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Abstract: A potential material for dental restorations and bone replacements is calcium phosphate
(CaP)-based ceramic material. Nevertheless, its limited ability to withstand thermal processing and
weak mechanical strength prevents it from being used in hard tissue engineering. Hydroxyapatite
has been extensively used as a CaP-based biomaterial in prosthetic applications. On the other
hand, zirconia is an inorganic material that combines outstanding mechanical capabilities with
bioinert characteristics. In the present investigation, we demonstrated the reinforcement of zirconia
in biomimetic hydroxyapatite (HAp) using a specially designed stir-type hydrothermal reactor to
improve the biocompatibility and mechanical stability of bare hydroxyapatite. X-ray diffraction
(XRD) analysis showed distinct peak shifts around 31° and 60°, which confirmed the formation
of a nanocrystalline HAp-Zirconia composite without any intermediate phases. The size of the
synthesized nanocomposite was found to be 30 nm using TEM. Further, the d-spacing value calculated
from high-resolution transmission electron microscope (HRTEM) images corresponded to the distinct
planes of the HAp (211) and zirconia (311) phases, respectively, in the composite powder. The
in vitro cytotoxicity study revealed excellent biocompatibility with MG-63 human osteoblasts. Hence,
the zirconia reinforced hydroxyapatite (HZ1) prepared in the present work could be utilized as a
successful approach in a variety of hard tissue engineering applications.

Keywords: hydroxyapatite; zirconia; nanocomposite; hydrothermal; biocompatibility

1. Introduction
1.1. The Significance of Biocompatible Materials in Biomedical Applications

Significant progress has been achieved in medical research and technology over the last
few decades. Medical devices have been made and improved using a variety of materials
in an effort to enhance their capabilities and increase patients’ safety [1]. Substantial efforts
have been put into developing biocompatible materials for biomedical applications [2-5].
Artificial biomaterials are being used more often to repair or replace broken bones. An
ideal biomaterial for repairing or replacing injured bone tissue should have mechanical
properties that are osteoinductive, osteoconductive, resorbable, and tunable to those of the
bone environment. The use of calcium phosphate (CaP)-based biodegradable materials in
reconstructive surgery of the bone has received a lot of attention to date [6].

1.2. Hydroxyapatite

Hydroxyapatite has been widely used as a CaP-based biomaterial in prosthetic appli-
cations owing to its excellent bioactivity, biocompatibility, corrosion resistance, chemical
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stability, and lack of in vivo immune system interference or rejection [7-9]. Recent devel-
opments in nanoscience have rekindled studies into nanoscale HAp synthesis in order to
precisely describe the small-scale features of HAp. Due to its excellent biocompatibility
and capacity for bone integration, it has been claimed that nano-HAp would be an optimal
biomaterial. The development of HAp biomedical materials has profited greatly from
advances in nanotechnology [8]. When HAp is being implanted in vivo, the existence of a
bone-like layer, such as apatite, on the surface of HAp is essential because it may create
a bone-bond between the implant and the live bone tissue [9,10]. According to reports,
the apatite surface on the bone could act as a good platform for osteoblastic development,
proliferation, and differentiation. When combined with live cells, this surface helps to
generate new bone [10]. Since it is the primary component of both human and animal bones
and teeth, and can also stimulate bone development, it has emerged as the standard in
medical treatment [11,12]. Both collagen and biological apatite, two elements that combine
to form bone, are organic components.

1.3. Composites of Hydroxyapatite

For superior mechanical qualities, structural engineering of synthetic HAp is thus
required, coupled with compositional matching. It has therefore been an intriguing area of
study in recent years to add second-phase ceramic elements to the HAp matrix to produce
products with increased strength and toughness [13]. Therefore, various materials such as
alumina [14], titania [15], and silica [16] nanoparticles have been incorporated in order to
increase the mechanical efficiency of HAp in hard tissue engineering. The effect of these
nanoparticles in the formation of HAp-derived composites shows promising biomechanical
properties for orthopedic applications [17].

1.4. The Hydroxyapatite-Zironia Composite

In particular, zirconia is an inorganic substance with excellent mechanical qualities.
Due to its exceptional biocompatibility, robustness, and promotion of oral rehabilitation
with good aesthetic and biological qualities, it has drawn considerable interest as a novel
ceramic material for dental implants [18]. It also has bio-integrative components that are
close to the ceramic inherent to bone, which expedites the improvement of the surface
of bone minerals [19]. The addition of low-weight-percent bioactive zirconia refines the
microstructure of HAp [20], reduces the crystallization temperature of HAp [21], enhances
bioresorbability [22], and encourages osteoblast cell attachment [23] and apatite formation
both in vitro and in vivo [24,25].

1.5. Methods of Preparation

Therefore, several synthesis methods, such as milling [26], precipitation methods [27],
microwave irradiation [22], and the RF suspension plasma spray process [28], have been
used to form homogeneous HAp-Zirconia composite powders. Among them, the hydrother-
mal method provides the necessary physico-chemical properties in the final product. The
benefits of this method include faster interactions between fluid and solid species, lower
operating temperatures, improved nucleation control, an increased reaction rate, increased
dispersion, improved shape control, no pollution (because the process is carried out in
an isolated system), improved reaction kinetics, and the production of phase pure and
homogeneous materials [29].

1.6. Drawbacks of the Previous Approaches

However, during the utilization of the hydrothermal method, generally, a two-step
process is required to prepare any composite material. The first step is to prepare one of
the individual components of the composite and then, in the second step, while preparing
another component of the composite, the component prepared in the first step will be
combined with it to prepare the final composite. The disadvantage is that it is both time-
and energy-consuming.
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1.7. Objectives and Advantages of the Present Work

The current approach can overcome this problem because it consists of a single step.
Due to the specific design of the hydrothermal reactor, the second step is eliminated and
the precursor solution of the second component can be introduced while the instrument
is in progress. Hence, the objective of the present work was to prepare a HAp-Zirconia
composite by utilizing a specially designed hydrothermal reactor. This type of study is
scarce in the literature. A HAp-Zirconia nanocomposite was prepared under optimized
conditions using this uniquely crafted hydrothermal instrument and systematically studied
for its physico-chemical, thermal, and mechanical properties. The microstructure and ther-
momechanical properties of the prepared nanocomposites were characterized using X-ray
diffraction (XRD), transmission electron microscopy (TEM), thermogravimetric analysis
(TGA), differential scanning calorimetric (DSC) analysis, elemental mapping techniques,
and a nanoindentation study. In addition, we also evaluated the cytotoxicity of the synthe-
sized HZ1 against MG-63 osteosarcoma cell lines.

2. Materials and Methods

The starting material for the preparation of the HAp-Zirconia composite included calcium
nitrate tetrahydrate (Ca(NOj3),-4H,0), diammonium hydrogen phosphate ((NH),HPOy),
zirconyl nitrate (ZrO(NO3),-HpO), and a 25% ammonia solution. All the chemical reactions
were carried out in double-distilled water.

2.1. Synthesis of the HAp-Zirconia Composite

The process of preparing the HAp-Zirconia composite in hydrothermal conditions
under autogenous pressure is shown in Scheme 1.

[ Ca(NO,),.4H,0 ][ (NH,),HPO, ]\ ZrONO,), H,0

(1 M) (0.6 M) ) 1rs
(pH 10) })”713 -§A M.

(pH 10y [ 7=2 %

@ 0.375M
| & 0.5 M)

Stir type Hydrothermal
system 100 “C for lh

{ Stir type Hydrothermal ] @

system 250 °C for 5Sh |

HAp-zirconia
composite

Scheme 1. Flowchart for the synthesis of the HAp-Zirconia composite.

Typically, 250 mL of 1 M Ca(NO3),-4H,0O and 250 mL of a 0.6 M (NH4),HPOy, solu-
tion were mixed and transferred to a 1000 mL Teflon-lined stainless steel autoclave and
hydrothermally treated at 100 °C for 1 h. This mixture was then treated for 5 h at 250 °C
with 100 mL of various molarities of ZrO(NOj3),-HyO. The powder was then dried and
calcined for 2 h at 850 °C. A similar process was followed at a volume of 100 mL for differ-
ent concentrations of ZrO(NOs),-H,O (0.125 M (HZ1), 0.25 M (HZ2), 0.375 M (HZ3), and
0.5 M (HZ4)) at constant starting material concentrations of HAp. The same experiment



Appl. Sci. 2022,12,11056

40f12

conditions were used to prepare pure HAp or pure zirconia, with the exception of the
addition of their composite precursors in the autoclave setup, with only the addition of
Ca(NOs3),-4H,0 with (NH4),HPO4 and ZrO(NOs),-H,O used with pure HAp and pure
zirconia, respectively. The stoichiometric equation was used to determine the concentra-
tions of HAp and zirconia in the final samples. As per the stoichiometric calculations, the
reaction between Ca(NO3);-4H,O and (NH4), HPO, yielded a product (Ca;o(PO4)s(OH);)
of 29.32 g (31.86% yield). In addition, ZrO(NOs),-H,O yielded 49.43% of ZrO; as a product,
wherein the presence of ZrO, in the HZ1, HZ2, HZ3, and HZ4 composite samples was 1.54,
3.08, 4.62, and 6.16 g, respectively. Table 1 shows the presence of HAp and zirconia (weight
percent) in the as-prepared samples.

Table 1. The presence of HAp and zirconia content in the as-prepared samples.

Sample Code HAp (Weight %) Zirconia (Weight %)
Pure HAp 100 0
Pure zirconia 0 100
HZ1 95.01 4.99
HZ2 90.49 9.51
HZ3 86.39 13.61
HZ74 82.64 17.36

2.2. Characterization of the HAp-Zirconia Nanocomposite

The obtained powder was characterized using an X-ray diffraction (XRD) Xpert pow-
der diffractometer (PAN Analytical, Eindhoven, The Netherlands) with Cu-k« radiation of
1.5406 A at a scan rate of 5 °/min in the scan range of 20-80° to determine the characteristic
phase formation of the HAp-Zirconia composite. Thermal analyses such as thermogravime-
try (TG) and differential scanning calorimetry (DSC) analyses of the prepared samples were
performed from room temperature to 1200 °C at a heating rate of 10 °C/min using the
NETZSCH STA 449F3 instrument (Yokohama, Japan). The morphological distribution of
the prepared composite was determined using a transmission electron microscope (TEM,
JEOL JEM 2100, Freising, Germany) and a field emission scanning electron microscope
(FESEM, SIGMA HYV (Carl Zeiss, Jena, Germany) with a Bruker Quantax 200-210 EDS
detector, (Billerica, MA, USA)).

Green pellets of the HAp-Zirconia (HZ1) composite with dimensions of 12 mm in
diameter and 2 mm in thickness were prepared using a hydraulic pellet press with an
applied load of 12 MPa. No binder was added in the preparation of the composite pellet.
The hardness and Young’s modulus of the prepared composite were determined using
an Ubi 1 Scanning Quasistatic Nanoindenter (TI-700; Hysitron Inc., Billerica, MA, USA)
with a Berkovich pyramidal indenter. The surface area, pore size, and pore size distribu-
tion were measured using a BELSORP Max (Microtrac BEL, Osaka, Japan) utilizing the
Bruner-Emmet-Teller (BET) and Barrett-Joyner-Halenda (BJH) techniques, and the experi-
ments were performed under liquid nitrogen (—196 °C). The total pore volume was derived
from the quantity of nitrogen adsorbed at P/Py~0.99, while the surface area was estimated
at a relative pressure ranging from 0.1 to 0.5 using the BET method. Before examination of
the surface area, the samples were warmed at 250 °C for 2 h under a vacuum to eliminate
the interlayer humidity and the volatile compounds of the samples.

The sintering process was carried out in an atmosphere of air. The samples were
placed in an alumina crucible and transferred to a muffle furnace. The heating rate for the
sintering process was maintained at 5 °/min and the system was allowed to cool down to
room temperature automatically. The MG-63 human osteosarcoma cell lines were obtained
from the National Centre for Cell Science (NCCS), Pune, India, and used in the cytotoxicity
investigation utilizing the MTT assay. The cells were cultured in Eagle’s minimal essential
medium with 10% fetal bovine serum (FBS). In a CO, incubator, the cells were kept at
37 °C, 5% CO,, 95% air, and 100% relative humidity. The cultures were switched every
week, while the medium was switched twice a week. The cells were treated with different
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concentrations (12.5, 25, 50, 100, and 200 ug) of the composite powder for 48 h. Cells treated
without nanoparticles were used as a control. The percentage of cell viability was analyzed
by the MTT assay as mentioned in our previous report [30].

3. Results
3.1. X-ray Diffraction Analysis

The XRD patterns of HAp, zirconia, and the HAp-Zirconia composites are shown in
Figure 1. The characteristic peaks of HAp and zirconia were compared with standard JCPDS
files. A hexagonally structured HAp with a primitive lattice associated with JCPDS file No.
09-0432 and an orthorhombic-structured zirconia with a primitive lattice correlated with
JCPDS file No. 87-2105 were obtained [31,32]. With the aim of obtaining distinct phases of
HAp and zirconia, the composite powder was calcined at 850 °C for 2 h [21]. The prepared
HZ1 sample shows distinct peaks of both HAp and zirconia, which indicates the formation
of a HAp-Zirconia composite compared with the other composite samples (HZ2-HZ4).
Conversely, in HZ2-HZ4, the increasing concentration of zirconyl nitrate showed an
increased trend in intensity (Figure 1b), whereas the reduction in the peak intensity of HAp
could be attributed to alteration of the texture of HAp with respect to the concentration of
ZrO, [33]. The particle size of the prepared samples was determined using the Scherrer
equation. The average particle size for pure HAp, pure zirconia, HZ1, HZ2, HZ3, and HZ4
was 17.31 nm, 14.37 nm, 13.94 nm, 13.97 nm, 14.21 nm, and 14.16 nm, respectively.

Intensity (a.u.)

o o A RureHAp
!‘Mw.”w e o Pure HAp M
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(=) P o ® Pure Zirconia| _| M
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Figure 1. (a) XRD patterns of HAp, zirconia, and the HAp-Zirconia (HZ1-HZ4) composites (b) XRD
patterns in the region of the major intensity peaks.

3.2. Electron Microscopy Analysis

The morphology of the prepared pure HAp and HZ1 composite powder was ana-
lyzed using TEM and FESEM (Figure 2). The TEM images illustrate the distribution of
nanoparticles with a nonuniform morphology for pure HAp (Figure 2a). Figure 2c shows
the FESEM image of the as-prepared HAp-Zirconia composite (HZ1); the formation of bulk
agglomerates can be observed. The image at higher magnification revealed the presence of
minute freely dispersed particles attached to the sample’s surface. Figure 2b,e shows the
HRTEM images of the pure HAp and the HAp-Zirconia composite (HZ1), respectively. The
obtained d-spacing value of 0.28 nm corresponds to the (211) hkl plane of pure HAp, and
0.241 nm is associated with the (111) hkl plane of zirconia present in the composite, which
are in good agreement with the XRD results.
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Figure 2. (a) TEM and (b) HRTEM images of pure HAp; (c) FESEM (d) TEM (e) HRTEM, and (f) SAED
patterns of the HAp-Zirconia (HZ1) composite; (g-k) elemental mapping; and (1) energy dispersive
spectrum with the percentage of chemical elements present in the HAp-Zirconia (HZ1) composite.

The elemental distribution of the prepared composite (HZ1) powder was determined
using elemental mapping, as shown in Figure 2g—k. This confirmed the major distribu-
tion of Ca, P, and O in the middle region, which corresponded to HAp, and the sparse
distribution of Zr in between Ca, P, and O. This illustrated the formation of a HAp-zirconia
composite with a major HAp component that acts as a matrix and trace zirconia as a
reinforcement material. The EDS spectrum (Figure 21) revealed a <10% addition of zirconia
to the HAp matrix. The atomic percentages of Ca, P, Zr, and O were 6.49, 3.54, 0.31, and
89.66%, respectively.

3.3. TG/DSC Analysis

The thermal behavior of the prepared HAp-Zirconia composite material was deter-
mined using the TG/DSC curve shown in Figure 3. In the temperature range of 30-100 °C,
a 10% proportional weight loss was observed. Further, in the second stage, a weight loss of
15%, and in the third stage, a weight loss of 10% was observed in the temperature range of
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100-250 °C and 250450 °C, respectively. The DSC results revealed endothermic peaks at
temperatures of 103 °C and 517 °C, and also an exothermic peak at 290 °C.
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Figure 3. TG/DSC curve of the HAp-zirconia (HZ1) composite.

3.4. BET Analysis

Figure 4 shows the N, adsorption—desorption plot of the as-prepared composite
sample. According to IUPAC, the obtained N, adsorption—desorption curves are associated
with a Type Il isotherm, which corresponds to the nonporous nature of the materials [34,35].
The resulting composite material’s modest surface area of 19 m? /g further validates this
conclusion. The pore volume and pore diameter were calculated as 0.030152 cm3/g and
14.27 nm, respectively.
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Figure 4. (a) N adsorption—-desorption isotherm and (b) BJH plot of the HAp-zirconia (HZ1) composite.

3.5. Nanoindentation Study

The mechanical behavior of the prepared composite was determined using a nanoin-
dentation study. The load vs. displacement graph obtained from the nanoindentation study
is shown in Figure 5. The hardness and Young’s modulus of the unsintered pellet were
calculated as 0.3 GPa and 2.26 GPa, respectively. The hardness of pure HAp was found
to be 0.8 GPa. The hardness and Young’'s modulus values were found to be 0.9 GPa and
8.19 GPa, respectively [36].
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Figure 5. The force-displacement curve of pure HAp and the HAp-Zirconia (HZ1) composite.

3.6. In Vitro Biocompatibility

An MTT assay was performed to analyze the biocompatibility of pure HAp and the
HAp-Zirconia (HZ1) composite powder (Figure 6). Even at the increased concentration of
the HAp-zirconia composite, only a modest decrease in MG-63 cell survival was seen. The
graph between the percentage of viable cells and different concentrations of the composite
powder shows that 80% cell viability for the maximum concentration (200 pug/mL) tested
against MG-63 cells, as shown in Figure 6a. After 48 h, no significant morphological change
in the treated MG-63 cells was observed in the optical micrographs, as shown in Figure 6b.

(a) Bl Pure HAp

100 I H Ap-zirconia composite

0
(=]
1

% Cell viability
3

12.5

Figure 6. (a) MTT assay of pure HAp and the HAp-Zirconia (HZ1) composite, and (b) optical
micrographs of the MG-63 cell line treated for 48 h with different concentrations of the HAp-Zirconia
(HZ1) composite.
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4. Discussion

From the XRD patterns (Figure 1), it was observed that at a higher concentration of
71Oy, the peaks associated with zirconia also increased by around 28-32° (20 value), which
corresponded to the overlapping of the HAp-Zirconia peaks. Furthermore, no intermediate
peaks were observed, which confirmed that either HAp does not decompose or that no
interfacial reactions occurred between HAp and zirconia. Therefore, it was decided that
the composition used for preparing the HAp-Zirconia composite (HZ1 sample) under
hydrothermal conditions was the optimized condition. Therefore, only HZ1 was used
further for the morphological, thermal, mechanical, and cytotoxicity analyses.

The formation of bulk agglomerates was observed in the FESEM analysis due to the
composite’s primary nucleation (Figure 2c) [37]. However, under higher magnification,
the sample surface was observed to have an attachment of small-sized freely dispersed
particles due to secondary nucleation. According to the TEM results in Figure 2d, the size
of the HZ1 composite powder was observed to be in the 15-20 nm range, which confirmed
the formation of nanocomposites. HAp has an oval and rounded hexagonal morphology,
and zirconia has a spherical morphology. The SAED pattern shown in Figure 2f confirmed
the corresponding planes of the HAp (211) and zirconia (311) phases, as discussed in the
XRD analysis, which reaffirmed the formation of the HAp-Zirconia composites. A proper
distribution of zirconia on the surface of HAp was observed in the elemental mapping
results (Figure 2g—k). This showed that the majority of the HAp served as the matrix and
that trace amounts of zirconia served as the reinforcement. Further, the EDS spectrum
(Figure 21) revealed the ideal percentage of zirconia (<10%) added to the HAp matrix which
prevented Hap’s decomposition at higher temperatures [38].

The N, absorption—desorption results (Figure 4) revealed the Type II isotherm that
causes capillary condensation. The surface area, pore volume, and pore diameter were
calculated as 19.319 m? /g, 0.030152 cm®/g, and 14.27 nm, respectively. This indicates that
the multilayer adsorption of the prepared composites limits the high uptake of P/Pj [39].
However, the moderate surface area of the composite powders might help with molecular
attraction for biological applications [40].

According to the TG/DSC results (Figure 3), a relative weight loss of 10% at around
30-100 °C was observed, which corresponded to the vaporization of the adsorbed wa-
ter [27]. The second stage of weight loss of up to 15% was attributed to the removal of
hydroxyl groups adsorbing on the surface of the zirconia [41]. The third stage of weight
loss (up to 10%) corresponded to the release of chemically bound water and the breakdown
of the organic matrix and carbonates; moreover, the phase transition of zirconia from
the amorphous to the tetragonal phase occurs in this temperature region [42—44]. When
zirconia was added, the exothermic peak associated with the thermal conductivity of HAp,
which typically appeared at about 400 °C, was diminished [21]. The endothermic peak
observed at 103 °C corresponded to moisture evaporation, while the exothermic peak
observed at 290 °C was associated with the decomposition and degradation of organic
residues. Additionally, the endothermic peak associated with the crystallization of HAp
was obtained at a temperature of 517 °C. The sharpness of the endothermic peak indicated
a high degree of crystallinity [45]. Furthermore, the results confirmed a respectable thermal
stability for the as-prepared HAp-Zirconia composite.

From the nanoindentation study (Figure 5), for the HAp sample, the obtained hardness
was 0.8 GPa, which increased to 0.9 GPa with a Young’s modulus of 8.19 GPa in the HAp-
Zirconia composite sample. The results illustrated that the addition of zirconia increased
the mechanical strength of the HAp matrix [30]. Moreover, the results indicated that the
improved mechanical stability could help in mechanically bearable environments.

The MTT assay results revealed a good cell viability of 80%, even at a high concentration
of 200 pug/mL of the sample. However, a marginal decrease in the biological activity was
obtained for the composite materials compared with the pure HAp, especially at higher
concentrations of the sample. This might be due to the physical impact of the composite
material on the cell lines in powder form. Additionally, the higher concentration increases the
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material’s physical stress in its composite state, which reduces the biological activity of the
HAp/zirconia composite. However, 48 h of testing on MG-63 cells (Figure 6b) revealed no
significant morphological changes, confirming the biocompatibility and demonstrating the
potential of the HAp-Zirconia composite as a potential material for bone-related applications.

5. Conclusions

A HAp-Zirconia composite was successfully prepared using a specially designed
hydrothermal reactor under optimized conditions. Furthermore, the prepared materials
were systematically studied for their physicochemical, thermal, and mechanical properties.
Moreover, a biocompatibility evaluation was also carried out carefully. The XRD patterns
revealed that HAp peaks were dominant at a lower zirconyl nitrate concentration (0.125 M),
whereas zirconia peaks were dominant at a higher concentration (0.5 M). This clearly
indicated that the increase in the molar concentration of zirconyl nitrate altered the rein-
forcement material (zirconia) in the matrix (HAp) in the prepared composites. Further, the
elemental mapping of the composite prepared at a 0.125 M concentration of zirconyl nitrate
confirmed the reinforcement of zirconia nanoparticles in the HAp matrix. The mechanical
study indicated the high-temperature (1200 °C) processing stability of the developed com-
posite material, which could be used in high-strength bearing circumstances. Additionally,
the MTT assay showed 82% cell viability against a high concentration (200 pug/mL) of
the HZ1 composite material, revealing biocompatibility that could be applicable for bone
implant applications.

Author Contributions: Conceptualization, V.R.S. and R.M.; methodology, V.R.S. and K.A_; software,
VRS. and K.A,; validation, V.R.S. and K.A.; formal analysis, V.R.S. and K.A.; investigation, V.R.S. and
K.A,; resources, V.R.S. and R.M.; data curation, V.R.S. and K.A.; writing—original draft preparation,
VR.S. and K.A; writing—review and editing, RM., V.P. and T.O.; visualization, RM., V.P. and T.O.;
supervision, R M. and T.O.; project administration, R.M., T.O.; funding acquisition, R M., V.. and T.O.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Research Foundation of Korea (NRF) grant funded
by the Korean government (MSIT), grant number No. 2022R1A2C1004283.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kiradzhiyska, D.; Mantcheva, R.D. Overview of biocompatible materials and their use in medicine. Folia Med. 2019, 61, 34-40.
[CrossRef]

2. Hench, L. L. Bioceramics: From concept to clinic. . Am. Ceram. Soc. 1991, 74, 1487-1510. [CrossRef]

3. Knabe, C,; Gildenhaar, R; Berger, G.; Ostapowicz, W.; Fitzner, R.; Radlanski, R.; Gross, U. Morphological evaluation of osteoblasts
cultured on different calcium phosphate ceramics. Biomaterials 1997, 18, 1339-1347. [CrossRef]

4. Matsuoka, H.; Akiyama, H.; Okada, Y.; Ito, H.; Shigeno, C.; Konishi, J.; Kokubo, T.; Nakamura, T. In vitro analysis of the
stimulation of bone formation by highly bioactive apatite-and wollastonite-containing glass-ceramic: Released calcium ions
promote osteogenic differentiation in osteoblastic ROS17/2.8 cells. J. Biomed. Mater. Res. 1999, 47, 176-188. [CrossRef]

5. Yldnen, H.O.; Helminen, T.; Helminen, A.; Rantakokko, J.; Karlsson, K.H.; Aro, H. Porous bioactive glass matrix in reconstruction
of articular osteochondral defects. Annales Chir. Gynaecol. 1999, 88, 237-245.

6. Ullah, L; Zhang, W.; Yang, L.; Ullah, M.W.; Atta, O.M.; Khan, S.; Wu, B.; Wu, T.; Zhang, X. Impact of structural features of Sr/Fe
co-doped HAp on the osteoblast proliferation and osteogenic differentiation for its application as a bone substitute. Mater. Sci.
Eng. C 2020, 110, 110633. [CrossRef]

7. Akao, M.; Aoki, H.; Kato, K. Mechanical properties of sintered hydroxyapatite for prosthetic applications. J. Mater. Sci. 1981,
16, 809-812. [CrossRef]

8. Zhou, H;; Lee, ]. Nanoscale hydroxyapatite particles for bone tissue engineering. Acta Biomater. 2011, 7, 2769-2781. [CrossRef]


http://doi.org/10.2478/folmed-2018-0038
http://doi.org/10.1111/j.1151-2916.1991.tb07132.x
http://doi.org/10.1016/S0142-9612(97)00078-1
http://doi.org/10.1002/(SICI)1097-4636(199911)47:2&lt;176::AID-JBM7&gt;3.0.CO;2-Z
http://doi.org/10.1016/j.msec.2020.110633
http://doi.org/10.1007/BF02402799
http://doi.org/10.1016/j.actbio.2011.03.019

Appl. Sci. 2022,12,11056 11 0f12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

Hayashi, S.; Kuroda, Y.; Nakano, N.; Matsumoto, T.; Kamenaga, T.; Maeda, T.; Niikura, T.; Kuroda, R. Peri-prosthetic bone
remodeling of hydroxyapatite-coated compaction short stem was not affected by stem alignment. J. Orthop. Surg. Res. 2022,
17,1-11. [CrossRef]

Shuai, C.; Yang, W.; Feng, P; Peng, S.; Pan, H. Accelerated degradation of HAP/PLLA bone scaffold by PGA blending facilitates
bioactivity and osteoconductivity. Bioact. Mater. 2020, 6, 490-502. [CrossRef]

Mucalo, M. Animal-bone derived hydroxyapatite in biomedical applications. In Hydroxyapatite (HAp) for Biomedical Applications;
Elsevier: Amsterdam, The Netherlands, 2015; pp. 307-342. [CrossRef]

Boer, FE.C.D.; Wippermann, B.W.; Blokhuis, T.J.; Patka, P.; Bakker, F.C.; Haarman, H.].T.M. Healing of segmental bone defects with
granular porous hydroxyapatite augmented with recombinant human osteogenic protein-I or autologous bone marrow. J. Orthop.
Res. 2003, 21, 521-528. [CrossRef]

Rao, R.R.; Kannan, T. Synthesis and sintering of hydroxyapatite-Zirconia composites. Mater. Sci. Eng. C 2002, 20, 187-193.
[CrossRef]

Masseli, M.R.; Kuffner, B.H.B.; Vasconcelos, L.V.B.; Silva, G.; Sachs, D. Mechanical and physical characterization of hydroxya-
patite/alumina biocomposites produced by the powder metallurgy route for biomedical applications. Matéria 2021, 26, 1382.
[CrossRef]

Orekhov, E.V,; Arbenin, A.Y.; Zemtsova, E.G.; Sokolova, D.N.; Ponomareva, A.N.; Shevtsov, M.A.; Yudintceva, N.M.; Smirnov, V.M.
Template Electrochemical Synthesis of Hydroxyapatite on a Titania-Silver Composite Surface for Potential Use in Implantology.
Coatings 2022, 12, 266. [CrossRef]

Yuan, X.; Xu, Y.; Lu, T,; He, F; Zhang, L.; He, Q.; Ye, J. Enhancing the bioactivity of hydroxyapatite bioceramic via encapsulating
with silica-based bioactive glass sol. . Mech. Behav. Biomed. Mater. 2022, 128, 105104. [CrossRef]

Almotiri, R.A.; Alkhamisi, M.M. Physico-chemical behavior and microstructural manipulation of nanocomposites containing
hydroxyapatite, alumina, and graphene oxide. Appl. Phys. A 2022, 128, 1-13. [CrossRef]

Sen, D,; Patil, V.; Smriti, K.; Varchas, P.; Ratnakar, R.; Shetty, D.K.; Naik, N.; Kumar, S. Nanotechnology and Nanomaterials in
Dentistry: Present and Future Perspectives in Clinical Applications. Eng. Sci. 2022, 20, es8d703. [CrossRef]

Sharifianjazi, F.; Pakseresht, A.-H.; Asl, M.S.; Esmaeilkhanian, A.; Khoramabadi, H.N.; Jang, H.W.; Shokouhimehr, M. Hydroxyap-
atite consolidated by zirconia: Applications for dental implant. J. Compos. Compd. 2019, 2, 26-34. [CrossRef]

Chiu, C.-Y,; Hsu, P-Y.EN.H.-C.; Tuan, W.-H. Effect of zirconia addition on the microstructural evolution of porous hydroxyapatite.
Ceram. Int. 2007, 33, 715-718. [CrossRef]

Nayak, Y,; Rana, R.; Pratihar, S.; Bhattacharyya, S. Low-Temperature Processing of Dense HydroxyapatiteZirconia Composites.
Int. J. Appl. Ceram. Technol. 2008, 5, 29-36. [CrossRef]

Murugan, R.; Ramakrishna, S. Effect of zirconia on the formation of calcium phosphate bioceramics under microwave irradiation.
Mater. Lett. 2004, 58, 230-234. [CrossRef]

Afzal, A. Implantable zirconia bioceramics for bone repair and replacement: A chronological review. Mater. Express 2014, 4, 1148.
[CrossRef]

Mezahi, F.Z.; Oudadesse, H.; Harabi, A.; Le Gal, Y. Effect of ZrO,, TiO,, and Al,O3 Additions on Process and Kinetics of Bonelike
Apatite Formation on Sintered Natural Hydroxyapatite Surfaces. Int. J. Appl. Ceram. Technol. 2012, 9, 529-540. [CrossRef]
Pandey, A.K,; Pati, F; Mandal, D.; Dhara, S.; Biswas, K. In vitro evaluation of osteoconductivity and cellular response of zirconia
and alumina based ceramics. Mater. Sci. Eng. C 2013, 33, 3923-3930. [CrossRef]

Zhang, J.; Iwasa, M.; Kotobuki, N.; Tanaka, T.; Hirose, M.; Ohgushi, H.; Jiang, D. Fabrication of hydroxyapatite? Zirconia
composites for orthopedic applications. J. Am. Ceram. Soc. 2006, 89, 3348-3355. [CrossRef]

Silva, V.V.; Domingues, R.Z. Hydroxyapatite-Zirconia composites preparedby precipitation method. J. Mater. Sci. Mater. Med.
1997, 8, 907-910. [CrossRef]

Kumar, PN.; Kannan, S. Quantitative analysis of the structural stability and degradation ability of hydroxyapatite and zirconia
composites synthesized in situ. RSC Adv. 2014, 4, 29946-29956. [CrossRef]

Yoshimura, M.; Byrappa, K. Hydrothermal processing of materials: Past, present and future. J. Mater. Sci. 2007, 43, 2085-2103.
[CrossRef]

Sivaperumal, V.R.; Mani, R.; Nachiappan, M.S.; Arumugam, K. Direct hydrothermal synthesis of hydroxyapatite/alumina
nanocomposite. Mater. Charact. 2017, 134, 416-421. [CrossRef]

Agalya, P.; Kumar, G.S; Prabu, K.; Cholan, S.; Karunakaran, G.; Hakami, J.; Shkir, M.; Ramalingam, S. One-pot ultrasonic-assisted
synthesis of magnetic hydroxyapatite nanoparticles using mussel shell biowaste with the aid of trisodium citrate. Ceram. Int.
2022, 48, 28299-28307. [CrossRef]

Sharma, S.; Singh, A.; Das, R.M.; Kumar, M. Synthesis of Hydroxyapatite Nanoparticles by Modified Co-Precipitation Technique and
Investigation of the Ceramic Characteristics upon Thermal Treatment for Their Potential Applications for Water Treatment; CRC Press:
Boca Raton, FL, USA, 2022; pp. 151-169. [CrossRef]

El-Naggar, M.LE.; Abu Ali, O.A.; Saleh, D.I,; Abu-Saied, M.A.; Ahmed, M.K.; Abdel-Fattah, E.; Mansour, S.F. Microstructure,
morphology and physicochemical properties of nanocomposites containing hydroxyapatite/vivianite/graphene oxide for
biomedical applications. Luminescence 2021, 37, 290-301. [CrossRef] [PubMed]

Sing, K.S.W. Physisorption of nitrogen by porous materials. J. Porous Mater. 1995, 2, 5-8. [CrossRef]

Sing, K.S. The use of gas adsorption for the characterization of porous solids. Colloids Surf. 1989, 38, 113-124. [CrossRef]


http://doi.org/10.1186/s13018-022-03022-7
http://doi.org/10.1016/j.bioactmat.2020.09.001
http://doi.org/10.1016/b978-1-78242-033-0.00014-6
http://doi.org/10.1016/S0736-0266(02)00205-X
http://doi.org/10.1016/s0928-4931(02)00031-0
http://doi.org/10.1590/s1517-707620210004.1382
http://doi.org/10.3390/coatings12020266
http://doi.org/10.1016/j.jmbbm.2022.105104
http://doi.org/10.1007/s00339-022-05479-z
http://doi.org/10.30919/es8d703
http://doi.org/10.29252/jcc.2.1.4
http://doi.org/10.1016/j.ceramint.2005.12.008
http://doi.org/10.1111/j.1744-7402.2008.02180.x
http://doi.org/10.1016/S0167-577X(03)00451-8
http://doi.org/10.1166/mex.2014.1148
http://doi.org/10.1111/j.1744-7402.2011.02742.x
http://doi.org/10.1016/j.msec.2013.05.032
http://doi.org/10.1111/j.1551-2916.2006.01237.x
http://doi.org/10.1023/A:1018566124507
http://doi.org/10.1039/C4RA02441A
http://doi.org/10.1007/s10853-007-1853-x
http://doi.org/10.1016/j.matchar.2017.11.016
http://doi.org/10.1016/j.ceramint.2022.06.137
http://doi.org/10.1201/9781003247869-9
http://doi.org/10.1002/bio.4171
http://www.ncbi.nlm.nih.gov/pubmed/34837471
http://doi.org/10.1007/BF00486564
http://doi.org/10.1016/0166-6622(89)80148-9

Appl. Sci. 2022,12,11056 12 0of 12

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Rapacz-Kmita, A; Slésarczyk, A.; Paszkiewicz, Z. Mechanical properties of HAp-ZrO, composites. J. Eur. Ceram. Soc. 2006,
26,1481-1488. [CrossRef]

Rodriguez-Clemente, R.; Lépez-Macipe, A.; Gomez-Morales, ].; Torrent-Burgués, J.; Castafio, V. Hydroxyapatite precipitation: A
case of nucleation-aggregation-agglomeration-growth mechanism. J. Eur. Ceram. Soc. 1998, 18, 1351-1356. [CrossRef]

Leong, C.; Lim, K.; Muchtar, A.; Yahaya, N. Decomposition of Hydroxyapatite in Hydroxyapatite/Zirconia Composites for Dental
Applications. Adv. Mater. Res. 2013, 750-752, 1664-1668. [CrossRef]

Lowell, S.; Shields, J.E.; Thomas, M. A. Characterization of Porous Solids and Powders: Surface Area, Pore Size and Density; Springer:
Berlin, Germany, 2006; pp. 212-232. ISBN 978-1-4020-2303-3.

Moritz, M.; Geszke-Moritz, M. Mesoporous materials as multifunctional tools in biosciences: Principles and applications. Mater.
Sci. Eng. C 2015, 49, 114-151. [CrossRef]

Garskaite, E.; Gross, K.-A.; Yang, S.-W.; Yang, T.C.-K; Yang, ].-C.; Kareiva, A. Effect of processing conditions on the crystallinity
and structure of carbonated calcium hydroxyapatite (CHAp). CrystEngComm 2014, 16, 3950-3959. [CrossRef]

Sofronia, A.M.; Baies, R.; Anghel, E.M.; Marinescu, C.A.; Tanasescu, S. Thermal and structural characterization of synthetic and
natural nanocrystalline hydroxyapatite. Mater. Sci. Eng. C 2014, 43, 153-163. [CrossRef]

Isfahani, T.D.; Javadpour, J.; Khavandi, A.; Dinnebier, R.; Rezaie, H.R.; Goodarzi, M. Mechanochemical synthesis of zirconia
nanoparticles: Formation mechanism and phase transformation. Int. J. Refract. Met. Hard Mater. 2012, 31, 21-27. [CrossRef]
Deshmane, V.; Adewuyi, Y.G. Synthesis of thermally stable, high surface area, nanocrystalline mesoporous tetragonal zirconium
dioxide (ZrO,): Effects of different process parameters. Microporous Mesoporous Mater. 2012, 148, 88-100. [CrossRef]

Ming, J.; Zuo, B. A novel electrospun silk fibroin/hydroxyapatite hybrid nanofibers. Mater. Chem. Phys. 2012, 137, 421-427.
[CrossRef]


http://doi.org/10.1016/j.jeurceramsoc.2005.01.059
http://doi.org/10.1016/S0955-2219(98)00064-8
http://doi.org/10.4028/www.scientific.net/AMR.750-752.1664
http://doi.org/10.1016/j.msec.2014.12.079
http://doi.org/10.1039/c4ce00119b
http://doi.org/10.1016/j.msec.2014.07.023
http://doi.org/10.1016/j.ijrmhm.2011.08.011
http://doi.org/10.1016/j.micromeso.2011.07.012
http://doi.org/10.1016/j.matchemphys.2012.10.001

	Introduction 
	The Significance of Biocompatible Materials in Biomedical Applications 
	Hydroxyapatite 
	Composites of Hydroxyapatite 
	The Hydroxyapatite-Zironia Composite 
	Methods of Preparation 
	Drawbacks of the Previous Approaches 
	Objectives and Advantages of the Present Work 

	Materials and Methods 
	Synthesis of the HAp-Zirconia Composite 
	Characterization of the HAp-Zirconia Nanocomposite 

	Results 
	X-ray Diffraction Analysis 
	Electron Microscopy Analysis 
	TG/DSC Analysis 
	BET Analysis 
	Nanoindentation Study 
	In Vitro Biocompatibility 

	Discussion 
	Conclusions 
	References

