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ABSTRACT

Hydroxyapatite nanoparticle (HANP) incorporation into dental
biomaterials is a promising approach that may help improve their
nanostructure, chemical stability, and bioactivity. In the present work the
mineral trioxide aggregate (MTA) and premixed bioceramic (BC) sealer
were adjusted with HANP, in the proportion of 2, 4, and 6 by weight and
systematically characterized by Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), and energy-dispersive
X-ray spectroscopy (EDS). FTIR proved successful incorporation of
HANP without modifying the primary functional groups of the sealers.
The morphological variations demonstrated by SEM were concentration-
dependent: partial nanoparticle cluster, uniform dispersion with
maximized nano-roughness, and agglomeration with minimal functional
surface activity were observed with 2, 4, and 6 percent HANP, respectively.
Elemental mapping identified Ca, P, and O and Ca/P ratios indicated
that they were clearly dependent on the HANP content. The formulation
of HANP (4 %) gave Ca/P ratios closest to the stoichiometric ratio of
hydroxyapatite (1.67), whereas 6 % HANP was very different suggesting
that it contained calcium rich domains and had low potential bioactivity.
These findings reveal that moderation of HANP concentration (4%)
optimizes nanostructure, elemental components, and physicochemical
characteristics of MTA and BC sealers, which points to its suitability in
enhancing osteoconductivity and mineralization in clinical practice.
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INTRODUCTION

Root canal sealers are used to provide a
seal between the dentinal walls and the filling
material along the entire length of the root canal.
Ideally, these cements should have sealing ability,
dimensional stability, adequate setting time,
insolubility, and biocompatibility, given the risk of
material extrusion beyond the apical constriction

* Corresponding Author Email: arkhawan.ali@hmu.edu.krd

and direct contact with periapical tissues [1].
Because of their exceptional sealing capabilities,
high biocompatibility, and ability to encourage
periapical healing through hard tissue creation,
mineral trioxide aggregate (MTA) and bioceramic
(BC) sealers are frequently utilized in endodontic
therapy [2]. MTA, composed primarily of
tricalcium silicate, dicalcium silicate and bismuth
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oxide, has shown superior biological performance,
but has limitations such as handling difficulties
and a prolonged setting time [3]. bioceramic
sealers (BC) sealers have good physicochemical
qualities and enhanced clinical usability, although
more improvement in their mechanical strength
and bioactivity is still preferred [4, 5]. Enhancing
dental materials using nanotechnology has
shown promise, especially when it comes to
adding nanoparticles to sealers to increase their
physical, chemical, and biological qualities [6].
Hydroxyapatite have been incorporated into
root canal sealers, retrofilling materials, dental
composites and adhesive resin systems to enhance
the mechanical, physicochemical and biological
properties of materials. Nanohydroxyapatite
(HANP) is considered a biocompatible and
bioactive material and presents osteoconductive
properties [7]. Among these, the nanosized HA
has an ultrafine nanostructure with less than
100 nm grain size in at least one direction. It
precisely mimics the physiochemical composition
of the natural bone minerals and shows enhanced
resorbability and bioactivity. Furthermore, the
release of calcium ions from the nanocrystalline HA
is faster than in coarser crystals. Thus, bioceramics
based on nanosized HA is a material of choice
for various biomedical applications because of
improved mechanical properties, sinterability,
densification, cellular attachment, proliferation,
and differentiation [8]. It has been demonstrated
that HANP incorporation into dental materials such
as adhesives, glass ionomer cements, and sealers
alters surface shape, ion release profiles, and
setting behavior—elements crucial for enhancing
clinical results [9, 10].

Although numerous studies have investigated
the incorporation of HANP into various dental
materials, including adhesives and sealers, most
have focused primarily on biological properties or
antibacterial effects, with limited attention given
to detailed physicochemical characterization. To
date, no comparative studies have systematically
evaluated the impact of different HANP
concentrations on both MTA and BC sealers using
comprehensive analytical methods. Therefore,
this study aims to fill this gap by assessing the
physicochemical changes resulting from the
incorporation of HANP at concentrations of 2%,
4%, and 6% by weight into MTA and BC sealers.
Using detailed analytical methods—including
Fourier transform infrared spectroscopy (FTIR),
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scanning electron microscopy (SEM), and energy
dispersive X-ray spectroscopy (EDX)—this study
seeks to establish foundational insights into the
structural and compositional characteristics of
HANP-modified sealers, thus informing their
potential clinical application and guiding further in
vivo research.

MATERIALS AND METHODS
Preparation of modified sealer with hydroxyapatite
nanoparticle

Hydroxyapatite nanoparticles (HANP) in the
present study were obtained commercially from
(MERK, GERMANY). Incorporation technique was
used for HANP mixing with bioceramic (ONE-FIL
bioceramic sealer, MEDICLUS CO., LTD. Korea)
and mineral trioxide aggregate MTA (MTA Cem,
NEXOBIO Co., Korea) sealers.

procedure

Three different concentrations (2%, 4%, and 6%)
of HANP were carefully weighed using an analytical
balance, and each was combined separately with
1 g of MTA and BC sealer. For the MTA groups,
the HANP powder was initially mixed thoroughly
with MTA powder using a vortex mixer (LP vortex
mixer, Thermos Scientific, USA), with the powder
enclosed in a disposable tube and vigorously
mixed for one minute [11], Subsequently, distilled
water was added to the HANP-MTA mixture on
a glass plate and mixed using a metal spatula
according to the manufacturer’s instructions [12].
For the BC groups, each HANP concentration was
incorporated directly into 1 g of pre-mixed BC
sealer. The HANP and BC were manually blended
on a clean glass slab using a sterile stainless-steel
spatula until achieving a homogeneous paste,
which was then transferred into a disposable tube.
Toenhance dispersionand minimize agglomeration
of nanoparticles, the tube was placed into a bath
sonicator with a holder and sonicated for 30
minutes at room temperature [13, 14]. The overall
preparation sequence is illustrated in Fig. 1.

Nanoparticle characterization

Different sample tests were used to characterize
HANP, MTA-modified with HANP and BC-modified
with HANP in different ways such as scanning
electron microscope (SEM) (FESEM model MIRA3,
TESCAN; JAPAN) to identify surface morphology.
Energy dispersive spectroscopy (EDX) (FESEM
model MIRA3, TESCAN; JAPAN) was used for
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elemental analysis and Fourier transform infrared
spectroscopy (FTIR: MODEL Spectrum TWO Perkin
Elmer) to confirm and identify functional groups
present in both pure nanoparticle and the mixture
(5, 15-17].

RESULTS AND DISCUSSION
Fourier transform infrared spectroscopy (FTIR) of
MTA, HANP and MTA modified with HANP

The analysis process of FTIR remains popular

for functional group detection across pure
components and combined substances alongside
compound comparison studies. This analytical
method depends on the fundamental link between
atoms and molecules while they vibrate [18]. The
(FTIR) spectroscopy of MTA, HANP and MTA-HANP
were shown in Fig. 2.

The FTIR spectrum of MTA revealed the
presence of several important functional groups.
The presence of the stretching vibration band
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Fig. 1. Schematic diagram of mixing different concentrations of HANP with both MTA and BC.
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at 2367.37 cm™ correspond to C-H, while the
stretching band at 3434.98 cm™ is indicated by
the presence of hydroxyl groups. Furthermore,
the inorganic components of MTA are reflected
by peaks in the lower wavenumber region (520,
48 cm™), correspond to a silicate or phosphate-
based structures. this result is in accordance with
previous studies by [19-21].

The FTIR spectra of hydroxyapatite nanoparticle
showed two strong absorption bands at 1037.05
cm?tand 564.29 cm™, which are attributed to PO4*
and a weak absorption at 3432.80 corresponding
to the hydroxyle group as illustrated by [22-24].

All vibration peaks identified in the FTIR spectra
of MTA- modified with HANP, are included in the
FTIR spectrum of the finished product (MTA-
HANP). Both MTA and hydroxyapatite frequently
exhibit structural hydroxyl groups and adsorbed
water, which are reflected in the broad absorption
band at around 3434 cm™, which corresponds to
the O-H stretching vibration. The C-H stretching
vibrationis responsible for the band located at 2367
cm™. Significant peaks in the lower wavenumber
range, including those at 946 cm™, 602 cm™,
and 520 cm™, are ascribed to silicate (Si-0) and
phosphate (P-O) stretching modes. These peaks
are compatible with the calcium silicate matrix
of MTA and the composition of HANP. According
to these results, HANP was successfully added to

MTA to improve its bioactive phosphate profile
without compromising its structural integrity. This
finding is in line with researches by [19, 25].
Fourier transform infrared spectroscopy (FTIR) of
BC, HANP and BC-modified with HANP

The FTIR spectra of the bioceramic (BC) sealer
revealed a high absorption band at 2881 c¢cm™,
which is associated with the C-H stretching
vibration band, and a stretching band at 3558
cm™, which is associated with the hydroxyl O-H
group. the lower wavenumbers at 526.67 cm™
and 946.21 cm™ suggest the inorganic silicate,
Si-O (Silicon-Oxygen) bond, or phosphate-based
components commonly seen in bioceramic
materials. Our result is Consistent with findings
from other previous investigations [26-28].

All of the vibration peaks found in the FTIR
spectra of BC and HANP are present in the
FTIR spectrum of the finished product (BC-
HANP) without changing any physiochemical or
mechanical properties demonstrating that the
nanoparticles were successfully integrated. The
O-H stretching vibration is linked to a broad band
at 3557 cm™, which reflects the structural hydroxyl
groups and hydrogen bonding that are commonly
found in hydrated bioceramic and hydroxapatite
systems. The existence of organic components
is shown by the C-H stretching-corresponding
absorption at 2881 cm™. Strong phosphate-related
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Fig. 2. FTIR spectra of pure MTA, pure HANP, and MTA modified with HANP (MTA-HANP).
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peaks that are consistent with PO, bending and who found that the stability and synergy of the
stretching modes of hydroxyapatite can be seen composite were demonstrated by the preservation
at 946.29 cm™, 564.29 cm™, and 522.67 cm™'This of the distinctive FTIR peaks of both components,

is consistent with the results of Baghdadi et al., including the O-H, C-H, and phosphate group
—— BC-HANP
350 - —— HANP
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Y T ¥ T ) T y T X T ¥ y 1
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Fig. 3. FTIR spectra of pure BC, pure HANP and BC modified with HANP (BC-HANP).
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Fig. 4. SEM characterization of pure HANP: (A) Particle size distribution at high magnification (FESEM); (B) Morphology showing
spherical nanoparticles and agglomerates.
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bands, when bioactive nanomaterials like
hydroxyapatite added to bioceramic sealers [29].
Similarly, Abu-Zaid et al., found that HA-reinforced
sealers preserved the hydroxyl and silicate
structure and showed phosphate bands between
560 and 1030 cm™, improving the material’s
mineralisation potential and biocompatibility [30].

The FTIR spectrum of BC, HANP and BC-modified
with HANP were shown in Fig. 3.

Scanning electron microscope (SEM) of pure
hydroxyapatite nanoparticles

The morphology of HANP was examined in
the current study using a scanning electron
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Fig. 5. EDX and elemental mapping (MAPS) of pure HANP: (A) EDX spectrum confirming elemental composition;
Elemental distribution maps of (B) Oxygen (0), (C) Phosphorus (P), and (D) Calcium (Ca); (E) SEM image showing
area analyzed by EDX.
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microscope both before and after incorporation of
HANP in to sealers. The HANP were found to be
spherical by SEM analysis, with an average particle
size range of 20.98-39.55 nm, as shown in Fig. 4A.
A few isolated particles and mostly agglomerated
HANP were visible in the SEM pictures. The
nanoparticles showed no signs of sharp edges, as
illustrated in Fig. 4B, this result was in accordance
with previous studies by [9, 31, 32].

Energy dispersive x-ray spectroscopy (EDX) and
MAPS characterizations of pure hydroxyapatite
nanoparticles (HANP)

EDX analysis identified calcium (Ca), oxygen
(0), phosphorus (P), and carbon (C) as the primary
elements in HANP shown in Fig. 5 A. Elemental
mapping (MAPS) revealed uniform distributions
of oxygen, phosphorus, and calcium across the
nanoparticle surfaces [31]. The detailed EDX
spectrum Fig. 5B-E

confirmed the purity and characteristic
composition of the synthesized HANP.

Scanning electron microscope (SEM) of mineral
trioxide aggregate (MTA)

The SEM analysis of MTA at 5000xshowed
heterogeneous microstructure as shown in Fig.
6., which characterized by irregularly shaped
particles and a porous topology. This morphology

SEM MAG: 5.00 kx

WD: 6.02 mm
SEM HV: 15.0 kV

||

10 ym

is consistent with recent studies, which have
documented that particle size of MTA in microscale
have structural inequality, Multiple aggregates of
big, spherical particles with an elongated form
have been found, as presented by [33-35].

Energy dispersive x-ray spectroscopy and MAPS
characterization of mineral trioxide aggregate
(MTA)

Elemental analysis of pure MTA showed identical
distributions for elements which included Ca, O,
Si, Al, and C. All significant peaks detected during
EDS analysis involved calcium, silicon, aluminum,
bismuth along with oxygen as presented by [36].

The elemental composition of MTA sample
was analyzed using EDS was shown in Fig. 7A. The
result revealed that calcium (Ca) and Oxygen (O)
were predominant, with weight percentage of
(39.23) % and (37.80) %, respectively, indicating
the presence of calcium-rich phases such as
calcium silicate and oxides. Silicon (Si) was also
detected at (8.06), supporting the existence of
silicate compound integral to the cement matrix.
Minor constituents included aluminum (Al) (2.07)
%, sulfur (S) (1.31) % and bismuth (Bi) (3.10%),
corresponding to possible inclusion of alumina,
calcium sulfate, and bismuth oxide, respectively.
Ytterbium was also present at (8.42) %, which
incorporated as radioopacifier. Unlike Gandolfi’

MIRA3 TESCAN

Fig. 6. FESEM micrograph illustrating the surface

morphology of pure MTA powder at 5000x magnification,
revealing irregularly shaped particles and porous
structures.
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study, Our research yielded no Cl [37]. at 1500x magnification revealed moderately
dense, irregularly shaped particles embedded
Scanning electron microscope of bioceramic sealer within a partially porous structure as presented in

(BC) Fig. 8. The surface displayed a mixture of smooth
SEM examination of the pure BC sealer surface and granular areas interspersed with micropores
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Fig. 7. EDX analysis and elemental mapping of pure MTA: (A) EDX spectrum;
Elemental distribution maps for (B) Bismuth (Bi), (C) Carbon (C), (D) Calcium (Ca),
(E) Ytterbium (Yb), (F) Silicon (Si), and (G) Oxygen (O).
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distributed unevenly throughout the sample.
Other studies’ findings supported the surface’s
appearance of both smooth and granular regions
as well as indications of microporous structures
dispersed unevenly throughout the field [38-40].

Energy dispersive x-ray spectroscopy and MAPS
characterization of bioceramic sealer

Fig. 9B—G shows EDS analysis of the pure BC
sealer demonstrated prominent elemental peaks
of carbon (C), oxygen (0), zirconium (Zr), calcium
(Ca), silicon (Si), aluminum (Al), and minor gold
(Au) from surface coating (Fig. 9A). Quantitative
measurements indicated oxygen (29.48%) and
zirconium (12.99%) as major constituents, followed
by calcium (7.40%), silicon (1.35%), and aluminum
(0.41%). Carbon was present at the highest
proportion (48.73%). Elemental distribution maps
(MAPS) highlighted uniform spatial distribution
of these elements throughout the sample. This
elemental makeup is in good agreement with
findings in calcium silicate-based sealers that have
been previously published [4, 41].

SEM MAG: 5.00 kx
Det: SE
Date(m/dly): 03/10/25

WD: 5.93 mm
SEM HV: 15.0 kV

~

10 ym

Scanning electron microscope of MTA-modified
with HANP

SEM images of MTA modified with the HANP at
the concentrations of 2, 4, and 6 percent, which
were taken at the magnification of 5,000x, were
shown in Fig. 10 A-C. demonstrated the significant
changes of the surface morphology and the
distribution of nanoparticles. The MTA-modified
MTA with HANP’ surface shape and nanoparticle
dispersion showed distinct concentration-
dependent patterns, according to the SEM
data. The sealer showed large, flaky crystalline
formations with observable aggregation of
nanoparticles at 2% HANP, indicating inadequate
integration. A more uniform particle distribution,
decreased porosity, and improved interparticle
contact were the results of increasing HANP to
4%, which produced optimal dispersion and was
consistent with research showing that moderate
HANP loading supports structural integrity and
sufficient surface area exposure necessary for
bioactivity. According to our SEM data, 4% HANP
integration resulted in ideal nano-roughness and

MIRA3 TESCAN

SUT - FESEM

Fig. 8. Surface morphology characterization of pure BC sealer at 1500x
magnification demonstrating particle distribution.
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homogenous nanoparticle dispersion, which
are associated with improved mineralization
and osteoblast interactions. Dhavalikar et al.
(2023) published similar results, showing that
human mesenchymal stem cells (hMSC) vitality

was enhanced by nanoparticle coverage at pore
surfaces [42].

However, raising HANP to 6% likely resulted
in larger clusters and smoother surfaces due to
nanoparticle saturation and agglomeration, which

g—-—h‘

F

Fig. 9. EDX spectrum and elemental mapping of pure BC sealer: (A) EDX spectrum confirming elemental composition;
Elemental maps illustrating distribution of (B) Aluminum (Al), (C) Calcium (Ca), (D) Oxygen (O), (E) Silicon (Si), (F)
Zirconium (Zr), and (G) Carbon (C).
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is known to limit functional surface activity and
diminish specific surface area, altering and losing
their nano-properties. The most difficult issue
these studies encountered when integrating the
nanoparticles with the dental materials was their
propensity to aggregate. These findings are in line
with earlier research that demonstrated that the
best possible nanoparticle dispersion is necessary
for functional composite performance, — Not

too low to be ineffectual, nor too high to cause a
reinforcing fall and not distributed well within the
martials [43, 44].

Scanning electron microscope of BC-modified with
HANP

In the SEM analysis conducted on modified
BC sealers with HANP, various degrees of
concentration were observed to have distinct
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Em. SEM and EDS characterization of MTA sealer modified with HANP at different concentrations: (A) MTA + 2% HANP; (B) MTA +
4% HANP; (C) MTA + 6% HANP. Images highlight improvements in nanoparticle integration and surface homogeneity at the optimal
concentration (4%).
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differences in the surface morphology of the
sealers. When the concentration of HANP was
2%, the surface was relatively smooth and the
distribution of nanoparticles became very even.
At higher concentration (4%), slightly rougher
surfaces were observed and the homogeneity of

the nanoparticle was improved. At the highest
concentration where the particles were examined
(6%), the strong agglomeration of nanoparticles
and the rise of roughness were examined. This
behaviour is consistent with the previous findings
by [45]. Similarly, Sari et al. (2021) found that as

!
s 6 7 3 s o
SEMMAG: 500kx | WD: 5.91 mm MIRA3 TESCAN|
Energy eVl
Det: SE SEMHV: 150kV | 10m
Date(midly): 03110125 SUT - FESEM
; '
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SEMMAG: 500kx | WD: 5.91 mm MIRA3 TESCAI tnergylhev]
Det: SE SEMHV: 150kV | 10pm
Date(midly): 03110125 SUT - FESEM
. s 6 7 3 s w
SEMMAG: 500kx | WD: 5.90 mm [~
Det: SE SEMHV: 150kV | 10ym
Date(midly): 03110125 SUT- FESEM

Fig. 11. SEM images and EDX spectra of BC sealer modified with different HANP concentrations: (A) BC + 2% HANP; (B) BC + 4%
HANP; (C) BC + 6% HANP. Micrographs illustrate nanoparticle dispersion and surface morphology changes with increasing HANP
content.
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the HANP content in bioceramic scaffolds grew, well, they attributed this to matrix saturation and
porosity and surface roughness increased as nanoparticle clustering [46]. The representative
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Fig. 13. The Ca/P ratio from EDS microanalysis of the BC.
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Fig. 12. The Ca/P ratio from EDS microanalysis of the MTA.
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SEM images that support these morphological
trends can be seen in Fig. 11A-C.
Energy dispersive spectroscopy BC- modified with
HANP and MTA- modified with HANP

As the EDS analysis indicated, the HANP-
modified MTA and BC sealers contained calcium
(Ca), phosphorus (P) and oxygen (O) thus indicating
that an addition of the nanoparticle was effective.
The rise in Ca/P was found to be associated with
increase in the levels of HANP. The presence of
hydroxyapatite nanoparticles in the mixture is
indicated by the detection of these components as
presented by [5, 32, 47]. Typical EDS spectra were
displayed in Figs. 10 and 11.
Calcium to phosphate CA/P ratio of HANP-modified
MTA and BC

Mineral Trioxide Aggregate (MTA) and
Bioceramic sealers (BC) were subjected to
energy-dispersive  X-ray spectroscopy (EDS)
microanalysis to assess the Ca/P ratios of the
two materials when different concentrations
of hydroxyapatite nanoparticles (HANP) were
added (2, 4 and 6% concentrations) Figs. 12. and
13. There was a concentration-dependent trends
in both materials. The Ca/P ratios at 2 % HANP
were also slightly elevated relative to controls,
which suggests partial improvement of calcium
over phosphorus. Adding 4 percent HANP yielded
Ca/P ratios nearest to the stoichiometric ratio of
hydroxyapatite (1.67), a standard that exhibits
optimal physicochemical stability and bone-like
characteristics [48, 49]. But further addition of
HANP to 6 % resulted in a significant absence of
this ideal ratio, which suggests an imbalance that
may be related to nanoparticle agglomeration or
uneven distribution. The Ca/P stoichiometry of
1.67 in hydroxyapatite is close to natural bone
mineral, however, and appears to be a desirable
target when it comes to regenerating of bones by
biomaterials [50]. Bioactivities above this value,
which can be observed in the 6 % HANP groups, can
reflect calcium-rich phases that might decrease
bioactivity or change resorption behavior [51].
Past research on hydroxyapatite bioceramics has
also reported that processing conditions, purity of
the phases, and crystallinity have a major effect on
the Ca/P ratio and, consequently, the bioactivity
of the final product (Hammood et al. 2019). Past
research on hydroxyapatite bioceramics has also
reported that processing conditions, purity of the
phases, and crystallinity have a major effect on the
Ca/P ratio and, consequently, the bioactivity of the
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final product [52].

The balance obtained at 4 % HANP
indicates that this concentration reflects an
optimum incorporation level that improves the
physicochemical profile of MTA and BC without
causing a compositional imbalance.

CONCLUSION

Nanostructural and physicochemical properties
characterizing  hydroxyapatite ~ nanoparticles
modified sealers showed a definite dependence
on the nanoparticle concentration. Addition
of 4% HANP led to uniformity, desirable nano-
topography, and Ca/P ratios that were almost
similar with the stoichiometric value of 1.67,
thus improving the bone-like structure of MTA
and BC sealers. Conversely, incorporation of 6 %
HANP facilitated the formation of agglomeration
and calcium-rich phases; these could hamper the
bioactivity of the material. These in vitro results
should be confirmed by future work with biological
experiments and in vivo studies to determine long-
term regenerative effects.
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