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ARTICLE INFO ABSTRACT

Keywords: Background and Objective: Various materials like MTA, Biodentine etc have been used for the regeneration of lost

APatit_e ) dental tissues. Still, the quest for newer materials to enhance the bioactivity of the existing materials continues.

g;’_amwty Hence this study aims at the evaluation of bioactivity of MTA Plus when conjugated with Chitosan in phosphate
itosan

buffer saline.

Methodology: Materials used were MTA Plus (Group 1), MTA Plus and chitosan conjugate(Group 2). The materials
were mixed and placed in phosphate buffer saline. Bioactivity of Group 1 and Group 2 materials were assessed at
7 days and 28 day’s time intervals using SEM-EDX analysis.

Results: SEM analysis of group 1 revealed a compact and agglomerate lath-like appearance with uniform particle
size. SEM analysis of group 2 reveals acicular and lath-like appearance of the precipitate on the material surface.
EDX analysis of the freshly prepared materials gave the qualitative semiquantitative elemental composition on
the material surfaces after immersion in PBS for 7 and 28 days.

Conclusion: MTA Plus Chitosan conjugate had greater potential to form apatite crystals on its surface. Hence,
Chitosan can be used as a vehicle for the currently available materials to enhance the bioactivity and fasten the

Mineral Trioxide Aggregate Plus
Scanning electron microscope

healing process.

1. Introduction

Dental materials have undergone a significant evolution in recent
years. Inert materials are now used for reconstruction rather than
replacing the lost tissue. This reconstruction is possible only by the
combined effect of newer techniques and the bioactive materials (Pri-
mozic et al., 2022). Bioactive in restorative dentistry, usually refers to
the ability of a material to form hydroxyapatite crystals on its surface.
However, from a biological perspective, the materials that potentially
interact in a positive way with living cells and tissues are called as
bioactive material (Vallittu et al., 2018).

In Endodontics, Calcium hydroxide was one of the first materials
with bioactive characteristics. The cement was used to promote the
formation of a dentinal bridge on exposed pulp tissue (Tiskaya et al.,
2021). In the recent years, mineral trioxide aggregate (MTA) and
modified MTA like MTA Plus have been developed. The bioactivity of
these calcium silicate materials is a result of their potential to induce the
formation of hydroxyapatite crystals on their surface (Walsh et al.,
2018). Another material which has gained popularity as vehicle in
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medical field is Chitosan. Chitosan is natural biodegradable polymer
produced by deacetylation of chitin. It is derived from the exoskeleton of
insects, crustaceans and cell walls of some fungi such as Aspergillus and
Mucor (https://www.epj-conferences.org). Chitosan is an ideal material
for biomedical applications because of its distinctive biological proper-
ties like good biodegradability, biocompatibility, osteoconductivity and
anti-microbial properties. It is also a material for hard tissue repair
(Ahmadi et al., 2015).

Chitosan as a vehicle has been widely discussed in research paper
due to its property to coat and protect the molecules of dental materials
from degradation. It also controls the rate of release of ions. It serves as a
semi-synthetic extracellular matrix to provide an amenable environment
for cellular adherence and re-modelling (Fenice and Gorrasi, 2021).
Recently, Ruan et al. employed a Chitosan-based hydrogel as a delivery
medium for amelogenin with the aim of regenerating the aligned crystal
structure. The use of Chitosan offers a dual effect of protection against
secondary caries owing to its antibacterial properties without influ-
encing the enamel crystal orientation (Ruan and Moradian-Oldak,
2015). Studies must be performed especially on human cells, to ensure
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that these new materials are biocompatible when in close contact with
living tissues. The compounds in them may either interfere in the
healing process or can repair the damaged tissue. The incorporation of
various particles into each other can not only improve their physico-
chemical properties but also the biocompatibility, pH, sealing ability
and calcium releasing ability (Tu et al., 2018). A study conducted to
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characterize the compatibility of chitosan as a biomaterial along with
MTA plus using FTIR, AFM, concluded that the material conjugates well
and chitosan can be used as a vehicle for biomaterials (Hiremath et al.,
2020a). With this respect, various studies have shown the conjugation of
two materials and their synergistic activity. Some of the studies con-
ducted on the incorporation of chitosan in composite scaffold have
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Fig. 1. SEM image and EDX analysis of Group 1 after 7 days.
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shown promising bioactivity on dental pulp stem cells (Gurucharan
et al., 2023). The antibiofilm activity of MTA Plus and chitosan conju-
gate (Singh et al., 2020), and their effect on cell viability of Periodontal
ligament cells (Hiremath et al., 2020b) have been studied. But there are
no studies of these materials on the bioactivity. The surface morphology
of the material surface aids in assessing the bioactivity of the material.

Thus, this study aims to evaluate the surface morphology of the
materials when in contact with Phosphate buffer saline. This study helps
us in knowing the bioactivity of the materials.

2. Material and Methods

The purpose of this study was to evaluate and compare the bioac-
tivity of MTA plus and MTA Plus — Chitosan Conjugate in Phosphate
Buffer Saline. The study protocol was approved by the Institutional
Review Board and Ethical Committee of the Institution.

2.1. Sample Preparation

MTA Plus powder was mixed with its gel as recommended by the
manufacturers for group 1.

For conjugate (group 2) MTA Plus was mixed with 2 % Chitosan gel
(Mol.wt 350 Kda, Deactylation > 75 % (SigmaAldrich — Cat No.
101700976). Due to high acetylation rate, Chitosan was dissolved in 2 %
acetic acid in water. The materials were grouped as follows.

GROUP 1- MTA Plus mixed with the proprietary gel

GROUP 2- MTA Plus mixed with 2 % Chitosan gel

Freshly mixed sample from group 1 and 2 was immersed vertically in
centrifuge tubes containing 15 ml PBS (HI-Media). The tubes were
stored at 37 °C and PBS was renewed every week. Bioactivity of these
materials was assessed at 7 days and 28 days time interval. Each spec-
imen was sterilized under ultraviolet light for 20 min.

2.2. SEM analysis

Then the samples were air dried completely and were coated with
gold (10 nm). They were observed under a scanning electron microscope
connected to a secondary electron detector for energy dispersive X-ray
analysis (EDX; Central instrumentation Facility, Manipal, Karnataka) at
5000x magnification.

3. Results

SEM analysis of group 1 revealed a compact and agglomerate lath-
like appearance with uniform particle size. The surface shows pres-
ence of capillary channels across the mass of MTA plus after 28 days
which are depicted by arrows in Fig. 2.

The EDX analysis showed a higher calcium deposition i.e., 95.76 wt
% with small amount of phosphorous (4 wt%) after 7 days as shown in
Fig. 1. After 28 days, chloride ions and oxygen were also visible. The wt
% of phosphorous increased slightly whereas calcium wt % decreased to
44 % as shown in Fig. 2.

SEM analysis of group 2 reveals acicular and lath-like appearance of
the precipitate on the material surface. Capillary channels were noted
after 7 days which are depicted using arrows (Fig. 3). However, no
channels were noted in SEM after 28 days due to presence of a thick
precipitate of apatite on the material surface (Fig. 4). The amount of
precipitate gradually increased from day 7 to day 28 and became more
compact. Petal- like precipitate was also observed as shown using arrows
in Fig. 4.

The EDX analysis showed 34 wt% calcium with other elements like
oxygen, silica, aluminium, sodium and negligible amounts of phospho-
rous (Fig. 3). After 28 days, there was an increase in both calcium and
phosphorous concentration (93 wt% and 6 wt% respectively). Silica,
aluminium, bismuth became undetectable after 28 days as shown in
Fig. 4.
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4. Discussion

The chemical characteristics of dental materials in close contact with
periapical tissues are predictive factors of their physical, chemical and
biological properties (Borges et al., 2014). Tissue mineralization occurs
when cells come in contact with these dental materials. The cells need to
get attached to the surface of the material for the mineralization to
occur. This surface morphology can be studied in vitro by immersing the
biomaterials in a phosphate containing medium (Pedano et al., 2018; Yu
et al., 2005). The amount of precipitate on the surface of biomaterials
can be attributed to their bioactivity. The calcium released from the
surface creates an alkaline pH which in turn is required for formation of
hydroxyapatite (Gandolfi et al., 2010; Gandolfi et al., 2015; Gandolfi
et al., 2013).

This phenomenon of apatite formation can be better visualized under
SEM. SEM provides detailed high-resolution images of any sample by
inducing a focused electron beam across the surface and detecting sec-
ondary or back scattered electron signal. An Energy Dispersive X-Ray
Analyzer (EDX or EDA) is also used to provide elemental identification
and quantitative compositional information of the sample. Each element
produces its own characteristic set of X-ray lines at precisely defined
energies. The measurement of these line energies indicates what ele-
ments are present (Borges et al., 2014). Hence, in this study, the surface
morphology was studied using SEM and EDX which gives the qualitative
and semi-quantitative composition of the surface of the material.

This study clearly demonstrated the apatite forming ability of both
MTA Plus and the experimental group (MTA Plus with Chitosan). Both
the groups showed a uniform deposition of calcium phosphate pre-
cipitates which differed in their morphology.

MTA Plus group showed a compact and agglomerate lathe-like
appearance with uniform particle size. The surface shows presence of
capillary channels across the mass of MTA plus after 28 days which are
depicted by arrows in Fig. 2. MTA Plus consists of an anhydrous phase
that dissolves and forms a crystallized phase upon maturation. This
crystallization can be seen as formation of different types of crystals on
the surface of this biomaterial as also shown by other studies (Parirokh
et al.,, 2018; Asgary et al., 2006; Fridland and Rosado, 2003). Upon
immersion in phosphate containing medium, the crystal morphology
changes from cubic crystals to either compact agglomerate (lath- like),
petal- like or spherical with needle like appearance (acicular) (Lee et al.,
2004; Reyes-Carmona et al., 2009). The occurrence of acicular crystal-
lites is the first step of conversion of amorphous calcium phosphate to
apatite (octa calcium phosphate and hydroxyapatite). These crystals are
responsible for exchange of elements between them and the surrounding
medium, resulting in morphologic alterations (Dorozhkin, 2009; Meyer
and Eanes, 1978). The compact, lathe-like crystals are related to matu-
ration of the amorphous calcium phosphate into crystallized apatite
(Meyer and Eanes, 1978; Weng et al., 1997). Group 1 (MTA Plus)
showed the formation of matured crystals (lathe-like) at 7 days and
showed no change in crystal morphology even after 28 days. Similar
studies have been performed previously on MTA and glass ceramics
which showed formation of lathe-like crystals on its surface after
immersing the material in different types of medium (Lee et al., 2004;
Reyes-Carmona et al., 2009; Weng et al., 1997; Tay et al., 2007).

Group 1 also revealed the formation of capillary channels on its
surface after 28 days (Fig. 2). The presence of capillary structure,
observed with SEM, could be an important cause of this material’s
porosity which can lead to micro-leakage (Fridland and Rosado, 2003).
However, the formation of precipitate on the material will eventually fill
these channels with apatite crystals (Bozeman et al., 2006). In this case,
the amount of precipitate formed is not sufficient to fill the channels
which will eventually lead to dissolution of material and micro-leakage.
This study revealed the formation of a calcium compound (Wollastonite)
on the surface of these calcium silicate materials under SEM-EDX.
Wollastonite is a calcium-silica-oxygen compound which shows high
bioactivity in vitro by forming hydroxyapatite crystals when immersed
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Fig. 2. SEM image and EDX analysis of Group 1 after 28 days.
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Fig. 3. SEM image and EDX analysis of Group 2 after 7 days.

in PBS. The ion (calcium) release from Wollastonite may affect the pH on
the surface of the sample and creates the required alkaline environment.
Another reason for the promoted bioactivity may relate to the Si-OH
groups from the Wollastonite crystals which gives a negative charge to
the compound surface. The negative charged surface attracts the
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positively charged calcium ions from the PBS solution, forming calcium
compounds like calcium silicate. The positively charged compound at-
tracts the phosphate ions in return. After the apatite nucleation, the
apatite continues to grow in the PBS solution due the alkaline envi-
ronment (Chen et al., 2016).
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Fig. 4. SEM image and EDX analysis of Group 2 after 28 days.

The results of SEM can be related to the analysis of the composition
obtained by EDX. There was a higher calcium deposition i.e., 95.76 wt%
with small amount of phosphorous (4 wt%) after 7 days as shown in
Fig. 1. The increase of calcium after 7 days is due to the ability of MTA
Plus to form apatite crystals faster as explained previously under SEM
analysis. The formation of oxygen and negligible amount of silica con-
firms the formation of Wollastonite compound. After 28 days, chloride
ions and oxygen were also visible as shown in Fig. 2. The wt % of
phosphorous was increased slightly whereas calcium wt % was
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decreased to 44 %.

Similar study by Gandolfi in 2014 revealed that the levels of calcium
and phosphate for MTA Plus were decreased after 28 days of immersion
in PBS. This can be explained by the fact that there was precipitation of
the Ca/P crystals on the surface of the samples (Gandolfi et al., 2015).

Group 1 released less amount of calcium after 28 days (Fig. 2) which
may be insufficient to neutralize the acidic environment caused during
pulpal inflammation. Also, studies have revealed that acidic surround-
ings make MTA less cohesive and more porous which may lead to micro-
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leakage (Lee et al., 2004; Han et al., 2010; Neelakantan et al., 2019; Han
and Okiji, 2013).

SEM analysis of group 2 reveals acicular and lathe-like appearance of
the precipitate on the material surface. Capillary channels were noted
after 7 days which are depicted using arrows (Fig. 3). However, no
channels were noted on the surface after 28 days due to the presence of a
thick precipitate on the material surface. The amount of precipitate
gradually increased from day 7 to day 28 and became more compact.

This study initially showed formation of acicular crystals for group 2
(MTA Plus- Chitosan) which gradually changed to compact agglomerate
lathe-like structures after 28 days indicating the formation of crystal-
lized apatite (Figs. 3, 4). Few petal-like crystals were also observed as
shown in Fig. 4. Petal- like crystals are related to formation of octa
calcium phosphate, which is a transient phase seen during mineraliza-
tion (Reyes-Carmona et al., 2009; Dorozhkin, 2009). The presence of
these crystals confirms the bioactivity of both the materials. However,
group 2 showed a slower rate of bioactivity (28 days to complete
mineralization) as compared to group 1.

The EDX analysis of group 2 showed the release of more amount of
calcium (Fig. 4) after 28 days. This creates the necessary alkaline
environment to counteract the low pH along with formation of
Wollastonite compounds. Increased amount of this compound is directly
related to formation of increased apatite and thus increased bioactivity
(Weng et al., 1997; Chen et al., 2016). Nonetheless, minor differences in
the expected chemical composition reported in EDX/EDS analyses can
be produced as a result of variances between the equipment used and the
measurements carried out.

For group 2, the channels were noted after 7 days (Fig. 3). However,
none could be seen after 28 days (Fig. 4) indicating that the amount of
precipitate formation increased eventually and was sufficient to crys-
tallize the channels. This confirms that the amount of precipitate con-
taining apatite increased for group 2 after 28 days.

EDX analysis of group 2 showed that there was 34 wt% calcium at 7
days with negligible amount of phosphorous as shown in Fig. 3. After 28
days, there was an increase in both calcium and phosphorous concen-
tration (93 wt% and 6 wt% respectively) as shown in Fig. 4. This can be
explained by the fact that phosphorylated chitosan (P-chi) has a strong
affinity to bind to calcium ions and hence induces calcium phosphate
formation (https://hdl.handle.net/1807/96284). Other elements
included oxygen, silica, aluminium, sodium, chlorine after 7 days
(Wollastonite compound). Silica, aluminium, bismuth became unde-
tectable after 28 days. Aluminium acts as a reactor in the calcium silicate
cements whereas bismuth is used as a radio-opacifier and affects the
precipitation of calcium hydroxide in the hydrated paste (Siboni et al.,
2017; Camilleri, 2008).

5. Conclusion

Within the limitations of the present study, it was concluded that
Chitosan can be used as a vehicle with MTA plus as the conjugate, since
it has a greater potential to form apatite crystals on its surface. Ac-
cording to this study,

. MTA Plus showed lathe-like apatite crystals and capillary channels at
7 and 28 days

. MTA Plus-Chitosan conjugate showed acicular, lath-like and petal
shaped apatite crystals and a greater apatite forming ability after 28
days.

The limitations of the study were.
. Though the SEM images show thick apatite layer formation on sur-

face of biomaterials, apatite thickness was not measured using SEM.
. Individual apatite crystal morphology was not visualized under SEM
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