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1 | INTRODUCTION

| Afife Binnaz Hazar Yoruc?

Abstract

To investigate the reinforcing effect of nanoflower-like hydroxyapatite (NFHA) in
resin-based dental composites, we synthesized a novel NFHA using microwave
irradiation (MW), hydrothermal treatment (HT), and sonochemical synthesis (SS).
Silanized NFHA was then used as the reinforcing filler in dental resin composites.
We characterized the structure and morphology of various HA nanostructures
using x-ray diffraction, scanning electron microscope, and TEM. The mechanical
performance of dental resin composites reinforced with silanized NFHA was mea-
sured using a universal testing machine. Spherical HA, synthesized through
chemical precipitation (CP), served as the control group. One-way analysis of vari-
ance was employed for the statistical analysis of the acquired data. The results
demonstrate that the nanoflower morphology significantly was improved mechan-
ical and physical properties. After conducting trials, the NFHA synthesized using
MW and HT showed a substantial enhancement in mechanical and physical
properties compared to the other structures. Therefore, it can be concluded that
NFHA can serve as a novel reinforcing HA filler, providing regenerative proper-
ties to resin composites with sufficient mechanical strength.
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The curing process of RBCs can result in volumetric
shrinkage, which may lead to postoperative sensitivity or

Dental composites, especially resin-based composites
(RBCs), have markedly reshaped dentistry, presenting
both aesthetic and functional alternatives to traditional
amalgam fillings." Composed of an organic polymer
matrix mixed with inorganic filler particles, these com-
posites blend durability with appealing aesthetics.>® A
standout feature of RBCs is their superior color matching
to natural teeth, with some advanced formulas even
offering translucency and fluorescence akin to natural
teeth.*® Despite these advantages, there are challenges.

a weaker seal between the tooth and the restoration.”® In
terms of durability, while advancements in fillers have
strengthened RBCs, their lifespan might still be shorter
than that of ceramic or gold restorations in high-stress
mouth regions.” Recent research has emphasized opti-
mizing the type and distribution of inorganic fillers in
RBCs. By doing so, the aim is to extend the composite's
lifespan and reduce the need for repairs, emphasizing the
importance of fillers' shape, size, and type in enhancing
the final product's mechanical strength.'%'?
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Silica is a popular filler in dental composites due to its
improved mechanical strength and polishability."*°
However, its use raises several concerns. Potential release
of nanosized silica particles may pose health risks, and
while the risk in dental scenarios is deemed low, it is
under continuous research.!” Over time, silica fillers
might discolor or stain more readily than other fillers,
compromising aesthetic quality.'®'®*' Improperly dis-
persed silica can create inconsistencies in composites,
affecting their look and function.*>** Silica lacks radiopa-
city, posing challenges for dental x-ray evaluations.*>***>
Unlike hydroxyapatite (HA), silica doesn't promote tooth
structure remineralization, a potential defense against
secondary caries.”**® Conversely, HA, being a primary
component of dentin and enamel,”* ! makes an excellent
dental resin composite filler.*’* It provides mechanical
strength,>* > is radiopaque,®®”° and can even promote
remineralization,*®** sealing microgaps between compos-
ites and teeth,”*™** which may reduce future cavity risks.
Therefore, recent years have seen an explosion of interest
in advanced materials such as nanostructures and nano-
composites across various fields, including dental sci-
ence.*® The potential for transforming dental composites
using nanomaterials, particularly hydroxyapatite (HAP)
nanoparticles synthesized through hydrothermal methods,
is being widely recognized.*” RBCs containing hydroxyap-
atite nanoparticles in various morphologies like nanosphe-
rical and nanorods have been investigated for dental
applications.”” While these materials offer improved
mechanical properties compared to traditional fillers, they
still have limitations that create a demand for alternative
filler morphologies like nanoflower hydroxyapatite
(NFHA). Spherical particles may not provide sufficient
mechanical interlocking with the resin matrix, thereby
offering suboptimal reinforcement.*® Spherical shapes may
not distribute stress efficiently, leading to localized points
of failure in the composite material.*” Nanospherical parti-
cles may settle over time, creating issues in filler distribu-
tion throughout the composite.*” Nano-rods may offer
strength along their length but may be weak along their
diameter, leading to uneven mechanical properties.”® Cre-
ating uniform nanorods can be more complicated and
time-consuming compared to other shapes.’’ Nanorods
have a higher tendency to aggregate, which may compro-
mise the uniformity and mechanical properties of the com-
posite.’”® As dental research moves away from using
traditional spherical and irregular morphology filler phase
components, towards nanofibers, nanowhiskers, and
nanotube morphology components, it becomes crucial to
understand the benefits of these novel structures.*®

Novel research focusing on the synthesis of nanoflower-
like serried hydroxyapatite (NFHA) has shown that adjust-
ments in pH value and temperature effectively control the

size and shape of the nanoflowers.>®>*">> These advance-
ments suggest that NFHA holds significant potential for
improving dental composites, though more investigation is
needed, particularly regarding the use of NFHA over nano-
spherical or nano-rod hydroxyapatite in RBCs. The unique
morphology of NFHA can provide better mechanical inter-
locking with the resin matrix, which may lead to enhanced
tensile and compressive strength (CS).>® The structure of
NFHA may distribute stress more uniformly, potentially
reducing the likelihood of localized failures.”” NFHA could
provide better color stability and optical properties, making
the composites more aesthetically pleasing.® NFHA, like
other hydroxyapatite structures, can promote remineraliza-
tion, but its unique structure may offer added advantages
such as higher surface area for ion exchange.” With
advancements in synthesis techniques, NFHA can be pro-
duced with controlled size and morphology, potentially
offering a more versatile material for RBCs. In summary,
while nanospherical and nanorods hydroxyapatite fillers in
RBCs have their merits, their limitations in terms of
mechanical strength, stress distribution, and other factors
make NFHA a promising candidate for further research
and application.

The method of NFHA synthesis also influences the
properties of the resulting dental composites. Studies
comparing microwave irradiation (MW) and hydrother-
mal synthesis (HS) with conventional and sonochemical
synthesis (SS) found that NFHA produced by the former
methods exhibited higher stability and mechanical
strength in the resulting dental composites.” Thus, the
choice of synthesis method can critically impact the per-
formance of NFHA in dental applications. Regarding the
synthesis of NFHA, methods such as the homogeneous
hydrothermal precipitation method,”® SS,°* and MW®
offer precise control over the size, shape, and other physi-
cochemical properties of the NFHA. These synthesis
methods thus enhance the functionality of NFHA in vari-
ous applications, such as dental composites. In particular,
the resulting NFHA exhibits improved compatibility with
the resin matrix and strengthens the interfacial bond
when treated with 3-methacryloxypropyltrimethoxysilane
(y-MPS), a silane coupling agent.®® This highlights the
potential of NFHA in addressing some of the traditional
limitations of dental composites.

While there have been impressive advancements and
encouraging results, there are still notable gaps in our
understanding. In this research, our goal was to explore
how NFHA could enhance the properties of dental
resin composites. We developed and analyzed dental
resin composites that included silanized NFHA as a rein-
forcing filler. For synthesizing NFHA, we employed three
distinct techniques—hydrothermal precipitation, SS, and
MW. We then modified these NFHA particles with
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3-methacryloxypropyltrimethoxysilane (y-MPS) to improve
their compatibility with the resin matrix and fortify the
bonding at the interface. For a side-by-side performance
evaluation, our research also utilized dental resin compos-
ites containing silanized spherical shaped hydroxyapatite
(IPHA). Moreover, we scrutinized the impact of different
NFHA concentrations on the mechanical attributes of the
dental resin composites. The incorporation of silanized
NFHA into dental resin composites will significantly
improve the mechanical properties of the material, includ-
ing tensile strength, CS, and wear resistance, compared to
composites containing traditional fillers like spherical
shaped hydroxyapatite (IPHA). With this research, we
aspire to make meaningful contributions to the evolution
of durable and dependable dental restorative materials.

2 | MATERIALS AND METHODS

2.1 | Materials

Bisphenol A glycidyl methacrylate (Bis-GMA, 99%),
tri(ethylene glycol) dimethacrylate (TEGDMA, 95%), cam-
phorquinone (CQ, 97%), ethyl-4-dimethylaminobenzoate
(4-EDMARB, 99%), diphenyl(2,4,6-trimethylbenzoyl) phosphi-
neoxide (TPO, 98%), and 3-methacryloxypropyl trimethoxy-
silane (y-MPS, 99%) were purchased from Sigma-Aldrich
(Germany). Calcium nitrate tetrahydrate (Ca(NOs),.4H,0),
diammonium hydrogen phosphate ((NH,4),HPO,), and ethy-
lenediaminetetraacetic acid (EDTA) used in the synthesis
of dental composite filler phase were obtained from
Merck, Darmstadt, Germany. Other sources of calcium
and phosphorus, calcium chloride (CaCl,) and disodium
hydrogen phosphate dihydrate (Na,HPO,.2H,0), were
obtained from Acros Organics, Geel, Belgium. The che-
micals were analytical grade and used without further
purification.

2.2 | Methods

2.2.1 | Synthesis of hydroxyapatite

Hydroxyapatite (HA) with diverse morphologies was syn-
thesized using various methods, including chemical pre-
cipitation (CP), MW (MW), HS, and SS. The Ca/P ratio
for HA was set at 1.67 across all synthesis conditions.
Among these methods, CP served as the conventional
approach for producing spherical shaped HA structures
(SHA), which acted as a control group based on our pre-
vious studies.®* Briefly, 0.174 M Ca(NO;),.4H,0 and
0.1561 M (NH,),HPO, were dissolved separately in simu-
lated body fluid (SBF).®® The phosphate solution was
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then added to the calcium solution at 37°C at a flow rate
of 4 mL/min. The pH of the mixture was maintained at
7.4 using an ammonia solution prepared in SBF. A white
precipitate formed, and the solution was stirred vigorously
for 1 h. It was then left to age for 1 day at 37°C without
stirring. The precipitated solution was filtered and repeat-
edly washed with ethanol and distilled water to remove
impurities. The resulting filter cake was dried at 80°C for
24 h in an oven and then calcined at 900°C for 2 h using
an electric furnace to improve crystallinity levels. The
resulting powder was termed as spherical shaped HA
synthesized with CP and was coded as SHA-CP.

MW, HS, and SS were used to produces nanoflower
structured HA synthesis. EDTA was used as the nucleat-
ing agent in all methods.

The synthesis procedure of NFHA using microwave
irradiation was modified from a method reported by Liu
et al.® Briefly, 50 mL of 0.08 M Ca(NO;),.4H,0 and
50 mL of 0.08 M EDTA solutions were prepared SBF
and mixed for a 15min. Then 50 mL 0.048 M of
(NH,4),HPO, phosphate solution is slowly added to the Ca-
EDTA mixture. pH was adjusted to 12 using NaOH solu-
tion. After 1 h of vigorous mixing, the obtained mixture
was put into microwave device (Multivawe Go, Anton
Paar) of 700 W power at 110°C under ambient air for
30 min. After cooling to room temperature, the precipitate
was filtered, washed with deionized water, and dried in
oven under vacuum at 80°C for 2 h. Particles synthesized
using microwave irridation was called as NFHA-MW.

Li's method®” was modifed to obtain NFHA structures
using HS. Briefly, 0.08 M Ca(NO3),.4H,0 and 0.08 M
EDTA solutions were dissolved in 50 mL SBF solution by
magnetic stirrer and 50 mL of 0.048 M (NH,),HPO, solu-
tion is added dropwise for 3 min. After 1h mixing
resulted mixture was transferred into the hydrothermal
reactor (304 stainless steel autoclave with 100 mL teflon
reactor, custom made) and the reaction is carried out at
190°C for 5 h. Once the reaction completed, the precipi-
tates were separated by centrifugation, washed with deio-
nized water and ethanol in sequence, and then dried in
vacuum oven at 80°C for 2 h. Particles synthesized using
SS were called as NFHA-HS.

In a typical experiment of NFHA production with a
SS we modified Chao's method.®® Briefly, 50 mL of 0.5 M
Ca(NO;),.4H,0 and 0.5 M EDTA mixture were added to
50 mL 0.3 M (NH,4),HPO, solution under magnetic stir-
ring at room temperature. After vigorous stirring for
5 min, the final mixture was irradiated by continuous
ultrasound (Sonopuls Serie 4000, BANDELIN) at a fre-
quency of 28 kHz and with a power of 200 W for 90 min.
The products were centrifuged, washed, and dried at
80°C for 24 h. Particles synthesized using SS were called
as NFHA-SS.
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2.2.2 | Preparation of nanosilica powders
Silica powders were obtained from silica solution Ludox
HS-40 to be used as the filler phase of the dental compos-
ite. The detailed description of the SiO, preparation was
given in our previous research.®” Briefly, colloidal silica
was decanted into a 250 mL glass flask and subsequently
positioned in a rotary evaporator. The drying process was
conducted at 40°C with a rotation speed of 80 rpm in the
rotary evaporator. The resulting dried particulates were
subjected to ball milling for 24 h. After milling, the parti-
cles were sieved using a 250-mesh (63 pm) screen to
obtain silica fillers.

2.2.3 | Silanization of HA structures
Silanization was carried out in order to strengthen the
adhesion bonds between the filler phase and the organic
matrix and to direct the filler phase from the hydrophilic
structure to the hydrophobic structure. Our previous
method®® has been modified for the silanization of silica,
SHA-CP, NFHA-MW, NFHA-HS, and NFHA-SS. Briefly,
1 mL (10 wt%) 3-MPTS and 0.2 g propylamine was added
to the 100 mL acetone: water (7:3) solution were stirred
under nitrogen atmosphere in a closed system at room
temperature for 15 min. It was subsequently subjected to
heating at 65°C for a duration of 60 min. The mixture
underwent drying via a rotary evaporator at 60°C to elim-
inate volatile substances and was subsequently heated at
95°C for 2 h. Finally, the resulting product was dried in a
vacuum oven at 85°C for a total of 18 h.

2.2.4 | Preparation of resin-based dental
composites

In order to prepare the experimental resin, BisGMA (1%-
5%) was kept for 10 min at 40°C in the ultrasonic water
bath and then HEMA (5-10 wt%), UDMA (5-10 wt%),
and TEGDMA (1-5wt%) were added. TEGDMA was
used as a diluent. CQ (0.2 wt%), TPO (0.01 wt%), and
4-EDMAB (0.8 wt%) were added and mixed with a speed
mixer (SpeedMixer DAC 150.1) at 1500 rpm for 15 min.
Dental resin composites were then reinforced with
NFHA at different mass ratios. The SHA-CP filled resin
matrix was used as the control. Total weight of the filler
amount was kept as 60 wt%. A total of 30 wt% silanized
SiO, and 30 wt% silanized SHA-CP and NFHA fillers
were premixed with the resin matrix using a speed mixer
and then further blended with a three-roller mixer
(EXAKT 50 EC+ Apparatebau GmbH & Co., Germany).
Then, the obtained composite pastes were put into a

vacuum oven at room temperature for 12 h to remove air
bubbles. Afterwards, the composite paste was carefully
cured using Blue-LED light (Elipar S10, 3M ESPE) using
appropriate molds for the further testing.

2.3 | Characterizations
2.3.1 | Morphological evaluation of the HA
structures

SEM-energy dispersive x-ray analysis (EDX) and TEM
analysis were employed to observe the morphology, size,
and Ca/P ratio of the fillers. SHA-CP and NHA powders
were coated with Au-Pb (coating, Quorum SC7620 Mini
Sputter Coater/G low Discharge System) and morpholog-
ical analysis was performed with a scanning electron
microscope (SEM EDX, Zeiss Sigma 300). EDX analysis
of each group were performed at high magnification
(x80.000) and resolution (512 by 340). EDX analysis was
performed to define the mass and atomic percentage
ratios (Ca/P) of the synthesized HA particles. Submicron
and nanoscale structures of the synthesized CHA and
NHA powders were investigated by (TEM) at 120 kV
and high magnifications (x10.000-60.000).

2.3.2 | X-Ray diffraction analysis

Chemical phase analyses were conducted using the x-Ray
Diffraction (XRD; PANalytical Empyrean) technique
with Ni-filtered Cu-Ka radiation (4 = 0.154 nm) in the 20
range of 10-90°, employing a scanning speed of 2° per
minute at a voltage of 40 kV and a current of 200 mA.
The mean crystallite sizes (D) of the powders were deter-
mined from the x-Ray Diffraction data using the Scherrer
Formula70, as defined in Equation (1). In this formula,
K represents Scherrer's constant, which is taken as 0.9, 1
denotes the wavelength of CuKa, B corresponds to the
full width at half maximum (FWHM), and @ signifies
the diffraction angle.

D=Kx1/(Bx cos 0). (1)

2.3.3 | Determination of flexural strength
and flexural modulus

Flexural strength (FS) and flexural modulus (FM) of the
composites were measured using a universal mechanical
testing machine (AGX-V, SCHIMADZU) according to
ISO 4049.° Five rectangular shaped specimens
(25 mm x 2 mm x 2 mm, n = 5) of each composite paste
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were prepared for the three-point bending test (span
20 mm, crosshead speed 0.75 mm/min). FS and FM were
calculated in MPa with the equations given below:

FS=3FL/(2bh*) (MPa), (2)

FM =F(L?/[4bdh’]) (MPa), (3)

where F is the maximum load in N, L is the distance
between the supports in mm, b and h are width and
height, d is deflection of specimen, respectively, in mm.

234 |
strength

Determination of compressive

To calculate the CS of the samples, cylindrical samples
with a diameter of 4 mm and a height of 6 mm were
cured in a teflon mold (n = 5). The maximum vertical
force (0.75 mm/min) at which fracture occurred was
determined for the samples. The following equation
was used in the calculation of the CS:

CS=4F/A (MPa), (4)

where F is maximum load in N, A is cross-sectional area
of sample in millimeter s.

Vickers microhardness (VH) was determined on
3 disk-shaped specimens (&6 mm x 4 mm, n = 3) under
a load of 100 g for 10 s using a micro hardness tester
(HVS 1000 Microhardness Tester, Bulut Makine,
Turkey). Three indents were taken for each sample. Two
different measurement techniques were used for HV. For
the first one composite materials were cured both of the
top and bottom surfaces (VH_DC_Top). For the second
evaluation, composites were cured from top of the mate-
rials and VH values were measured from top
(VH_SC_Top) and bottom (VH_SC_Bottom) surfaces of
the material to stimulate the clinical use. VH values were
determined by the following equation by measuring the
diagonal dimensions of the three indents:

VH =1.854F /d* (kg/mm?), (5)

where F is load in kg, d is the average length of the diago-
nals in mm.

2.3.5 | Determination the depth of cure

Depth of cure (DOC) was determined by preparing sam-
ples with a diameter of 4 mm and a height of 6 mm. The
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samples were cured from the top surface for 20 s accord-
ing to ISO 4049.”° After curing, the uncured materials on
the lower surface of the samples were immediately
scraped with a plastic spatula and calculated by dividing
the remaining height by two. Three measurements were
taken for each sample (n = 3).

2.3.6 |
shrinkage

Determination the polymerization

Polymerization shrinkage (PS) test was calculated
using the Archimedes apparatus of precision balance
in accordance with ISO 17304 standard.”' Mass mea-
surements of composite samples in dough and cured
form are performed in flotation medium (sodium laur-
ylsulphate). The shrinkage in the volumes of the sam-
ples (n = 3), whose densities were calculated from the
mass and volume values, after polymerization was cal-
culated with the following equation. Where PS is poly-
merization shrinkage in percent, p. average of density
of cured samples, p, average of density of uncured
samples.

PS= ((pc _pu)/pc) X 100. (6)

2.3.7 | Surface roughness and microscopic
evaluation

Surface roughness and microscopic examination analyzes
were performed with confocal microscope (ZEISS Smart-
proof 5) and optical microscope (ZEISS Smartzoom),
respectively. The samples (n = 3) were prepared with a
teflon mold of 2 mm height and 15 mm diameter. Sam-
ples cured on both sides for 20 s with a Blue-LED light
source (Elipar S10, 3M ESPE) were treated with P180,
P320, P600, and P800 grit sandpapers, respectively, and
rinsed between each step. For polishing, the samples
were polished with a broadcloth using a diamond paste
solution. The samples were stored in distilled water for
7 days.

2.4 | Statistical analysis

Statistical evaluations were conducted with one-way
analysis of variance (ANOVA) using SPSS software (ver-
sion 17, Chicago, IL). The statistical study was carried
out with ANOVA and the Tukey test. As a result of the
multiple comparison method, it was accepted that there
was a significant difference in the groups with a value
of (p <0.05).
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3 | RESULTS AND DISCUSSION

3.1 | Morphological and chemical
alteration of HA structures

The effect of the synthesis method of the HA
structures on the morphology was investigated in this
study. Figure 1 presents the typical SEM images of experi-
mental groups prepared using various methods: CP, MW,
HT, and SS. From the SEM images of SHA-CP
(Figure 1a), it is evident that the precipitate structure is
characterized by small, immature sphere-like particles
that display a uniform appearance. These particles are
organized into agglomerates. Such a morphology is con-
sistent with other literature findings, suggesting this
might be due to the lower sintering temperatures.”> ">
NFHA-MW and NFHA-HT particles both exhibited a
good uniformity in size. In contrast, the NFHA-SS filler
displayed a less uniform morphology and size, with diam-
eters ranging between 0.8-1pm. Nonetheless, all
obtained NFHA structures displayed a globular appear-
ance. Notably, irregular aggregations with several
nanorod-shaped protrusions were observed in NFHA-
MW and NFHA-SS samples. However, NFHA-HT dis-
played a distinctive homogeneous nanoflower-like mor-
phology. This consists of cone-shaped nanorods that
extend radially from the center, spreading out in three
dimensions. The unique globular structure observed in
all NFHA samples allows for concentrated stress to be
channeled into the globular phases. This, in turn, facili-
tates stress distribution in the polymer matrix, as noted
by other studies.”®’” Such a distribution potentially pre-
vents cracks and damage to the composites when sub-
jected to external force, consequently enhancing the
mechanical properties of the composites.”® Based on the
SEM analyses, it was determined that the HT synthesis
method provided the most morphologically suitable grain
structure and distribution for the target structure, when
compared to the methods of CP, MW, and
SS. Additionally, EDX results were showed that HA syn-
thesis was achieved with a Ca/P ratio of approximately
1.67 in all experimental groups as it was stated in
Table 1.

The TEM images are presented in Figure 2. TEM ana-
lyses were conducted to determine the grain size and dis-
tribution of samples from different groups. From the
scans of thinned dark regions, we determined that
the MW irradiation produced spherical nanoparticles that
are homogeneously distributed. Conversely, in the SS
method, the particles appeared to be stacked atop each
other and exhibited relatively larger grain sizes. TEM
images of the NFHA fillers synthesized using the HT
revealed that rods extended radially from the center,

behaving as if they were a singular particle comprised of
many rods. Due to this distinctive spatial structure, con-
centrated stress at the tip of each rod can be transmitted
to neighboring rods, resulting in a more even stress distri-
bution within the polymer matrix. Such a distribution
could prevent cracks and damage in the composites when
subjected to external forces, thereby enhancing the com-
posites’ mechanical properties.

XRD analysis was used to characterize the crystal
structure of the synthesized powders. XRD patterns of
SHA and NFHA powders are shown in Figure 3. The dif-
fraction peaks in Figure 3 were compared with the stan-
dard data of HA phase (ICDD 09-432, which is the
standard XRD pattern of HA, and ICDD is International
Centre for Diffraction Data). All the diffraction peaks in
the pattern are found to be consistent with standard HA
phase. It has been determined that it belongs to the hex-
agonal crystal system, the space group is P-6, and the
space group number is 174. The lattice parameters were
determined as a=b=94320A and c=6.8810A.
According to XRD it has been proven that 20 = 10.8°,
21.7°, 25.8°, 28.8°, 31.7°, 32.1°, 32.8°, 34.0°, 39.7°, 46.6°,
48.0°, 49.4°, 50.4°, and 53.2° peaks are to belong to the
(100), (200), (002), (210), (211), (112), (300), (202), (130),
(222), (132), (213), (321), and (004) planes, respectively.
Furthermore, mean crystalline sizes (D) were calculated
in accordance with Equation (1) and, are shown in
Table 2. The crystallite size of the powders were found to
be similar in all powders. Additionally, the sharp and
narrow diffraction peaks are examined, which imply that
SHA and NFHA powders have a highly crystalline struc-
tures. Among them, NFHA-SS was demonstrated highest
crystallinity and probably this was one of the reasons of
poor mechanical properties of NFHA-SS composites in
this study.

3.2 | Mechanical and physical properties
of dental resin composites

The robust mechanical properties of the resin composite
are crucial for the long-term clinical application of dental
restoratives. It is known that aggregation of spherical
nanoparticles cannot be avoided completely as they are
blended into organic matrixes, therefore, using different
morphological structures such as nanoflower (NF) would
be helpful to overcome such limitations. Herein, the rein-
forcing effect of SHA and NFHA on FS (FS), FM, CS
(CS) and VH of the dental resins were measured. Addi-
tionally, surface roughness properties (SR), DOC, and PS
behavior of the composites were determined. As shown
in Table 3 and Figure 4, SHA-CP loaded samples were
displayed lower FS, FM, and CS compared to NFHA
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FIGURE 1 Scanning electron
microscope images of hydroxyapatite
particles synthesized by CP, MW, HT
and SS; (a-c) SHA-CP, (d-f) NFHA-
MW, (g-i) NFHA-HT, (j-1) NFHA-SS.
CP, chemical precipitation; HT,
hydrothermal treatment; MW,
microwave irradiation; NFHA,
nanoflower-like hydroxyapatite; SS,
sonochemical synthesis; SHA, spherical
shaped HA.
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.
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loaded samples (p < 0.05). With the addition of NFHA When the FSs of NFHA-loaded composites were com-
structures, the FS, FM, and CS increased in all pared, no significant difference was observed between
cases (p < 0.05). the FS of NFHA-MW and NFHA-HT composites
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TABLE 1 Ca/P ratio of SHA-CP, NFHA-MW, NFHA-HT, and
NFHA-SS samples.

Groups Ca (atomic %) P (atomic %) Ca/P
SHA-CP 62.396 37.604 1.66
NFHA-MW 62.547 37.453 1.67
NFHA-HT 62.412 37.588 1.66
NFHA-SS 62.446 37.544 1.66

Abbreviations: CP, chemical precipitation; HT, hydrothermal treatment;
MW, microwave irradiation; NFHA, nanoflower-like hydroxyapatite; SS,
sonochemical synthesis; SHA, spherical shaped HA.

120 kV Mag

15.000x

15.000 X

120kV Mag. = 15.000x

(p = 0.108). Similarly, there is no statistically significant
difference between NFHA-HT and NFHA-SS composites
in terms of FS (p = 0.228). However, the FS values of
NFHA-MW composites are significantly higher than
those of NFHA-SS composites when compared
(p = 0.002). According to ISO 4049, the FS of the com-
posites should be 80 MPa for Type I composites and
50 MPa for Type II composites.”” In this context, only
NFHA structures synthesized using the microwave irradi-
ation have met the expected FS values for Type I compos-
ites. On the other hand, for Type II composites, the FS

120 kV Mag. = 50.000 X

120kV Mag. = 50.000 X

FIGURE 2 TEM images of NHA particles synthesized by CP, MW, HT, and SS (a, b) SHA-CP, (¢, d) NFHA-MW, (e, f) NFHA-HT (g, h)
NFHA-SS. CP, chemical precipitation; HT, hydrothermal treatment; MW, microwave irradiation; NHA, SS, sonochemical synthesis; SHA,

spherical shaped HA.
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FIGURE 3 X-ray diffraction patterns of SHA-CP, NFHA-MW, NFHA-HT, and NFHA-SS. CP, chemical precipitation; HT, hydrothermal

treatment; MW, microwave irradiation; NFHA, nanoflower-like hydroxyapatite; SS, sonochemical synthesis; SHA, spherical shaped HA.

[Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2
synthesized powders.

Mean crystallite sizes (D) and crystallinity values of

Groups D (nm) Crystallinity (%)
SHA-CP 47.60 79
NFHA-MW 48.90 83
NFHA-HT 53.46 76
NFHA-SS 54.20 93

Abbreviations: CP, chemical precipitation; HT, hydrothermal treatment;
MW, microwave irradiation; NFHA, nanoflower-like hydroxyapatite; SS,
sonochemical synthesis; SHA, spherical shaped HA.

values of all composites were sufficient, but still NFHA
have shown superior FS values compared to HA struc-
tures with spherical morphology as in SHA-CP.

The results were also compared with other studies in
Table 4. In a study conducted by Domingo et al.,”’ all

irregular-shaped nano and micro HA loaded composite
structures had FS values below 56 MPa. Furthermore,
composite samples obtained with HA loading without
the addition of any bonding agent had FSs below 50 MPa
in their study. Similarly, Calabrese et al.** was used
HA-whiskers in their study and they reached 55 MPa
maximum FS for the composites that was loaded 20 wt%
HA-whiskers. Additionally, Liu et al.®! demonstrated in a
mixed silanized HAP/SiO, filler within a Bis-GMA/
TEGDMA resin that mechanical properties such as elas-
tic modulus, FS, and CS gradually decreased with an
increase in HAP filler content. Therefore, reducing the
amount of NFHA in the composites could potentially
enhance the mechanical properties of the materials in
this study.

In another study conducted by Chen et al.,** it was
found that the values of biaxial flexural strength
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TABLE 3 Mean + SD values of control and experimental composite groups obtained from the 3-point bending test, compression
strength test, depth of cure, polymerization shrinkage, and Vickers microhardness (VH) tests.

SHA-CP NFHA-MW NFHA-HT NFHA-SS p*
Flexural strength (MPa) 56.0 + 0.22 81.0 £ 0.25 74.0 + 0.36 68.2 + 0.28 0.000
Flexural modulus (GPa) 8.83 + 0.28 7.02 + 0.70 8.54 + 0.60 9.58 + 0.59 0.000
Compressive strength (MPa) 4423 +49 556.8 + 25.1 4919 +15.2 540.2 + 18.7 0.000
VH_DC_TOpb 424 +1.3 427+ 1.4 42.6 + 1.28 412 +1.5 0.000
VH_SC_Top® 27.5 +2.01 27.7 + 2.06 27.6 +2.04 25.5 +£2.02 0.007
VH_SC_Bottom‘:l 144 + 1.01 17.9 + 1.02 17.8 + 1.63 15.1 +1.21 0.000
Depth of cure (mm) 2.87 +0.02 2.70 + 0.01 2.87 +0.02 2.72 +0.03 0.000
Polymerization shrinkage (%) 2.80 + 0.04 2.64 + 0.08 2.68 + 0.03 2.78 + 0.05 0.000

Abbreviations: CP, chemical precipitation; HT, hydrothermal treatment; MW, microwave irradiation; NFHA, nanoflower-like hydroxyapatite; SS,
sonochemical synthesis; SHA, spherical shaped HA.

#According to ANOVA.

bComposites were cured both on top and bottom surfaces and VH values were measured from top surface.

“Composites were cured on top surface, and VH values were measured from top surface.

dComposites were cured on top surface, and VH values were measured from bottom surface.
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FIGURE 4 Mechanical properties of resin composites: (a) flexural strength, (b) flexural modulus, (c) compressive strength, and
(d) Vickers microhardness (VH). Vertical bars indicate standard deviation. [Color figure can be viewed at wileyonlinelibrary.com]

significantly decreased for dental resins filled with 20 wt  resin formulations (p < 0.05). The resulted lower
% HAP nanofibers (80.4 + 5.7 MPa) and 40 wt% HAP mechanical strength of the HA-loaded composites is not
nanofibers (41.7 + 10.4 MPa) compared to the nonloaded a surprise considering the nature of nano-HAP particles,
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TABLE 4 Comparison of the effects of different hydroxyapatite nanoparticles on the properties of experimental dental composites.
HA ratio (%wt) FS (MPa) FM (GPa) CS (MPa) VH DOC (mm) PS (%)
SHA-CP 40 56.0 8.83 442.3 42.4 2.87 2.80
NFHA-MW 40 81.0 7.02 556.8 42.7 2.70 2.64
NFHA-HT 40 74.0 8.54 491.9 42.6 2.87 2.68
NFHA-SS 40 68.2 9.58 540.2 41.2 2.72 2.78
Irregular shaped nano HA” 50 17.0 2.80 - 41.0 - -
Irregular shaped micro HA”’ 60 56.0 6.20 - 46.0 - -
HA Whisker®’ 40 55.0 3.50 - 69.0 - -
Nano HA/silan®! 50 ~100 ~8.50 ~250 - ~2.5 ~3.00
HA nanofiber.** 60 41.7 - - - - -
HA Whisker*® 20 ~100 ~7.00 -
HA Particles™ 30 ~30 ~4.00 - ~55.0 - -
Urchin-like HA® 30 ~120 4.90 ~360 80.1 - -

Abbreviations: CP, chemical precipitation; CS, compressive strength; DOC, depth of cure; FM, flexural modulus; FS, flexural strength; HA, hydroxyapatite; HT,
hydrothermal treatment; MW, microwave irradiation; NFHA, nanoflower-like hydroxyapatite; PS, polymerization shrinkage; SS, sonochemical synthesis; SHA,

spherical shaped HA; VH, Vickers microhardness.

which has lower mechanical strength than SiO,.** Con-
versely Zhang et al.*® demonstrated that HA-whiskers
does not reduce the FS of the composites at the 5-20 wt%
loading rates.*® In a recent study with similarities to ours,
a novel urchin-like HA (UHA) was synthesized using
MW and was utilized as a dental filler, yielding highly
promising outcomes. The inclusion of UHA filler led to a
notable enhancement in mechanical properties, includ-
ing strength, stiffness, and microhardness. Moreover,
when combined with silica nanoparticles, UHA demon-
strated its optimal application by inducing a significant
increase in FS, FM, and CS, with improvements of 50%,
40%, and 13%, respectively.®** When compared to other
studies in the literature, it is observed that HA structures
with NF morphology enhance FS compared to spherical
and irregular HA structures. Moreover, MW irradiation
technique is much more efficient in terms of increasing
FS, FM, and CS compared to CP, HT and SS.

The significance of the elastic modulus is primarily
associated with selecting the appropriate composite mate-
rial for a specific clinical scenario. The elastic modulus of
resin composites depends critically on the stress transfer
in the material.*® So, presence of particles in different
morphological structures would very likely lead to
increase of the elastic modulus of the composites. In this
study, FM values of the composites were significantly
lower for NFHA-MW loaded composite materials com-
pared to SHA-CP (p = 0.002), NFHA-HT (p = 0.008),
and NFHA-SS (p = 0.000). Among SHA-CP, NFHA-HT,
and NFHA-SS loaded composites there were no signifi-
cant differences in terms of FM (p > 0.05). Furthermore,
in accordance with other studies in the literature, the FM

values obtained in the present study were found to be
higher compared to most of commercial composites.*
Taking into consideration that the primary cause of fail-
ure in posterior restorations for commercial resin com-
posites is the brittle nature of quartz particles, the
incorporation of hydroxyapatite filler in the form of whis-
kers, nanorods, nanofibers, and so forth, has been shown
to enhance load transfer and promote toughening mecha-
nisms. Additionally, it increases the FM and fracture
toughness of unfilled resins.’” Therefore, the use of HA
structures with NF morphology in composites may offer
advantages to prevent failure in the clinical usage. Com-
pressive stress testing is employed to assess the mechani-
cal properties of restorative materials. Given that a
significant portion of masticatory forces involves com-
pressive forces, evaluating the durability of restorative
materials under such conditions holds great impor-
tance.®® Different filler particle sizes can lead to an
increased quantity of fillers within the composite matrix,
thereby imparting additional strength. This relationship
between an increased number of fillers and enhanced CS
is well-established.®® In this study, it was determined that
the CS values of NFHA-modified composites synthesized
with MW (p = 0.000), HT (p = 0.001) and SS (p = 0.000)
increased by approximately 25%, 11%, and 22%,
respectively, when compared to HA-modified composites
synthesized with CP. Intergroup comparisons of NFHA-
loaded resin composites revealed that there were no sta-
tistical differences between NFHA-MW and NFHA-SS
(p = 0.358). However, CS values of these were signifi-
cantly higher than NFHA-HT (p = 0.000 and p = 0.001,
respectively). In comparison to other studies, the CS
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values obtained in the current study were found to be
higher than commercial products and other HA-
modified composites in the literature. >+ 1t is
believed that the high CS values obtained in this study
are due to the silanized silica structure used as the main
reinforcing phase. Furthermore, since NFHA structures
provide superior compressive values, it can be stated that
they hold promise for increasing the longevity of restora-
tions against chewing forces.

The incorporation of HA in restorative dentistry pro-
vides intrinsic radio-opacity, hardness closer to the ideal
(similar to that of natural teeth), and consequently,
improved wear resistance.>® In this study, there was no
statistically significant differences for VH values of dou-
ble cured materials of NFHA-MW (p =0.988) and
NFHA-HT (p = 0.995) compared to SHA-CP on the top
surface measurements. However, NFHA-SS was demon-
strated the lowest VH values compared to other samples
(p < 0.05). In addition to these results, during applica-
tion, composite restorations undergo a curing process
from a single surface. To simulate the application, com-
posites were cured from a single surface, and the VH
values of both the curing surfaces (VH_SC_Top) and the
bottom surfaces (VH_SC_Bottom) of the structures were
measured. Measurements taken from curing from a sin-
gle surface yielded VH values similar to those obtained
from double-sided curing. VH_SC_Top values of NFHA-
MW (p = 0.012), NFHA-HT (p = 0.018), and SHA-CP
(p =0.015) were significantly higher compared to
NFHA-SS. Furthermore, there is no significant difference
among the VH_SC_Top values for NFHA-MW,
NFHA-HT, and SHA-CP (p > 0.05). On the other hand,
after curing the composites from a single surface, there
have been changes in the hardness values profile at the
bottom surface (VH_SC_Bottom). In this scenario, the
hardness values of SHA-CP and NFHA-SS (p = 0.722)
samples are significantly lower compared to NFHA-MW
and NFHA-HT (p = 0.998 and p < 0.05). These obtained
results are consistent with the curing depth results of the
samples. It is believed that due to the unique morphologi-
cal HA structures produced by the MW and HT methods,
they can transmit more light compared to CP and SS,
leading to a higher polymerization reaction and conse-
quently higher hardness values in these structures. The
utilization of VH tests is also regarded as an indirect yet
accurate parameter that can be correlated with the degree
of curing of resin composites, thereby reflecting the
degree of conversion.”*°® Based on the VH measure-
ments, it can be concluded that the polymerization
degrees of NFHA-MW and NFHA-HT samples are higher
compared to SHA-CP and NFHA-SS. The unreacted com-
pounds, which exhibit high mobility, have a significant
impact on plastic deformation, leading to reduced

strength and stiffness in the sample. In practice, if the
innermost layers of composite restorations are not suffi-
ciently cured, the elastic modulus at the base will be
lower than that at the surface. This can result in
increased material strain when subjected to masticatory
forces.>® Simultaneously, the nonhomogeneous crosslink-
ing of the composite paste triggers differential PS stresses,
leading to tensile stresses within the core of the resin
composite. Additionally, premature failure at both low
stress and strain levels could suggest a reduced cohesive
strength of the dental restorative paste, potentially due to
suboptimal interfacial interactions between the compos-
ite fillers and the matrix. The hardness values obtained in
the current study are also found to consistent with the
values of other composites modified with HA in the liter-
ature.***” Furthermore NFHA structures were also dem-
onstrated superior VH values compared to other similar
studies.®”***® However, it is not possible to make an
assessment regarding whether these similarities with
other composites are due to the morphological structure
of HA or differences in the organic matrix. Briefly, the
high hardness values provided by the use of HA powders
produced with the MW and HT methods can offer advan-
tages in terms of polishability, optical properties, and aes-
thetics.”” Therefore, the utilization of HA powders
produced through these methods in dental composites
may be advantageous in practical applications.

The primary drawback of HA particles as fillers for
restorative dentistry is their higher refractive index com-
pared to the resin matrix (n = 1.65 vs. n = 1.5 for the
resin).'® Still, all DOC values obtained in the current
study have met the requirement specified by ISO 4049
standard of >1.5 mm. While there is no significant differ-
ence in DOC values between SHA-CP and NFHA-SS
(p = 0.991), as well as between NFHA-MW and NFHA-
HT (p = 0.475), the DOC values obtained for SHA-CP
and NFHA-SS are significantly lower compared to
NFHA-MW and NFHA-HT (p < 0.05). DOC values were
acceptable in this study compared to other studies that
used HA as a reinforcing filler.*' Additionally, when
compared to commercial composites,'”" the DOC values
of the composites modified with NFHA in the current
study are in alignment with various commonly used
composites.

Conventional or traditional dental composites may
have PS values ranging from 2% to 5% or slightly
higher.'** Similarly, bulk-fill composites are designed for
efficient and deeper restorations. They typically have
slightly higher shrinkage values compared to low-
shrinkage composites, often in the range of 3%-4%.'%
Some dental composite manufacturers have developed
products with lower PS compared to traditional compos-
ites. These low-shrinkage composites often have
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shrinkage values in the range of 1% to 2%.'” The PS
values obtained in this study fall within a range similar
to that of traditional composites, approximately between
2.64% and 2.80%. The intergroup comparison was
revealed that there was no significant difference found
between the PS values obtained for NFHA-MW and
NFHA-HT (p = 0.125). When comparing NFHA struc-
tures, composite samples using HA structures obtained
with the SS method had the lowest PS values (p = 0.000).
Furthermore, when compared to SHA-CP, it was deter-
mined that SHA-CP significantly reduced the PS values
compared to NFHA-MW (p =0.000), NFHA-HT
(p = 0.000), and NFHA-SS (p = 0.000) structures. The
inorganic filler typology and its percentage influence
shrinkage behavior of the dental composite."’ According
to the literature findings HA loading also reduce the PS
values of RBCs. The findings obtained in this study are
consistent with the findings reported in the literature
within the scope of the study. Experimental results
obtained by Liu et al.*' regarding the PS evolution of a
resin composite at different ratios of HA/SiO, filler indi-
cated that the addition of nano-HAP particles reduced
the shrinkage from ~3.25% to about 2.0%. This reduction
in PS was primarily attributed to the higher refractive
index of HA, which influenced the crosslinking process.
As the mass ratio of HA increased, a lower degree of con-
version was achieved, leading to reduced shrinkage. Simi-
larly, Al-maamori et al.'® explained the decrease in
linear shrinkage with an increasing content of micro-HA
in a light-curing matrix by considering that the higher
inorganic content is associated with lower polymerization
values, which are directly related to shrinkage reduction.
Furthermore, HA particles can act as obstacles to resin
polymerization. Considering the high free energy of HA
nanoparticles as filler, it can be suggested that their use
allows for a higher loading ratio and thus a lower volume
shrinkage in the dental composite.'®

Surface roughness is of paramount importance in
restorative dentistry as it can lead to plaque formation,
discoloration, and mechanical wear of composite mate-
rials.’®® The quality of a surface can be assessed by quan-
tifying its roughness, which highlights the fissures,
streaks, or traces generated during a specific working or
finishing/polishing process.'”” Ra value in surface

TABLE 5 Surface roughness values

Surface roughness
of working groups. (Ra: arithmetic

mean of peaks and valleys, Rz: Ra (um)
maximum roughness depth, Rq: Rz (pm)
quadratic mean of y-axis roughness Rq (pm)

values).

roughness determines the vertical deviations from the
initial sample. Rz refers the average roughness of the sur-
face. Rq reflects the average quadratic deviation of the
heights of the profile roughness. Hence, the surface
roughness is crucial in determining the durability of the
composite material. ANOVA test showed that SR values
of composite was affected by the synthesis methods and
different morphologies of HA structures. As seen in
Table 5 SHA-CP filled materials were statistically rougher
(Rz) than NFHA-MW, NFHA-HT, and NFHA-SS. Among
the NFHA structures NFHA-SS filled materials showed
significantly higher SR values against NFHA-MW and
NFHA-HT filled composites. In terms of Rq and Rz SHA-
CP composites demonstrated the highest deviations com-
pared to NFHA-MW, NFHA-HT, and NFHA-SS. Among
the NFHA structures NFHA-SS has the greater deviation
compared to NFHA-MW and NFHA-HT. Compared to
SHA-HS all NFHA filled materials showed significantly
higher SR values. Among the NFHA structures SR values
of NFHA-SS was the lowest one compared to NFHA-MW
and NFHA-HT. As seen in the Figure 5, porosity attrib-
uted to the loss of particles on the surface seems to con-
tribute less to surface roughness (Ra) in SHA-CP and
NFHA-SS composite materials. On the other hand, it was
greater affect on the Rz and Rq in these samples.

This present study suggested that the NFHA synthe-
sis using microwave irradiation and hydrothermal treat-
ment (HT) could serve as more effective reinforcing
filler for dental resins/composites compared with spher-
ical HA. NFHA synthesis using MW irradiation is supe-
rior in meeting the Type 1 restorative material
requirements compared to other production techniques.
Moreover, it is worthy of pointing out that NFHA struc-
tures was demonstrated the highest mechanical proper-
ties compared to other studies conducted with
HA. Additionally, NFHA synthesis by HT and SS could
be useful to meet Type II requirements in RBCs. The
mechanical properties of the resulting composites could
be further improved changing SiO,, organic matrix
monomers, or reducing HA amount in the composite
structures. For future research, more experiments and
analysis such as adjusting filler ratio and total filler
loading, absorption/solubility in solvents, mechanical
properties under simulated oral environment, biological

SHA-CP NFHA-MW NFHA-HT NFHA-SS
0.30 0.13 0.14 0.19
1.02 0.86 0.98 1.04
0.21 0.10 0.11 0.18

Abbreviations: CP, chemical precipitation; HT, hydrothermal treatment; MW, microwave irradiation;
NFHA, nanoflower-like hydroxyapatite; SS, sonochemical synthesis; SHA, spherical shaped HA.
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FIGURE 5

Optical microscope images working groups after surface roughness measurements at x1.000 magnification, (a) SHA-CP,

(b) NFHA-MW, (c) NFHA-HT, and (d) NFHA-SS. CP, chemical precipitation; HT, hydrothermal treatment; MW, microwave irradiation;
NFHA, nanoflower-like hydroxyapatite; SS, sonochemical synthesis; SHA, spherical shaped HA. [Color figure can be viewed at

wileyonlinelibrary.com]

tests, should be conducted on NFHA filled dental resin
composites.

4 | CONCLUSION

In this study spherical hydroxyapatite was synthesized
using CP and the nanoflower hydroxyapatite was success-
fully synthesized by MW, HT, and SS and resin based
dental composites were fabricated. Compared with sila-
nized SHA and other studies in the literature, silanized
NFHA with unique spatial structure were increased the
mechanical and physical properties of the resulting com-
posites. Specially, NFHA-MW was leaded to a higher
mechanical strength than that of the dental resins with
NFHA-HT and NFHA-SS. Consequently, the innovative
nanoflower-like hydroxyapatite has the potential to serve
as a promising filler for producing dental resin compos-
ites with enhanced mechanical properties and potential
bioactivity.
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