeoMTA Plus on human dental pulp stem cells. International Endodontic Journal, 50(Suppl. 2),
e63-e72,2017.

BW. Darvell and RC. Wu,"Mta"-an hydraulic silicate cement: Review update and setting reaction”,Dental
Materials., vol.27, no.5, pp.407-422,2011.

MC. Jiménez-Sanchez, JJ. Sequra-Egea, and A. Diaz-Cuenca, "MTA HP Repair stimulates in vitro a
homogeneous calcium phosphate phase coating deposition". Journal of clinical and experimental dentistry,
vol.11, no.4, pp. €322-6,2019.

B. C. Liga B. C. and B. Natalija,"Research of Calcium Phosphates Using Fourier Transform Infrared
Spectroscopy”,Book, INTECH Open Access Publisher,2012.

T. J. Ribeiro, O. J. Lima, and E. H. Faria, "Sol-gel as methodology to obtain bioactive materials",Anais da
Academia Brasileira de Ciéncias, vol. 86, no.1, pp.27-36,2014.

R. YImén, U. Jaglid, B.-M. Steenari, and |. Panas, "Early hydration and setting of Portland cement monitored
by IR, SEM and Vicat techniques”, Cement and Concrete Research, vol.39, no. 5, pp.433-439, 2009.

G.T. Huang, "Pulp and dentin tissue engineering and regeneration current progress", Regenerative Medicine,
vol. 4, no.5, pp. 697-707, 2009.

J.D. Bashutski, H.-L. Wang, "Role of platelet-rich plasma in soft tissue root-coverage procedures: a review",
Quintessence Int., vol.39, no. 6, 2008.

T. Matsuo, T. Nakanishi, H. Shimizu, S. Ebisu. A clinical study of direct pulp capping applied to carious-exposed
pulps. Journal of Endodontics, 22(10), 551-556.1996. doi:10.1016/s0099- 2399(96)80017-3

S.-Y. Cho, D.-G. Seo, S.-J. Lee, J. Lee, S.-J. Lee, 1.-Y. Jung, Prognostic Factors for Clinical Outcomes According
to Time after Direct Pulp Capping. Journal of Endodontics, 39(3), 327- 331.2013. doi:10.1016/j.joen.

J.-C. Farges, B. Alliot-Licht, E. Renard, M. Ducret, A. Gaudin, A.J. Smith, P.R. Cooper, "Dental pulp defence and
repair mechanisms in dental caries ", Mediators of inflammation, 2015.

M.Phillips, M.Bhandari, J.Grant, A.Bedi, T. Trojian, A.JJohnson, E Schemitsch,. A Systematic Review of Current
Clinical Practice Guidelines on Intraarticular Hyaluronic Acid, Corticosteroid, and Platelet Rich Plasma
Injection for Knee  Osteoarthritis:  An International Perspective. Orthop.J.Sport.Med.
2021,9,23259671211030272.

JM Delmage, DR Powars, PK Jaynes, SE Allerton. The selective suppression of immunogenicity by hyaluronic
acid. Ann Clin Lab Sci. 1986;16(4):303-310.

A Neumann, R Schinzel, D Palm, P Riederer, G Miinch. High molecular weight hyaluronic acid inhibits
advanced glycation endproduct-induced NF-kappaB activation and cytokine expression. FEBS Lett
1999;453(3):283-287. doi:10.1016/s0014-5793(99)00731-0.

65



49.

50.

51.

52.
53.
54.
5b.
56.
57.
58.

59.

60.
61.

62.

63.
64.
65.
66.

67.

68.
.T. Dammaschke, H. U. Gerth, H. Zachner, and E. Schafer "Chemical and physical surface and bulk material

69

70.

71.

72.

73.

Naor, S Nedvetzki, M Walmsley, CD44 involvement in autoimmune inflammations: the lesson to be learned
from CD44-targeting by antibody or from knockout mice. Ann N Y Acad Sci. 2007;1110:233-247.
doi:10.1196/annals.1423.025.

P.A. Singleton, S.M. Dudek, S.F. Ma, J.G. Garcia, Transactivation of sphingosine1phosphate receptorsis essential
for vascular barrier regulation. Novel role for hyaluronanand CD44 receptor family.
J.Biol.Chem.2006,281,34381-34393.

N. Cirillo, A. Vicidomini, M. McCullough, A. Gambardella, Y. Hassona, S.S. Prime, G. Colella, Ahyaluronicacid-
based compound inhibits fibroblast senescence induced by oxidative stress in vitro and prevents oral mucositis
in vivo.).Cell.Physiol. 2015,230,1421-1429.

C.M. Kielty, S.P. Whittaker, M.E. Grant, C.A. Shuttleworth, Type VI collagen microfibrils: Evidence for a
structural association with hyaluronan.J.Cell Biol.1992,118,979-990.

P. Rooney, S. Kumar, Inverse relationship between HA and collagens in development and angiogenesis.
Differentiation1993,54, 1-9.

H.D. Halicka, V. Mitlitski, J. Heeter, E.A. Balazs, Z. Darzynkiewicz, Attenuation of the oxidative burst-induced
DNA damage in human leukocytes by hyaluronan. Int.J.Mol.Med. 2009,23,695-699.

H. Zhao, T. Tanaka, V. Mitlitski, J. Heeter, E.A. Balazs, Z. Darzynkiewicz, Protective effect of hyaluronate on
oxidative DNA damage in WI-38 and A549 cells. Int.J.Oncol.2008,32,1159-1167.

M. Litwiniuk, A. Krejner, M. S. Speyrer, A. R. Gauto, and T. Grzela,"Hyaluronic Acid in Inflammation and Tissue
Regeneration”, Wounds: a compendium of clinical research and practice, vol. 28, no.3, pp.78-88, 2016.

R. Stern, AA. Asari, and KN. Sugahara,"Size-specifi ¢ fragments of hyaluronan: an information-rich system”,
European journal of cell biology, vol.85, pp. 699-715,2006.

T. Sasaki and H. Kawamata-Kido "Providing an environment for reparative dentine induction in amputated
rat molar pulp by high molecular-weight hyaluronic acid”, Archives of oral biology,

A. Bogovi¢, J. Nizeti¢, N. Gali¢, D. Zeljezi¢, V. Micek, and M. Mladini¢, "The effects of hyaluronic acid, calcium
hydroxide, and dentin adhesive on rat odontoblasts and fibroblasts", Arhivza higijenu rada i toksikologiju,
vo0l.62, no.2, pp.155-161, 2011.

J. Camilleri,"Characterization and hydration kinetics of tricalcium silicate cement for use as a dental
biomaterial", Dental Materials, vol.27, pp.836-844, 2011.

J. Camilleri,"Hydration mechanisms of mineral trioxide aggregate”, International Endodontic Journal, vol. 40,
pp. 462-470,2007.

FR. Tay, DH. Pashley, FA. Rueggeberg, RJ. Loushine, and RN. Weller,"Calcium phosphate phase transformation
produced by the interaction of the portland cement component of white mineral trioxide aggregate with a
phosphatecontaining fluid", Journal of endodontics, vol.33, pp.1347- 1351,2011.

T Okiji, K. Yoshiba Reparative dentinogenesis induced by mineral trioxide aggregate: a review from the
biological and physicochemical points of view. Int J Dent ;2009:464280.

C Estrela, LL Bammann, CR Estrela, JD Silva Pécora. Antimicrobial and chemical study of MTA, Portland cement,
calcium hydroxide paste, Sealapex and Dycal. Braz Dent J. 2000;11(1):3-9. PMID: 11210272.

P. Kogan, J. He, G. N., and |. Watanabe, "The effects of various additives on setting properties of MTA", Journal
of endodontics, vol.32, no.6, pp. 569-572,2006.

H.F.W. Taylor, Cement Chemistry, Thomas Telford, London, 1997.

MM Radwan, SM Nagi, HK. Abd EI-Hamid Physico-mechanical characteristics of tri-calcium silicate pastes as
dentin substitute and interface analysis in class Il cavities: effect of CaCl2 and SBF solutions. Heliyon.
2019;5(6):€01975. Published 2019 Jun 21. doi:10.1016/j.heliyon.2019.e01975. [68] J. Camilleri,;
Characterization of hydration products of mineral trioxide aggregate. Int. Endod. J2008;41:408- 417.

characterization of white ProRoot MTA and two Portland cements". Dental materials, vol.21, no.8, pp. 731-
738,2005.

B. Yang, X. Guo, H. Zang, and J. Liu, "Determination of Modification Degree in BDDEModified Hyaluronic Acid
Hydrogel by SEC/MS ", Carbohydrate polymers, vol.131, pp. 233-239,2015.

G. Voicu, A. I. Badanoiu, C. D. Ghitulica, and E. Andronescu,"Sol- gel synthesis of white mineral trioxide
aggregates with potential use as biocement”, Digest Journal of Nanomaterials and Biostructures, vol.7; no.4,
pp.1639-1646,2012.

A. Maleki, A. L. Kjgniksen, and B. Nystrom, "Effect of pH on the behavior of hyaluronic acid in dilute and
semidilute aqueous solutions", Macromolecular Symposia, vol.274, pp. 131-140,2008. [73] Feng-Huei Lin,
Wen-Hsi Wang, and Chun-Pin Lin,,"Transition element contained partialstabilized cement (PSC) as a dental
retrograde-filling material”, Biomaterials, vol. 24, pp.219 -33, 2003.

Z.-H. Chen, X.-L. Ren, H.-H. Zho, and X.-D. Li,"The Role of Hyaluronic Acid in Biomineralization. Front. ",
Material science, vol. 6 pp. 283-296, 2012

Received: 09/05/2023
Accepted: 21/08/2023

66



