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ABSTRACT

Carbon-based nanomaterials, including carbon nanotubes, graphene, and carbon
dots, have emerged as promising candidates for applications in bone tissue regeneration
and engineering due to their benefits of being light weight, mechanical stability, and
remarkable ability for bone repair. However, their toxicity and dispersity are the most
significant concern and greatly limiting their suitability for clinical applications. In this
thesis, the surface modification of carbon black particles (CBs) based on core—shell
structure design as promising candidate materials for bone tissue engineering
applications has been fabricated. This work not only focuses on the synthesis of
TiC/TiO2/SrCOs-coated carbon black particles through molten-salt synthesis and
hydrothermal processes, but also the fabrication of a porous structure of mixed oxide
phases with titanium carbide on CBs through molten-salt synthesis and calcination at
various temperatures. The main objective of this study was to investigate the effect of
temperature on crystal structure, morphologies, surface wettability, and biological
functions of the prepared particles. Phase compositions and morphologies were
characterized by X-ray diffraction (XRD), energy-dispersive X-ray spectroscopy
(EDX), and field-emission scanning electron microscope (FE-SEM). Core-shell
structure was observed by transmission electron microscope (TEM). Furthermore, the
biological properties of as-synthesized bioceramic particles were evaluated using the
osteoblast (MG-63) cell line. Cell viability, cell proliferation, alkaline phosphatase
activity (ALP), calcium deposition, and protein synthesis of the particles were assessed
to gain insights into the interactions between the particles and bone cells. The results
demonstrated that reaction temperature played a pivotal role in determining the

bioactive properties of the synthesized bioceramic particles. Specifically, increased



Vi

hydrothermal and thermal treatment temperatures lead to enhanced crystallite size,
surface roughness, wettability, and biological functions of the as-synthesized particles.
In addition, the investigation pointed that the development of novel and improved
bioceramic materials with enhanced bioactivity not only results in more effective
treatments for bone defects but also contributes significantly to the advancement of

regenerative approaches in bone tissue engineering applications.
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1. INTRODUCTION

All over the world, a number of patients suffer from bone defects due to delayed
implant replacement after tooth loss, trauma, cysts, caries, tumor resection, and various
other disorders [1-2]. In severe cases, patients require treatment with the use of
bioactive materials or implants, to enhance bone healing. Different types of
biomaterials have been used to treat bone injuries, including metals, polymers, and
ceramic materials [3]. Nevertheless, their clinical applications have been limited. For
example, metals/alloys can lead to the extended release of ions during prolonged usage,
potentially causing allergic reactions and adverse responses due to corrosion-related
problems [4]. Biopolymers have appropriate fixation, but they are likely to release
monomers when implanted due to the degradation of implants [5]. Bioactive ceramics,
including hydroxyapatite (HA), beta-tricalcium phosphate (B-TCP), and bioactive
glasses, are commonly employed for bone regeneration [6-7]. B-TCP has been
recognized as a suitable material for promoting bone formation and replacement when
utilized as a bone implant material [8]. However, certain studies have indicated that -
TCP alone may not effectively stimulate sufficient bone growth [9-10]. HA exhibits
greater biocompatibility and stability within bone tissue when compared to 3-TCP [11].
Yet, HA has limitations in terms of its capacity for remodeling, making it unsuitable as
a bone defect treating material for bone healing [12]. On the other hand, some
investigations have reported that bioactive glasses demonstrate superior
osteoconductive properties, contributing to bone regeneration [13-14]. Nonetheless, the
notable lack of resorption of bioactive glasses represents a drawback in their use for
bone regeneration [15].

In recent years, there has been a growing interest in utilizing various carbon-
based materials, including carbon nanotubes, graphene, and carbon dots, for
applications in bone tissue engineering [16]. These materials possess unique structures
and properties such as excellent mechanical strength, adjustable surface functionalities,
high biocompatibility, and commercial availability. Consequently, they offer
remarkable potential for bone tissue regeneration, cell proliferation, and osteogenic

differentiation.



While carbon black particles (CBs) have been extensively studied as a
representative carbonaceous toxicant in air pollution research and have shown size-
dependent effects on in vitro cultures [17], their use in bone tissue engineering remains
uncertain. Ultrafine CBs with sizes below 100 nm have been found to exhibit toxicity
and pose potential risks to various biological systems, leading to adverse health effects
including respiratory, lung diseases, allergic immune responses, and vascular effects
[18-24]. The toxic nature of nanoscale CBs can be attributed to their high surface area,
surface reactivity, and ability to adsorb toxic substances.

The effects of nanosized CBs on bone health and osteogenesis are not well
understood, and only a limited number of studies have been reported in this area. For
example, Shen et al. [25] examined the impact of nanosized CBs on the osteogenesis of
mesenchymal stem cells (MSCs) and found that CBs inhibited osteogenic
differentiation, reduced alkaline phosphatase activity, and disrupted mitochondrial
fusion and fission during osteogenesis. Furthermore, the dispersion of CBs in liquid
media posed challenges due to their high aggregation and poor wettability. Similarly,
Kim et al. [26] investigated the dispersion of CBs in various solutions, including
distilled water, Krebs-Ringer solution (KR), physiological salt solution (PSS), and
biological buffer solutions such as cell culture media and blood plasma. Their results
revealed that nanosized CBs exhibited a higher degree of agglomeration and incomplete
dispersion in KR, PSS, and biological buffer solutions compared to larger-sized
particles. Moreover, Sahu et al. [27] demonstrated that nano-sized CBs (~50 nm)
induced greater toxicity and inflammatory responses in human monocytes compared to
micron-sized CBs (~500 nm). These findings underscore the need for further
exploration of the effects of nanosized CBs on bone health and osteogenesis, as well as
addressing challenges related to their dispersion and aggregation in liquid media.

Based on findings, nanosized CBs elicit a more pronounced inflammatory
response compared to coarse ones. However, those carbon black particles were used in
the forms of both nanoscale and bare surfaces, which were found to be highly
aggregated, poorly dispersed, and exhibited high surface reactivity and toxicity. In this
study, submicron CBs with surface modification were used to minimize those adverse

effects on wettability and biological systems as well as to create lightweight bioactive



materials as reinforcing agents for bone tissue engineering applications. This thesis
focuses on the surface modification of CBs and is divided into two main parts. The first
part involves the designation of a coating layer composed of a TiC/TiO2/SrCOs
nanocomposite. This nanocomposite is coated onto CB surfaces using molten salt
synthesis (MSS), followed by hydrothermal process at various temperatures. The
second part focuses on core-shell porous mixed oxide phases containing TiC on CBs.
This is achieved through MSS and calcination at different temperatures. The presence
of multiphases on CBs could enhance both physical and biological properties.
Moreover, TiC could improve surface wettability, hardness, wear resistance,
compressive strength, biocompatibility, and osseointegration [29]. On the other hand,
mixed oxides (TiO2, Ti2O3z, Ti3Os) provide biocompatibility, low cytotoxicity, stability
in body fluids, and corrosion resistance, favorable molecular response, and
osseointegration [30-31]. SrCO3 enhances bioactivity, biocompatibility, bone repair,
and the formation of new bone [32]. Furthermore, porous shell layer promotes bone
tissue regeneration, and integration with the surrounding bone tissue [33-34].
Interestingly, there are only a few studies focusing on the fabrication of core-shell
structure with multiphases coating on CBs for bone regeneration. The aim of this work
is therefore to create such structured particles and to investigate the effect of
temperature on phase composition, crystal structure, morphologies, surface roughness,
wettability, and biological functions of the fabricated particles for bone tissue

engineering applications.



2. OBJECTIVES

To prepare core-shell structure of TiC/TiO2/SrCOs coating on carbon black
particles via molten salt synthesis and hydrothermal process at different
temperatures.

To fabricate core-shell porous structure of mixed oxide phases with TiC on
carbon black particles by molten salt synthesis and calcination at different
temperatures.

To investigate the effect of temperature on crystal structure, phase composition,
morphologies, surface roughness, wettability, and biological functions of the

prepared particles for bone tissue engineering applications.



3. SIGNIFICANT RESULTS AND DISCUSSION

3.1 TiC/ TiO2/SrCOs coating on carbon black particles

The study on this topic, including the experimental details and the discussion of
the significant results, is presented in the form of an academic article that has been
published in Journal of American Ceramic Society, Volume 106, Pages. 2689-2701 as
attached in Appendix A. The significant results are phase composition, morphology,
wettability measurement, and biological functions of the core-shell composite particles

as follows.

3.1.1 Preparation of TiC/ TiO2/SrCQOs3 coating on carbon black particles

TiC-coated carbon black particles (TCBs) were prepared via molten salt
synthesis. Ti powders were mixed with CBs in a molar ratio of 1:8. The resulting
mixture was then combined with potassium chloride (KCI) in an agitate mortar. Next,
the mixture was transferred to an alumina crucible and covered with a lid. The crucible
was placed inside an alumina-tube furnace, and fired at 900°C for 4 h in an argon
protected atmosphere with heating and cooling rates of 3°/min. Once the furnace cooled
down, the solidified mass was repeatedly washed with distilled water, to remove
residual salt, and then oven-dried overnight. The sample gained from this process was
designated as TCBs.

The TCBs were used as a raw material for fabricating TiC/TiO2/SrCOs on
carbon black particles via hydrothermal process. As-synthesized TCB powder of 0.5 g
was loaded into a 0.1M (SrNOs). solution and sonicated for 15 min to obtain a
homogeneous suspension. The suspension was loaded into a Teflon container (10 ml
volume), placed in an autoclave reactor, sealed tightly, and heated to 180, 200, 225, and
250°C for 2 h. The samples were filtrated and thoroughly washed with distilled water
prior to drying in an oven. All samples were labelled according to reaction temperature
as presented in Table 1. The obtained samples were used for characterization, contact

angle and biological properties test.



Table 1 Sample ID and synthesis conditions.

Samples Details

CBs As-received carbon black particles

TCBs TiC-coated carbon black particles via molten salt synthesis at 900°C
for4 h

HT180 Hydrothermally treated TCBs in distilled water at 180°C

SrHT180 Hydrothermally treated TCBs in a 0.1M (SrNOs)2 solution at 180°C
SrHT200 Hydrothermally treated TCBs in a 0.1M (SrNOs)2 solution at 200°C
SrHT225 Hydrothermally treated TCBs in a 0.1M (SrNOs)2 solution at 225°C
SrHT250 Hydrothermally treated TCBs in a 0.1M (SrNOs). solution at 250°C
Control Agarose hydrogel solution without particles

3.1.2 Phase composition and crystallinity of core-shell composite particles

Phase identification and crystallinity of the product powders were examined by
X-ray diffraction (XRD, X’Pert MPD, PHILIPS, Netherlands). Figure 1 shows XRD
patterns of as-received CBs and as-prepared samples of TCBs, HT180, SrHT180,
SrHT200, SrHT225, and SrHT250. Two broad peaks of C phase (ICDD card 00-041-
1487) were observed, without any other impurity phases, on the uncoated CBs at 26 =
25.18° and 43.5° attributing to an amorphous nature of as received CB particles (Figure
1a). After MSS, the presence of TiC (ICDD card 01-076-7070) and carbon (C) phases
was identified (Figure 1b). Notably, no unreacted titanium (Ti) or intermediate phases
were detected, indicating the successful and complete formation of TiC through the
molten salt synthesis method. After hydrothermal treatment of TCBs with and without
Sr(NOs)2, additional phases were observed based on the synthesis temperature. At
180°C, TiC was the major phase, accompanied by minor phases including anatase TiO-
(ICDD card 01-075-2547), rutile TiO2 (ICDD card 01-079-6029), Ti.O3 (ICDD card
01-074-0324), and Ti30s (ICDD card 01-083-7068) (Figure 1c). For the sample treated
with Sr(NO3)2, the presence of orthorhombic SrCOz; (ICDD card 01-078-4340) was
additionally observed at 180°C, and crystallinity noticeably increased with temperature
(Figure 1d). The appearance of titanium oxide phases was attributed to the oxidation of



TiC during the hydrothermal treatment, while the presence of SrCOs resulted from the
reaction between Sr?* and COy in the reaction solution [35]. Furthermore, compared to
HT180, SrHT180 exhibited significantly higher and sharper Ti.Oz and Ti3Os peaks with
a decrease in TiC peak intensity, suggesting an accelerating oxidation of TiC under the
presence of Sr(NOz)2. At 200°C (SrHT200), phase composition remained the same
(Figure 1e). Interestingly, at 225°C, rutile TiO2, Ti»Os, and TizOs disappeared, while
TiC became more prominent (Figure 1f). This phenomenon could be attributed to the
instability of those intermediate compounds under the hydrothermal conditions at or
above 225°C, leading to the production of TiC through a carbothermal reduction
pathway: TiO2 — TizOs — Ti203 — Ti(CxOy) — TiC [36]. Upon further increasing the
temperature to 250°C (Figure 1g), the intensity of SrCOs and anatase TiO» peaks
increased due to crystal growth, while the intensity of TiC decreased due to its increased
oxidation rate. In addition, the crystalline sizes were estimated using the Scherrer
equation and are presented in Table 2. It was observed that the crystallite size increased
with the reaction temperature. Therefore, the synthesis temperature played a significant
role on the phase composition and crystallite size of the nanocomposites.

% C ATIC ATiO,Anatase o Ti,0;

Intensity (a.u.)

20 ' 30 ‘ 40 50 60 ' 70 ' 80
20 (Degree)
Figure 1. XRD results of (a) as-received CBs, (b) TCBs, (c) HT180, (d) SrHT180, (e)

SrHT200, (f) SrHT225, and (g) SrHT250.



3.1.3 Structural study of core-shell composite particles

Figure 2 shows FE-SEM images of the as-received CBs, as-synthesized TCBs,
HT180, SrHT180, SrHT200, SrHT225, and SrHT250. Before MSS, as-received CBs
exhibit a spherical shape with an approximate diameter of 400 nm and smooth surfaces
(Figure 2a). After molten salt synthesis, (TCBs) (Figure 2b) remained spherical shapes,
and sizes of 400 nm, while their surfaces became rough due to the formation of dense
TiC nanocrystals (shell) coating on carbon surfaces (core). This observation suggests
the formation of core-shell structure after molten salt synthesis process. After
hydrothermal processing at temperatures ranging from 180 to 250°C (Figure 2c-g),
shapes and sizes of the materials remain unaltered, indicating that variation in
hydrothermal temperature has no effect on shapes and sizes of the CBs. However,
surface features, crystallite size and roughness were observed to be modified depending
on hydrothermal temperature. As shown in Table 2, crystallite size of the coating
components: TiC, TiO2, and SrCOs appeared to be increased with temperature. Not
only that but also coating of CBs with TiC significantly increased the surface roughness
from 8 nm (the uncoated CBs) to 17 nm (the TCBs). After oxidation, a notable increase
in roughness was observed with temperature from 23 nm (the SrHT180) to 43 nm (the
SrHT250). The observations indicated the influence of temperature on both crystallite
size and roughness of the products. Furthermore, formation of nanosized holes was
noticed on the hydrothermal product particles since the temperature was 180°C. This
revealed clearly the fresh C (core) underneath the crystalline coating (shell) as indicated
by arrows in (Figure 2d). The core was attributed to only unreacted C, while the shell
was composed of TiC along with its oxidation products and SrCOs.



Figure 2. FE-SEM images of (a) as-received CBs, (b) TCBs, (c) HT180, (d)
SrHT180, (e) SrHT200, (f) SrHT225, and (g) SrHT250.
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Table 2 Phase composition, crystallite size, and surface roughness of the samples.

Samples Crystallite size (nm) Surface
TiC TiO2 Anatase SrCo;  roughness (nm)
CBs - - - 8
TCBs 39.54 - - 17
HT180 19.35 28.38 - 21
SrHT180 27.48 32.91 57.53 23
SrHT200 28.97 35.13 71.02 25
SrHT225 33.61 36.33 71.39 30
SrHT250 42.44 38.08 76.85 43

3.1.4 Wettability measurement of the core-shell composite particles

The measurement of sample wettability was conducted using an OCA-15EC
contact angle (CA) meter. The contact angle is a reliable parameter used to assess the
hydrophobic or hydrophilic nature of a surface. Contact angle measurements were
performed on the as-received CBs, TCBs, HT180, SrHT180, SrHT200, SrHT225, and
SrHT250 samples (Figure 3). The CBs served as the control group. The contact angles
for the CBs and TCBs were 49.5+2.47° and 34.4+1.72°, respectively, indicating an
improved wettability of the CB particles when coated with TiC. After hydrothermal
treatment, the wettability of the samples exhibited significant enhancements compared
to the control. The degree of improvement increased with the rise in hydrothermal
temperature. At 180°C (SrHT180), the contact angle value was 33.8+1.69°, while at
250°C (SrHT250), it reduced further to 24.1+1.20°. Moreover, even at the same reaction
temperature, particles containing SrCOz (SrHT180) exhibited superior wettability
compared to those without SrCOs (HT180). It was also suggested that the presence of
anatase TiO2 nanocrystals on the particle surfaces contributed to increased wettability,
as reported by He et al. [37], who observed better surface wettability for anatase TiO>
compared to the rutile phase. Therefore, the significant changes in contact angle values
were attributed to factors such as crystallite size, surface roughness, and phase

composition, which were influenced by the reaction temperature. It is important to note
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that the wettability behavior of materials can be tailored by adjusting the reaction

temperature, and such surface properties play a crucial role in cell adhesion.
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Figure 3. Contact angle measurements of bare CBs, TCBs, and hydrothermally
treated samples at various temperatures. The insets FE-SEM images show the surface
features of the samples.

3.2  Biological functions of core-shell composite particles

3.2.1 Cell proliferation

To evaluate cell proliferation and biocompatibility, the PrestoBlue assay
(PrestoBlue® Cell Viability Reagent, Invitrogen, USA) was employed on day 1, day 3,
day 5, and day 7. Cell proliferation plays a crucial role in the biological aspect,
influencing the promotion of osseointegration in bone implant materials [38]. To assess
the bioactivity of the samples within each group, the PrestoBlue® reagent was utilized
over a period of seven days, as depicted in Figure 4. On day 1, the SrHT250 group
exhibited greater cell proliferation compared to the control, HT180, SrHT180,
SrHT200, and SrHT225 groups. On day 3, the SrHT250 group displayed significantly
higher cell proliferation than the other groups: the control, HT180, SrHT180, SrHT200,
and SrHT225. On the fifth day, both the HT180 and SrHT180 groups demonstrated
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similar results, which were significantly lower than those of the SrHT200, SrHT225,
and SrHT250 groups. HT180 group exhibited less proliferation than the other groups,
except for the control group on day 7. It is worth noting that cell proliferation
substantially increased from the first to the seventh day within each group. Intriguingly,
the SrHT250 group consistently exhibited the highest cell proliferation on all tested
days, attributed to its elevated roughness, wettability, and high crystallinity of anatase
TiO2 and SrCOs. According to Wang et al. [39], anatase TiO> demonstrated superior
cell behaviors such as adhesion, proliferation, and differentiation. Our findings support
that the combined properties of TiC/TiO2/SrCOz-coated CB particles are essential for

the enhancement in cell adhesion and proliferation.
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Figure 4. Cell proliferation of samples after measured with PrestoBlue® on day 1, 3, 5
and 7.

3.2.2  Cell viability

To determine viable cell numbers in the cell culture experiment, cell viability
and migration were observed on the samples using FDA staining under a fluorescence
microscope. Figure 5 illustrates the increase in osteoblast cells over time. It is evident
that both on day 1 and day 5, the control and HT180 samples exhibited less cell
adhesion compared to the Sr-groups, highlighting the role of SrCOs in enhancing cell
adhesion and viability. Notably, the SrHT225 and SrHT250 samples demonstrated high



13

cell anchorage on both days. These results indicate that the nanocomposite particles
possess a favorable surface for cell adhesion and viability. This finding aligns with a
previous study [40] which reported that SrCO3z promoted viable cell numbers and
significant cell attachment, demonstrating its cytocompatibility and ability to improve
bone tissue formation. In our research, it is suggested that factors such as phase
composition, nanotopography, and wettability contribute to the enhanced cell adhesion
and viability of the SrHT225 and SrHT250 nanocomposites. TiC, as suggested by
Lopreiato et al. [41], can promote cell maturation and adhesion. Moreover, anatase TiO>
has been recognized as a suitable material for bone cell adhesion due to its ability to
absorb more hydroxyl groups on surfaces, which is favorable for bone tissue formation
[42]. Our findings indicate that the SrHT225 and SrHT250 samples exhibited higher
hydrophilic surfaces compared to the other groups (Figure 3), and a highly wettable
surface was conducive to increased cell attachment. Additionally, Chen et al. [43]
reported that the nanotopography of particles influences cell adhesion, with higher
roughness and larger crystal size promoting cell adhesion and spreading. This
correlation is consistent with the nanotopography presented in this study, where
roughness and crystal size increased with temperature, resulting in enhanced osteoblast
cell adhesion on the as-prepared core-shell particles, particularly in the case of SrHT225
and SrHT250 samples.
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3.2.3 Calcium deposition

To measure calcium deposition, cell-lysis solutions were employed in
accordance with the manufacturer's guidelines (Calcium Colorimetric Assay Kit,
MAKQ22, Sigma-Aldrich, USA). The measurement of calcium deposition on the
samples was performed on day 7, day 14, and day 21, as indicated in Figure 6 by
measuring the optical density (OD) at 575 nm. On day 7, the SrHT200 group exhibited
higher calcium deposition compared to the other groups. On day 14, the calcium
deposition of the SrTHT200 group remained higher than the other groups, except for the
SrHT250 group. On day 21, the SrHT250 group demonstrated the highest calcium
deposition among all groups. Notably, there was a significant increase in calcium
deposition over time for the Sr-containing groups, particularly in the case of SrHT250.
These results highlight the crucial role of TiC/TiO2/SrCOs-coated carbon black
particles in promoting calcium deposition. Previous research has reported that Sr-
modified bioactive ceramic nanoparticles facilitate calcium deposition, mineralization,
and bone differentiation [44]. The presence of SrCO3 nanoparticles notably enhances
cell adhesion, proliferation, growth rate, alkaline phosphatase (ALP) activity, and

calcium deposition in osteoblast cells.
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Figure 6. Calcium deposition of samples on day 7, 14 and 21.
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Furthermore, the hydrophilicity and nanotopography of the nanocomposite
particles have been identified as critical properties that enhance their bioactive
functions, as supported by previous findings [45],[46]. Ceramic particles serve as
templates for calcium attachment secreted by osteoblast cells during bone tissue
formation, while hydrophilic particles with rough surfaces act as preferential substrates
for calcium deposition. In our study, the results demonstrate that the nanocomposite
particles, particularly the SrHT250 group, which exhibit high hydrophilicity and
favorable nanotopography, exhibit greater calcium deposition compared to particles

with lower hydrophilicity and roughness.

3.3 Core-shell porous mixed oxide phases with TiC coating on CBs

The study on this topic, including the experimental details and the discussion of
the significant results, is presented in the form of an academic article that has been
published in Journal Materials Research, Volume 38, Pages. 3504-3518 as attached in
Appendix B. The important results are phase composition, morphology, wettability

measurement, and biological functions of the core-shell porous particles as follows.

3.3.1 Preparation of core-shell porous mixed oxide phases with TiC coating on CBs

TiC-coated carbon black particles were prepared via molten salt synthesis
according to the above section and our previous procedure [47]. Titanium powders were
mixed with CBs at a molar ratio of 1:8. The resulting mixture was then combined with
KCI using an agate mortar. The mixture was transferred to an alumina crucible and
covered with a lid. Subsequently, it was placed inside an alumina tube furnace and
subjected to a firing process at 900°C for 4 h. The procedure was carried out in an
atmosphere protected by argon gas, with both heating and cooling rates set at 3°C/min.
After the furnace cooled down, the solidified mass was thoroughly rinsed with distilled
water to eliminate any residual salt. The sample was dried in an oven overnight. The
obtained samples were designated as TCBs. To obtain porous structure of mixed oxide
phased with TiC on CBs, TCBs were made calcination for 20 min at 100, 150, 200, and

250°C. The obtained samples were labelled as shown in Table 3.
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Table 3 Sample ID and fabricating conditions.

Samples Details

CBs As-received carbon black particles

TCBs TiC-coated carbon black particles via molten salt synthesis at
900°C for 4 h

TCBs100 Calcination at 100°C

TCBs150 Calcination at 150°C

TCBs200 Calcination at 200°C

TCBs250 Calcination at 250°C

Control Agarose hydrogel solution without particles

3.3.2 Phase composition and crystallinity of core-shell porous particles

Figure 7 illustrates XRD pattern of the CBs and TCBs synthesized using MSS
at 900°C for 4 h, with a Ti:CBs ratio of 1:8. The XRD pattern of these samples was
compared with those obtained after calcination at temperatures of 100, 150, 200, and
250°C for 20 min. The XRD pattern in Figure 7a reveals the presence of a single phase,
denoted as the C phase, at 20 values of 25.18° and 43.5°. These peaks correspond to the
amorphous nature of the initial CB particles (ICDD card 00-041-1487). Figure 7b, the
diffraction peaks observed at 20 values of 35.9°, 41.9°, 60.5°, 72.4°, and 76.1°
correspond to the (111), (200), (220), (311), and (222) reflections of TiC, respectively.
These peaks indicate the presence of TiC in the sample. Additionally, a broad peak
associated with carbon is observed at 20 = 25.18°, indicating the amorphous nature of
the carbon black used. No residual titanium or intermediate phases were detected,
suggesting complete reaction of TiC via MSS. Figure 7c shows the XRD pattern after
calcination at 100°C (TCBs100), where a small additional peak corresponding to rutile
TiO, is observed at 20 = 27.4° (110), along with the TiC and C peaks. As the
temperature is increased to 150-200°C (TCBs150, TCBs200), two more oxide phases,
TioO3 and Ti3Os, are observed alongside TiC, C, and rutile (Figure 7d, 7e). The
appearance of titanium oxide phases indicates the oxidation of TiC during thermal
treatment in the presence of air. Furthermore, at 250°C (TCBs250), the intensity of the

TiC peaks decreases noticeably, while the intensity of the oxide peaks increases due to



18

the accelerated oxidation rate at this temperature (Figure 7f). Additionally, the samples
subjected to higher temperatures exhibit increased crystallinity compared to the lower
temperature samples. The determination of the crystalline size of the samples was
examined using the Scherrer equation [48]. The crystallinities of samples were
increased with an increase in calcination (Table 4). Clearly, calcination affected the

crystalline size and the formation of the mixed-phases particles.
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Figure 7. XRD results of the samples; (a) CBs, (b) TCBs, (c) TCBs100, (d)
TCBs150, (e) TCBs200, and (f) TCBs250.

3.3.3 Structural study of core-shell porous particles

Figure 8 presents FE-SEM images of CBs and the samples prepared under
different conditions. The FE-SEM images provide the morphologies and surface
characteristics of the CBs (Figure 8a), TCBs prior to oxidation (Figure 8b), and

compare them with the calcination samples (Figure 8c-f). The CBs exhibit spherical
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shapes with smooth surfaces. The TCBs display spherical structures with an average
particle size of 400 nm and rough surfaces, attributed to the presence of TiC
nanocrystals on their surfaces. Calcination at temperatures ranging from 100°C to
250°C, all the particle samples retain their spherical shapes and 400 nm size, but their
surface features were modified. The observation of porosity, indicated by circles and
arrows, becomes evident starting from calcination temperature of 150°C (TCBs150)
and becomes more pronounced at 200°C and 250°C for TCBs200 and TCBs250,
respectively. Notably, TCBs250 exhibits more voids with diameters of approximately
80-130 nm, and some broken coatings are observed, as indicated by the arrows. These
observations are likely a result of crystal growth and an increased oxidation rate of TiC
at 250°C. The formation of such porous structures reveals the underlying carbon (C)
core and confirms the core-shell structure of the particles. This phenomenon can be
attributed to the diffusion rates of materials in the core (C) and shell (TiC) at the
calcination temperature. The roughness of the samples is evaluated using the arithmetic
average roughness (Ra) equation [49]. The findings revealed a noticeable increase in
surface roughness values as the calcination temperatures were raised. The surface
roughness of the particles was estimated and reported in Table 4. Core-shell structure
of the TCBs250 was further confirmed by TEM (Figure 9). The shell thickness was
around 15 nm. The SAED pattern revealed the diffraction rings of the (111), (200),
(220), and (311) planes of the cubic TiC and the (002) plane of C.




Figure 8. FE-SEM images of the samples; (a) CBs, (b) TCBs, (c) TCBs100, (d)
TCBs150, (e) TCBs200, and (f) TCBs250.
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Figure 9. TEM images of TCBs250: at magnification of (a) 25 000x and (b) 100
000x. The insert in (a) is SAED pattern of particles.

3.3.4 Wettability measurement of core-shell porous particles
Surface wettability plays a significant role in the evaluation of the biological

response of biomaterials and greatly influences cell behavior during the bone formation

process. Contact angle measurements were performed to assess the wettability of the
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uncoated CBs, TCBs, TCBs100, TCBs150, TCBs200, and TCBs250. The control group
consisted of uncoated CBs, which exhibited a contact angle value of 49.5+0.45°. A
significant decrease in the contact angle was observed in TCBs 35.8+0.18° compared
to the uncoated particles. Subsequently, when the TCBs were thermally treated in air at
temperatures ranging from 100°C to 250°C, their contact angles values further
decreased. The contact angle values for TCBs100, TCBs150, TCBs200, and TCBs250
were measured as 33.9+0.15°, 23.9+£0.12°, 20.8+0.12°, and 19.1+0.10°, respectively. It
is worth noting that all the TCBs groups displayed a considerable reduction in contact
angle value, from 49.5+0.45° for CBs to 19.1+0.10° for TCBs250. Moreover, the
estimated surface roughness values of the CBs, TCBs, TCBs100, TCBs150, TCBs200,
and TCBs250 were determined as 7.03+0.05, 15.07+0.02, 15.09+0.03, 15.42+0.12,
16.78+0.26, and 19.60+0.42, respectively. It is noteworthy that all TCBs groups
exhibited higher surface roughness values compared to the CBs. This phenomenon can
be attributed to the enhanced porosity observed in the particles, which is in accordance
with the observation from FE-SEM image (Figure 8). Remarkably, TCBs250 exhibited
a lower contact angle compared to the other samples, which can be ascribed to its
increased porosity and surface roughness. These factors contribute to enhanced

hydrophilicity.

Table 4 The crystalline size, surface roughness and contact angle measurement of the

samples.
Samples Crystalline size Surface roughness Contact angle
(nm) (nm) )
CBs - 7.03+0.05 49.5+0.45
TCBs 19.31 15.0740.02 35.8+0.18
TCBs100 20.36 15.09+0.03 33.9+0.15
TCBs150 25.42 15.42+0.12 23.9+0.12
TCBs200 32.96 16.78+0.26 20.8+0.12
TCBs250 35.21 19.60+0.42 19.140.10
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3.4  Biological functions of core-shell porous particles

3.4.1 Cell proliferation

Cell proliferation was assessed at different time points (day 1, 3, 5, and 7) using
PrestoBlue assay. Figure 10 illustrates the results, demonstrating that the control group,
TCBs, TCBs100, and TCBs150 exhibited lower levels of cell proliferation compared
to the other two samples. Specifically, TCBs200 displayed lower cell proliferation than
the other groups on day 1 but demonstrated an increase in cell proliferation from day 3
to day 5, with further growth observed up to day 7. Overall, cell proliferation increased
progressively from day 1 to day 7, and the TCBs250 group exhibited significantly
higher proliferation compared to the other groups, except for TCBs200 on day 5 and 7.
Notably, the cell proliferation results were comparable for TCBs200 and TCBs250 on
days 5 and 7. A high cell proliferation rate indicates a high level of tissue formation,
which is in good agreement with previous research [50]. Furthermore, cell proliferation
plays an important role in biological processes that contribute to the improvement of
the bioperformance of particulate biomaterials for bone tissue applications [51].
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Figure 10. Cell proliferation of the samples measured with PrestoBlue® on day 1, 3, 5
and 7.
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3.4.2 Protein synthesis

The protein synthesis of the samples was evaluated using the BCA kit, and the
measurements were taken at OD 595 nm on day 7, 14, and 21, as depicted in Figure 11.
The results indicate that the protein synthesis values for all groups did not exhibit
significant differences from day 7 to day 21, except for the TCBs250 group. On day 7,
both the control and TCBs demonstrated lower protein synthesis values compared to
the other groups. Conversely, the TCBs250 group exhibited significantly higher protein
synthesis values on day 14. Furthermore, the protein synthesis values of TCBs100,
TCBs150, and TCBs200 were higher than those of the control and TCBs groups on day
14 and 21. Especially, the TCBs250 group displayed the highest protein synthesis levels
on both days 14 and 21. Enhanced protein adhesion is related to the improved
wettability of the sample and points out the importance of hydrophilicity in promoting
bone formation. Wettability plays a vital role in cell adhesion, proliferation, and protein
adsorption. Furthermore, Elisa et al. [52] highlighted that protein adhesion on the

surface of bioactive materials is influenced by the surface properties.
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Figure 11. Protein synthesis of the samples on day 7, 14 and 21.
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3.4.3 ALP activity

ALP activity of the samples was examined, and the results are displayed in
Figure 12. On day 7, the ALP activity of TCBs100 was comparable to that of TCBs150,
and both exhibited higher values compared to the control and TCBs groups. On day 14,
the control group displayed lower ALP activity than the other groups. TCBs200
demonstrated similar ALP activity to the control on day 7 but exhibited significantly
higher activity than the control on day 21. The modified samples exhibited enhanced
ALP activity in comparison to the control group, which can be attributed to the
increased proliferation of MG-63 cells on TCBs200. The highest ALP values were
observed in TCBs250 on both day 7 and 21. The findings suggest that ALP activity
increases over time. The bioactive surface area of oxide particles, particularly Ti2Os,
plays a crucial role in influencing ALP activity induction. A higher surface area of
Ti»O3 particles has been found to promote greater ALP activity compared to particles
with a lower surface area. Some studies have reported the bioactivity of titanium oxide

surfaces in stimulating ALP activity [53],[54].
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Figure 12. ALP activity of the samples on day 7, 14, and 21.
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3.4.4 Calcium deposition

Calcium deposition on the samples was evaluated by measuring the optical
density (OD) at 575 nm on days 7, 14, and 21, as shown in Figure 13. On day 7, the
TCBs200 and TCBs250 samples exhibited higher calcium deposition compared to the
other groups. Similar levels of calcium deposition were observed in the control, TCBs,
and TCBs100 groups on day 14. Furthermore, the TCBs150, TCBs200, and TCBs250
samples demonstrated higher calcium deposition compared to the control, TCBs, and
TCBs100 groups. On day 21, the control group displayed significantly lower calcium
deposition compared to the other groups. The increased calcium deposition observed in
the modified samples can be attributed to the presence of Ti-based bioactive
compounds, including TiC, TiOz, Ti203, and TizOs, on the surface of the particles. In
the present study, a notable increase in calcium deposition was observed on TCBs250,
which is in good agreement with previous studies [55-57] that can be attributed to the

presence of mixed phases on the surface of the particles.
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Figure 13. Calcium deposition of samples on day 7, 14 and 21.
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4. CONCLUSIONS

4.1  Core-shell structure of TiC/TiO2/SrCOz coating on carbon black particles

The surface modification of carbon black particles was accomplished by coating
of TiC/TiO2/SrCO3 nanocrystals using molten salt synthesis and hydrothermal
treatment to enhance wettability and bioactivity of the particles. Molten salt synthesis
offered core-shell structure of TiC-coated carbon black particles leading to a significant
improvement in particle wettability. Hydrothermal synthesis conducted at different
temperatures facilitated the development of multi-oxide phases on the shell layers,
thereby enhancing the bioactivity of the particles. It was found that the reaction
temperature played a crucial role in influencing the microstructure, crystallite size,
surface roughness, and biological functionalities of the particles. Crystallite size,
surface roughness, and wettability of the coated particles increased with temperature
giving rise to a favored-nanotopography for cell activities of the particles heated at
250°C. Such a unique core-shell structure with a well-reserved nanotopography and the
synergistic effects facilitated by the multi-phase TiC/TiO2/SrCO3z of the particles
treated at 250°C led to an enhancement in various bioactivities such as cell adhesion,
proliferation, osteogenic differentiation, and calcium deposition of osteoblast cells.
These results illuminate the potential for the development of bioactive particles suitable
for use as filling materials in films and/or scaffolds for guided bone regeneration
(GBR).

(This work has been published in Journal of American Ceramic Society; Vol. 106, pp.
2689-2701, 2023)
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4.2  Core-shell porous bioactive compound of mixed oxide phases with TiC on

carbon black particles

In this study, we successfully fabricated core-shell bioactive compounds
comprising mixed oxide phases with TiC on CBs for bone augmentation in oral and
maxillofacial surgery. These particles were synthesized using molten salt synthesis and
calcination at various temperatures. The resulting particles exhibited a core-shell
structure with a porous structure. This unique structure contributed to enhanced
hydrophilicity, increased surface roughness, and improved bioactivity of the particles.
Interestingly, as temperature increased during calcination, the samples exhibited greater
surface roughness, porosity, and crystallite size compared to the other samples. These
characteristics are known to influence the biological response and bioactivity of
biomaterials, promoting favorable outcomes in bone tissue regeneration. Moreover, the
porous structure of the particles facilitated the attachment of biological molecules,
serving as signaling cues to promote the formation of new bone tissue. Notably,
TCBs250 demonstrated superior biological performance compared to the other
samples, exhibiting the highest cell response and bioactivity. In conclusion, TCBs250
emerged as a promising material for bone formation in oral and maxillofacial surgery.
The core-shell structure, coupled with its enhanced bioactivity and favorable cellular
response, TCBs250 is a potential candidate for application in bone tissue engineering
and regenerative medicine in the field of oral and maxillofacial surgery. This research
reveals valuable insights into the advancement of bioactive particles as a filling material
within films and/or scaffolds, serving the purpose of guided bone regeneration (GBR).
These findings contribute significantly to the ongoing development of biomaterials for
enhanced bone regeneration, offering promising prospects for future clinical

applications.

(This work has been published in Journal of Materials Research, Vol. 38, pp. 3504-
3518, 2023)



28

4.3 Conclusion remarks

In conclusion, our research has culminated in the enhancement of wettability
and bioactivity of submicron-sized carbon black particles via meticulous surface
modification processes: molten salt synthesis through the hydrothermal method and
calcination. Molten salt synthesis yielded a core-shell structure with TiC coating on
CBs. Furthermore, subsequent hydrothermal and calcination at different temperatures
led to the development of multi-phased structures in the shell layers. These structural
enhancements significantly improved particle wettability, paving the way for a
fundamental improvement in their bioactivity. Moreover, the reaction temperature
during the synthesis processes was revealed to be a pivotal factor influencing several
parameters. As the temperature increased, the crystalline size, surface roughness,
wettability, and biological functionality of the particles were affected. Our findings
contribute significantly to the ongoing evolution of biomaterials designed to enhance
bone regeneration and serve as promising materials in films or scaffolds, particularly

for guided bone regeneration applications.
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Abstract

Although carbon-based nanomaterials, such as carbon nanotubes, graphene,
and carbon dots, have attracted much attention for bone tissue regeneration
and engineering due to the advantages of being lightweight, mechanical stabil-
ity, and remarkable ability for bone repair, their toxicity and dispersity are the
most concern and greatly limiting their clinical uses. In this article, the surface
modification of carbon black particles based on core-shell structure design as
a promising candidate material for bone tissue engineering applications is pre-
sented. TiC/TiO,/SrCO;-coated carbon black particles were prepared via molten
salt synthesis and hydrothermal process at various temperatures to study the
effects of temperature on crystal structure, morphologies, surface wettability,
and biological functions. Phase composition, morphologies, and elemental dis-
tributions were studied by X-ray diffraction, field-emission scanning electron
microscope, and energy-dispersive X-ray spectroscopy, respectively. Cell prolifer-
ation, cell viability, alkaline phosphatase (ALP) activity, and calcium deposition
were also investigated. The investigation showed that the reaction temperature
played an important role in the crystallinity, phase formation, nanotopography;,
and biological functions of the particles. The particles treated at 250°C offered
favored surface properties of roughness, composition, crystallite size, and wetta-
bility for cell adhesion, proliferation, ALP activity, and calcium deposition. As a
result, these bioactive core-shell particles would be a promising filler material
for bone tissue engineering applications.

KEYWORDS
bioactive core-shell particle, bone tissue formation, carbon-based nanomaterial, surface
modification
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1 | INTRODUCTION

Worldwide, a number of patients suffer from bone defects,
either trauma or diseases.! In severe cases, patients need
to be treated with bioactive substrates or implants to
enhance bone healing. Traditional biomaterials, includ-
ing metals, polymers, and ceramics, have been widely
used as bone tissue engineering scaffolds to treat bone
defects. Their clinical applications, however, have been
limited to some extent. For instance, metals/alloys cause
ion release for long-term uses and are likely to initiate
allergenic responses and adverse reactions due to corro-
sion problem.? In particular, for titanium and its alloys,
their nature of being biologically inert restricts long-
term application in a human body because the implants
are encapsulated by fibrous tissue resulting in a lack
of osteointegration.’ Biopolymers show an appropriate
fixation, yet they are likely to release monomers when
implanted due to the degradation of the implants.* Bio-
ceramics, such as calcium phosphate, hydroxyapatite, and
bioglasses, possess the good biocompatibility and promo-
tion of wound healing. However, their low fracture tough-
ness inhibits the uses in stress-bearing areas.” Besides,
some of the bioceramics such as alumina and zirconia
are bioinert materials that lack the character of osteo-
conduction and the capability of chemical bonding with
human tissue. Therefore, biomaterials with bioactive func-
tions having the potential to allow new bone formation
and growth as well as mechanical properties matching the
natural bone are in high demand.

Recently, a variety of carbon-based materials, such as
carbon nanotubes, graphene, and carbon dots, attract
significant interests for bone tissue engineering appli-
cations, either as a matrix or a reinforcing material,
because of their unique structure and properties, including
good mechanical strength, tunable surface functionali-
ties, high biocompatibility, and commercial availability.
They offer remarkable abilities for bone tissue regener-
ation, cell proliferation, and osteogenic differentiation,
whereas carbon black particles (CBs) were found to have
a size-dependent effect on in vitro cultures® and have been
used as a representative carbonaceous toxicant in air pol-
lution studies.” Several studies show that ultrafine CBs
(less than 100 nm) are toxic causing disorders on many
biological systems and, hence, adverse effects on health,
such as respiratory and lung diseases,® allergic immune
response,’ vascular effects,'” early pulmonary response,!
inflammatory response,'? and genotoxicity."* The toxicity
of nanoscale CBs is attributed to their high surface area
and surface reactivity' as well as the ability to adsorb
toxic substances.'® The effects of nanosized CBs on bone
health and osteogenesis, however, remain unclear. In this
matter, a limited number of studies were reported. Shen

et al.'® reported the effect of nanosized CBs on the osteo-
genesis of mesenchymal stem cells (MSCs) that the CBs
inhibited the osteogenic differentiation of MSCs, reduced
the activity of alkaline phosphatase (ALP), and damaged
the mitochondrial fusion and fission during osteogenesis.
Furthermore, the dispersion of the CBs in liquid media
seemed to be a difficulty for their research due to the high
aggregation and poor wettability of the particles. Likely,
Kim et al.”7 investigated the dispersity of CBs in various
liquid media, including distilled water, Krebs-Ringer solu-
tion (KR), physiological salt solution (PSS), and biological
buffer solutions (cell culture media and blood plasma).
The results indicated that nanosized CBs had a higher
degree of agglomeration and incomplete dispersion in KR,
PSS, and biological buffer solutions than the coarse CBs.
Furthermore, Sahu et al.'® presented that nanosized CBs
(~50 nm) had greater toxicity and inflammatory response
than micron-sized ones (~500 nm) in human monocytes.

Based on literatures, nanosized CBs cause a greater
inflammatory response than coarse ones. Those carbon
black particles, however, were used in the forms of both
nanoscale and bare surfaces that were found to be highly
aggregated and have poor dispersion, high surface reactiv-
ity, and toxicity. In this study, submicron CBs with surface
modification were used to minimize those adverse effects
on wettability and biological systems as well as to cre-
ate a lightweight bioactive material as a reinforcing agent
for bone tissue engineering applications. In this paper,
surface coating of CBs was performed via molten salt
synthesis (MSS) and hydrothermal process. The coating
layer was designed to be composed of TiC/TiO,/SrCO3
nanocomposite that was chemically coated on CB sur-
faces. TiC could improve surface wettability, hardness,
wear resistance, compressive strength, biocompatibility,
and osseointegration,'” whereas TiO, offers biocompati-
bility, low cytotoxicity, stability in body fluids, and cor-
rosion resistance,”’ favorable molecular response, and
osseointegration.”’ SrCO; enhances bioactivity, biocom-
patibility, bone repair, and new bone formation.?> To our
knowledge, the designed core-shell particles having multi-
bioceramic phases of TiC/TiO,/SrCO; coating on non-
wettable carbon black surfaces as a lightweight bioactive
material applied in bone tissue engineering applications
have never been studied elsewhere.

2 | EXPERIMENTAL PROCEDURES

2.1 | Raw materials

Carbon blacks (CBs, N990, 99% pure, Sigma-Aldrich) with
an averaged particle size of 400 nm and metallic tita-
nium powder (Ti, 100 mesh, 99.7% pure, Sigma-Aldrich)
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TABLE 1 Lists of samples and synthesis conditions
Samples Details
CBs As-received carbon black particles
TCBs TiC-coated carbon black particles via molten salt synthesis at 900°C for 4 h
HT180 Hydrothermal synthesis of the TCBs in distilled water at 180°C
SrHTI80 Hydrothermal synthesis of the TCBs in a 0.1 M (SrNO3), solution at 180°C
SrHT200 Hydrothermal synthesis of the TCBs in a 0.1 M (StNO;), solution at 200°C
SrHT225 Hydrothermal synthesis of the TCBs in a 0.1 M (SrNO;), solution at 225°C
SrHT250 Hydrothermal synthesis of the TCBs in a 0.1 M (SrNO;), solution at 250°C
Control Agarose hydrogel solution without particles

Abbreviation: CBs, carbon black particles.

were used as raw materials for fabricating the core-shell
structure of TiC-coated carbon black particles. Potassium
chloride (KCl) (99.9% pure, Ajax Finechem) was used as a
reaction media for MSS. Strontium nitrate (StNO3), (ACS
reagent, 99% pure, Sigma-Aldrich) was used as a precursor
for SrCO; formation via hydrothermal process.

2.2 | Preparation of TiC-coated carbon
black particles via molten salt synthesis

TiC-coated carbon black particles were prepared via
MSS.%% Tj and carbon black reactants were mixed in a
molar ratio of 1:8 using an agate mortar and then combined
with KCI. The mixture was placed in an alumina crucible
covered with its lid and loaded into an alumina-tube fur-
nace. The furnace was heated to 900°C for 4 h under
argon gas protection. After heating, the reacted mass was
repeatedly washed with distilled water to remove resid-
ual salt and gain the final product. The samples obtained
from this process were designated as TCBs. The TCBs were
then used as a raw material for preparing TiC/TiO,/SrCO;-
coated carbon black particles via hydrothermal method as
presented in the next section.

2.3 | Preparation of
TiC/Ti0,/SrCO;-coated carbon black
particles via hydrothermal process

Hydrothermal synthesis?®?’ of the TCBs was conducted
at various temperatures to seek an optimum condition
for producing a favored surface for cell activities. As-
synthesized TCBs of 0.5 g were loaded into a 0.1 M
(SrNO3), solution and sonicated for 15 min to obtain a
homogeneous suspension. The suspension was loaded into
a Teflon container (10 ml volume), placed in an autoclave
reactor, sealed tightly, and heated to 180, 200, 225, and
250°C for 2 h. After that, the reactor was cooled naturally
in an ambient condition. The obtained sample was filtrated

and thoroughly washed with distilled water prior to dry
in an oven and powder characterization. All hydrothermal
samples were labeled according to reaction temperature as
presented in Table 1.

2.4 | Sample characterization

Phases and crystallinity of the product powders were iden-
tified by X-ray diffraction (XRD) (model—X'Pert MPD,
PHILIPS, the Netherlands). Spectra were recorded at
30 mA and 40 kV using Ni-filtered CuK,, radiation. The
scan rate (26) was 3°/min with a step size of 0.05. ICDD
cards used for phase identification are TiC (01-076-7070),
TiO,-anatase (01-075-2547), SrCO;z (00-005-0418), Ti,O3
(00-043-1033), TiO,-rutile (01-079-6031), and Ti;O5 (01-
083-7068). The crystallite size was evaluated using the
following Scherrer equation®:

KA

D= (Bcosb) ®
where D, K, A, B, and 6 represent average crystallite size
(nm), the Scherrer constant, X-ray wavelength, and full
width at half maximum of the diffraction angle and Bragg
angle, respectively.

Morphology and microstructure were observed using
a field-emission scanning electron microscope (FE-SEM)
(model—Apreo, FEI, Czech Republic) with an accelerating
voltage of 5 kV. Elemental composition was also eval-
uated using energy-dispersive X-ray spectroscopy (EDX)
equipped with a FE-SEM. The product powders were dis-
persed in isopropyl alcohol to avert agglomeration. The
samples were put into sticky carbon films and character-
ized after gold coating. The roughness of the samples was
evaluated using arithmetic average roughness (R,)*’:

ny Ny

Ri= — 3 Y (ZG)) - Zael @

Maelly (S1f=1
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where R, i and j, n, and ny, and Z(ij) and Z,,, represent
the arithmetic average roughness, pixels in x and y direc-
tions, the maximum number of pixels in two directions,
the topography data for the surface, and the height of the
average surface, respectively.

2.5 | Wettability measurement

Wettability of the samples was measured using an OCA-
15EC contact angle (CA) meter. Contact angle is used
to determine the hydrophobicity and hydrophilicity of a
sample surface. To prepare a sample surface for the test,
0.1 g of the product particles was dispersed in ethanol
by ultrasonication for 5 min and dropped on a glass sub-
strate. The substrate was then stored air-dry before being
used for experiments. To measure the contact angle,3%*!
the prepared substrate was placed on a stage of the CA
meter at ambient temperature. A water droplet of 2 ul
was then released from a dosing needle onto the surface
and allowed to equilibrate for 10 s. Using sessile drop
method, the static contact angle between the droplet and
surface was measured, whereas the droplet was sitting on
the surface using a built-in drop shape analyzer. An aver-
age value was measured at three different locations of the
surface.

2.6 | Biological testing

2.6.1 | Materials and method

The samples were divided into six groups according to
experimental conditions, including the control, HT180,
SrHT180, SrHT200, SrHT225, and SrHT250. Agarose
hydrogel solution without particles was used as the con-
trol. The rest groups were prepared by mixing with 500 mg
of sample particles and 1% agarose hydrogel solution.
Then, the mixed solution was poured into a plastic mold
and dried in ambient condition for 24 h. The dried spec-
imens were cut with a razor blade into 10 mm X 10 mm
for cell culture. The samples were washed twice with 75%
ethanol for sterilization and rinsed in phosphate-buffered
saline (PBS) three times to remove residual ethanol. Each
sample was transferred to a 24-well culture plate for
biological tests.

2.6.2 | Cell culture

The MG-63 osteoblast cell was used to study the bio-
compatibility and differentiation of the sample particles.
The MG-63 at a density of 2 x 10° cells were seeded

into agarose hydrogel containing the sample particles
and cultured in alpha-MEM media (a-MEM, GibcoTM,
Invitrogen, Carlsbad, CA, USA) with the addition of 1%
penicillin/streptomycin, 0.1% fungizone, and 10% fetal
bovine serum at 37°C in an incubator. The media was
changed every 3-4 days during culturing. In the differ-
entiation stage, the osteoblast cells were cultured in an
osteogenic supplemented (OS) medium containing 20 mM
b-glycerophosphate, 50 uM ascorbic acid, and 100 nM
dexamethasone, Sigma-Aldrich.

2.6.3 | Cell viability

The viability of MG-63 osteoblast cells on the particle
samples at days 1 and 5 was assessed with fluorescein diac-
etate (FDA). Acetone was used to dissolve the FDA at a
concentration of 5 mg/ml. Before staining, the cells were
washed with PBS. Next, 1 ml of fresh media and 5 ul of
FDA solution were added on the sample surface and incu-
bated for 5 min. The samples were washed with PBS for
three times before being examined under a fluorescence
microscope.

2.6.4 | Cell proliferation

The cell proliferation and biocompatibility were assessed
by PrestoBlue assay (PrestoBlue Cell Viability Reagent,
Invitrogen, USA) at days 1, 3, 5, and 7. The PrestoBlue
was mixed with the fresh media at a ratio of 1-9 before
being added to the particle samples and then incubated
for 1 h at 37°C. The optical density (OD) measurement
at a wavelength of 600 nm was selected for resazurin
reaction between the cells and the PrestoBlue. After test-
ing, the samples were washed with PBS and cultured for
cell-proliferation measurements from day 1 to day 7.

2.6.5 | Alkaline phosphatase (ALP) activity
The osteoblast cells were cultured in OS media on days 7,
14, and 21 for ALP measurements. The samples were rinsed
with PBS after removing the media. The 800 ul of lysis solu-
tion, including 1% Triton X in PBS, was added onto the
samples, frozen at —80°C for 1 h, and then left at room tem-
perature for 1 h for three cycles. The samples were crushed
and loaded into Eppendorf tubes. A centrifuge machine
(12000 rpm) was used to separate the supernatant from the
pellet. The supernatant was used then for ALP detection.
ALP activity was investigated using a colorimetric assay kit
(Abcam, Cambridge, UK). The ALP was observed at an OD
of 405 nm.
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Phase composition, crystallite size, and surface

Crystallite size (nm)

Surface
TiO, roughness

Samples TiC Anatase SrCO; (nm)

CBs = = = 8

TCBs 39.54 = = 17

HT180 19.35 28.38 = 21

SrHT180 27.48 32.91 57.53 23
SrHT200 28.97 3513 71.02 25

SrHT225 33.61 36.33 71,39 30
SrHT250 42.44 38.08 76.85 43
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FIGURE 1 X-ray diffraction (XRD) curves of (A) as-received

carbon black particles (CBs), (B) TiC-coated carbon black particles
(TCBs) via molten salt synthesis and the TCBs treated for 2 h: (C) in
distilled water at 180°C (HT180) and in a 0.1 M (SrNO;), solution at
(D) 180°C (SrHT180), (E) 200°C (SrHT200), (F) 225°C (SrHT225),
and (G) 250°C (SrHT250) via hydrothermal method

2.6.6 | Calcium deposition

The cell-lysis solutions were used for calcium deposition
measurement (Calcium Colorimetric Assay Kit, MAK022,
Sigma-Aldrich, USA) at days 7, 14, and 21 following the
manufacturer’s instructions. The 30 ul of supernatant was
added to 96-well plates before adjusting the volume to
50 ul with deionized water. After that, 60 ul of calcium
assay buffer and 90 ul of chromogenic reagent were mixed
in each well. The well plates were then incubated for
10 min at 37°C and then measured at a wavelength of
575 nm.

2.7 | Statistical analysis

All data were shown as mean =+ standard deviation. The
results were statistically compared by one-way analysis of
variance and Tukey’s honestly significant difference test
(SPSS 16.0 software package). Statistical significance was
setat p < .05and p < .005.

3 | RESULTS AND DISCUSSION
3.1 | Phase composition and structural
study

Figure 1 shows XRD curves of as-received CBs and as-
prepared samples of TCBs, HT180, SrHT180, SrHT200,
SrHT225, and SrHT250. Two broad peaks of C phase
(ICDD card 00-041-1487) were observed, without any

Abbreviation: CBs, carbon black particles.

other impurity phases, on the uncoated CBs at 26 = 25.18°
and 43.5° attributing to an amorphous nature of as-
received CB particles (Figure 1A). After MSS (TCBs),
TiC (ICDD card 01-076-7070) and C phases were found
(Figure 1B). Unreacted Ti and other intermediate phases
were undetected suggesting the complete formation of
TiC via MSS. Once the TCBs were hydrothermally treated
with and without Sr(NOj3),, a number of additional phases
were formed according to the synthesis temperature.
At 180°C, TiC was observed as a major phase, whereas
anatase TiO, (ICDD card 01-075-2547), rutile TiO, (ICDD
card 01-079-6029), Ti,O3; (ICDD card 01-074-0324), and
Ti;Os (ICDD card 01-083-7068) were found as minor
phases (Figure 1C). For the samples treated with Sr(NO3),,
orthorhombic SrCO; (ICDD card 01-078-4340) was addi-
tionally found at 180°C, and its crystallinity increased
obviously with temperature (Figure 1D). The observation
of titanium oxide phases was attributed to the oxidation
of TiC during hydrothermal treatment. The presence of
SrCO; was due to the reaction of Sr** with CO, in the
reaction solution.> Furthermore, in comparison with
the HTI180, the SrHT180 offered remarkably higher and
sharper Ti,O3 and TizOs peaks with a decrease in TiC
peak intensity, pointing out an accelerating oxidation of
TiC under the presence of Sr(NOj3),, a strong oxidizing
agent. At 200°C (the STHT200), the phases presented were
unchanged (Figure 1E). At 225°C, interestingly, rutile
TiO,, Ti, 03, and TizO5 disappeared, whereas TiC became
more pronounced (Figure 1F). The disappearance of those
intermediate compounds could be due to their instability
under the hydrothermal conditions at a temperature above
or equal to 225°C resulting in the production of TiC, which
might be achieved by carbothermal reduction through the
pathway: TiO, — Ti;O5 — Ti,0; — Ti(C,0,) — TiC.*
On further increasing temperature to 250°C (Figure 1G),
SrCO; and anatase TiO, peak intensity increased due
to crystal growth, whereas TiC decreased because
of high oxidation rate gained. In addition, average
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FIGURE 2

Field-emission scanning electron microscopy (FE-SEM) images of (A) as-received carbon black particles (CBs), (B)

TiC-coated carbon black particles (TCBs) via molten salt synthesis and the TCBs treated for 2 h in (C) distilled water at 180°C (HT180) and a
0.1 M (SrNOsy), solution at (D) 180°C (SrHT180), (E) 200°C (SrHT200), (F) 225°C (SrHT225), and (G) 250°C (SrHT250) via hydrothermal

method. Scale bar = 400 nm

crystallite sizes are estimated from Equation (1) and
are demonstrated in Table 2. It was found that crys-
tallite size increased with reaction temperature. The
synthesis temperature, therefore, played an important
role on phase composition and crystallite size of the
nanocomposites.

Figure 2 shows FE-SEM images of the as-received
CBs and as-synthesized TCBs, HT180, SrtHT180, SrHT200,
SrHT225, and SrHT250. Before MSS, as-received CB parti-
cles were in spherical shapes with a diameter of approx-

imately 400 nm and smooth surfaces (Figure 2A). After
MSS, clearly, the TCBs (Figure 2B) remained spheri-
cal shapes and sizes of 400 nm, but the surfaces were
rough due to the formation of dense TiC nanocrystals
(shell) coating on carbon surfaces (core). This indicated
that core-shell structure was generated after MSS. After
hydrothermal process at 180-250°C (Figure 2C-G), shapes
and sizes of the materials remain unchanged, pointing out
that hydrothermal temperature has no effect on shapes
and sizes of the carbon black particles. Unlike previous
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400 nm

FIGURE 3 Energy-dispersive X-ray elemental mapping
analysis of the STHT250 after hydrothermal synthesis at 250°C for
2hina 0.1 M (SrNO,;), solution at a magnification of 300 000x: (A)
SEM image undertaken for energy-dispersive X-ray spectroscopy
(EDX) technique; (B-E) the corresponding elemental mapping of C,
Ti, Sr, and O, respectively; (F) EDX spectrum of the StHT250. Scale
bar = 400 nm

study,** hydrothermal temperature governed the mor-
phology that particles gradually changed from granular
to nanotube with an increased temperature. However,
surface feature, crystallite size, and roughness were found
to be modified depending on hydrothermal temperature.
As shown in Table 2, the crystallite size of the coating com-
ponents: TiC, TiO,, and SrCO; seemed to be increased
with temperature. Not only that but also coating of CBs
with TiC significantly increased the surface roughness
from 8 nm (the uncoated CBs) to 17 nm (the TCBs).
After oxidation, the roughness increased considerably with
temperature from 23 nm (the SrHTI80) to 43 nm (the
SrHT250). The observations indicated the effect of temper-
ature on the crystallite size and roughness of the products.
Moreover, the formation of nanosized holes was noticed
on the hydrothermal product particles because the temper-
ature was 180°C. This revealed clearly the fresh C (core)
underneath the crystalline coating (shell) as depicted by
the arrows in Figure 2D. The core was attributed to only
unreacted C and the shell was composed of TiC along
with its oxidation products and SrCO;. Elemental distri-
butions on the STHT250 particles were performed and are
demonstrated in Figure 3. Figure 3A represents the FE-
SEM image undertaken for the EDX analysis. Figure 3B-E
shows the corresponding elemental mapping of C, Ti, Sr,
and O, respectively. Obviously, the particles were com-
posed of Ti, C, O, and Sr and were distributed uniformly on
the surfaces. Figure 3F illustrates SEM-EDX spectra of the
particles where C was the main component attributed to
the fresh C core, the TiC, and SrCOj; on the coatings. Tiand
O were minor components that corresponded to TiC, TiO,,

38.5+1.92

33.8+1.69

34.4+1.72

Contact Angle (°)

264£1.32 26.3+131 5444499

CBs TCBs HTI180 SrHTI80 SrHT200 SrHT225 SrHT250

FIGURE 4 Contact angle measurements of as-received carbon
black particles (CBs), TiC-coated carbon black particles (TCBs), and
the hydrothermal samples synthesized at various temperatures. The
inset field-emission scanning electron microscopy (FE-SEM) images
demonstrate surface features of the samples. Statistical significance
was set at “*” p < .05 and “**” p < .005. “**” is significant difference
from other groups. “*” is significant difference between two groups
of low temperature (TCBs, HT180, and SrHT180) and high
temperature (STHT200, SrHT225, and SrHT250). Scale bar = 200 nm

and SrCO; phases on the coatings. Sr was a trace element
detected on the mapping attributing to SrCO; phase on the
coatings.

3.2 | Wettability measurement

Figure 4 shows the contact angle measurement on as-
received CBs, TCBs, HT180, SrHT180, SrHT200, SrHT225,
and SrHT250. The CBs were used as a control. The con-
tact angles for the CBs and TCBs were 49.5° + 2.47° and
34.4° +1.72°, respectively, pointing out an enhancement in
the wettability of the CB particles when coated with TiC.
After hydrothermal treatment, as compared to the control,
wettabilities of the samples were greatly improved with the
increased hydrothermal temperature: from 33.8° +1.69° at
180°C (SrHTI80) to 24.1° + 1.20° at 250°C (SrHT250). Fur-
thermore, although reaction temperature is identical, the
particles (SrHT180) having SrCO; demonstrated a better
wettability than those (HT180) without SrCO;. The exis-
tence of anatase TiO, nanocrystals on the particle surfaces
was also claimed to increase wettability as reported by He
et al.* that anatase TiO, exhibited good surface wettabil-
ity than the rutile phase. Therefore, the marked change in
contact angle value was attributed to crystallite size, sur-
face roughness, and phase composition that are governed
by reaction temperature. Note that the wettability behav-
ior of materials can be adjusted by reaction temperature,
and such surface property plays an important role for cell
adhesion.



s | Journal

SOE ET AL.

Ti— Melting of KCl and o ® e o
reaction of Ti with C ° ) L4 L
KCl = . o *

[m}
~0® 00e
Carbon Black —»@ \D D.EI.’D U’.

TiC/TiO,/SrCO;-coated
carbon black particles
TiC/TiO,/SrCO;
Shell f nanocrystals
Core

co,
Q

oH ©

N\

Growth of nanocrystals

FIGURE 5
molten salt synthesis and hydrothermal treatment

3.3 | Formation mechanism of the
bioactive core-shell particles

The overall fabrication process of TiC/TiO,/SrCOs-coated
CB particles using CBs as both a reactant and template is
schematically shown in Figure 5. Reaction mechanisms are
suggested based on literatures.**~* To fabricate core-shell
structure, the MSS of TiC coatings on CBs is a crucial step
involved. The formation of dense TiC nanocrystal coatings
on CB surfaces concurrently with the undetected Ti phase
on the XRD curve (Figure 1B). This pointed out that Ti
reacted completely with CB (reaction 1) via a template-
growth mechanism,* giving rise to a core-shell structure
as shown in Figure 2. Once the MSS product (TCBs) was
hydrothermally treated at 180-250°C, phase composition
and surface characteristics of were modified (Figure 2C-
G) due to oxidation and grain growth. However, particle
shapes and sizes were unchanged. The TiC shells were oxi-
dized by oxygen and water resulting in the formation of
titanium oxides, carbon, and gases (reactions 2-5). Note
that the oxidation of TiC is significantly accelerated in
the presence of water.** Simultaneously, crystals grew with
temperature and holding time. Yet, within the limited
particle size, the ceramic crystals formed on the carbon
surfaces were unable to grow freely. This gave rise to a
high compression at the coatings, particularly at the grain
boundaries (Figure 5) and, hence, finally the explosion of

On firing to 900°C in Ar
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Schematic diagram of suggesting formation mechanism of as-synthesized TiC/TiO,/SrCO;-coated carbon black particles via

the shells, revealing unreacted C cores (Figure 2D). The
fresh C core was then further oxidized (reaction 6). SrCO;
was formed by reaction (10) that resulted from reactions

(N-(9):

Ti) + C() = TiC ®3)

TiC(s) + 2054 = TiOy;) + COy @
3TiCs) + 5/205() = TisOs() + 3Cs) ©)
2TiCs) + 3/205 = T, 03, + 2C¢5) (6)
TiC() + 2H,0q = TiOy ) + 2Hy ) + Cs) (7)
Ce + OZ(g) = Coz(g) ®
SEt(NO3)y () = Srz(“‘aq) +2NO;™ (aq) ©)
COyg) + OH (4 = HCO3(, (10)
HCO3(,q)” + OH™ (4q) = CO39)> + H,0qy (1D
Sr** (aq) + CO3(aq)>™ = SrCO3 (12)
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FIGURE 6

Cell viability after days 1 and 5 on the control
compared with the TCBs treated at various hydrothermal
temperatures. Scale bar = 200 um

3.4 | Osteoblast cell viability on the
core-shell nanocomposite particles

The cell viability and migration on the samples were
observed for the determination of viable cell numbers in
cell culture experiment using a fluorescence microscope by
FDA staining. Figure 6 shows that osteoblast cell increased

with accumulated time. Clearly, on both days 1 and 5, less
cell adhesion was found on the control and the HT180 than
the Sr-groups, indicating the role of SrCO;3 on enhancing
cell adhesion and viability. Especially for the StHT225 and
SrHT250, high cell anchorage was observed on both days.
The results pointed out that the nanocomposite particles
have a favorable surface for cell adhesion and viability. This
is in good agreement with previous report*’ that SrCO5
had a good number of viable cells and a significant cell
attachment that indicated its cytocompatibility and ability
to improve bone tissue formation. Here, however, not only
SrCOj; but also other factors, such as phase composition,
nanotopography, and wettability, were suggested to offer
an enhancement in the cell adhesion and viability of the
SrHT225 and SrHT250 nanocomposites. Lopreiato et al.*!
suggested the role of TiC that it could promote cell mat-
uration and adhesion. Besides, anatase TiO, was claimed
as a suitable material for bone cell adhesion because it can
absorb more hydroxyl groups on surfaces, which is favor-
able for bone tissue formation.*” Our research exhibited
that the SrHT225 and SrHT250 had higher hydrophilic sur-
faces than other groups (Figure 4) which high wettability
surface exhibited more cell attachment on it. Chen et al.*®
reported that the nanotopography of particles has an effect
on cell adhesion; nanotopography with high roughness
and large crystal size promotes cell adhesion and spread-
ing. This correlated to the nanotopograhy presented in this
paper that the roughness and crystal size increased with
temperature leading to an enhancement in osteoblast cell
adhesion on as-prepared core-shell particles, particularly
for the SrHT225 and SrHT250.

3.5 | Osteoblast cell proliferation on the
core-shell nanocomposite particles

Cell proliferation is a process of a cell to multiply and grow
in order to generate a population of cells. Cell prolifera-
tion plays a vital role in biological factor that influences
the enhancement of osseointegration for bone implant
materials.** The bioactivity of the samples in each group
was tested with PrestoBlue reagent from days 1 to 7, and
the results are demonstrated in Figure 7. On day 1, the
control, HT180, SrHT180, SrHT200, and SrHT225 groups
had less cell proliferation than the SrHT250. On day 3,
the SrHT250 had significantly higher cell proliferation
than other groups, that is, the control, HT180, SrHT180,
SrHT200, and SrHT225. On day 5, the results for the HT180
and SrHTI80 groups were similar but significantly lower
than the SrHT200, SrtHT225, and SrHT250. On day 7, the
proliferation of the HT180 group was less than the other
groups, except the control. Cell proliferation significantly
increased from days 1 to 7 in each group. Interestingly, the
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FIGURE 7 Cell proliferation of samples on days 1, 3, 5, and 7
measured with PrestoBlue. Statistical significance was set at “*”
p <.05and “**” p <.005.
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FIGURE 8 Alkaline phosphatase activity of samples on days 7,
14, and 21 (“*” p < .05, “**” “p” < .005)

highest cell proliferation was found on the StHT250 for all
tested days in which the StHT250 had high roughness, wet-
tability, and high crystallinity of anatase TiO, and SrCOs;.
Wang et al.*® indicated that anatase TiO, offered supe-
rior cell behaviors, such as cell adhesion, proliferation,
and differentiation. Here, our results confirmed that the
combined properties of TiC/TiO,/SrCO5-coated CB parti-
cles are essential for the improvement of cell adhesion and
proliferation.

3.6 | Alkaline phosphatase (ALP) activity
of osteoblast cell on the core-shell
nanocomposites

ALP activity is a well-established marker to measure the
early stage of osteogenic differentiation. Figure 8 shows
the ALP activity on the control, HT180, StHT180, StHT200,
SrHT225, and SrHT250. The ALP values for all groups
were not much different on day 7. The control and the
SrHT200 showed lower ALP values than the other groups
on day 14. The trends were clearly increased on day 14,
and SrHT250 had the highest ALP value. On day 21, the

Day 7

Day 14

Day 21

FIGURE 9 Calcium deposition on samples on days 7, 14, and
21(“*” p < .05, “**” p < .005)

SrHT200 and SrHT250 showed insignificant differences in
ALP activity. However, for all tested days, the highest ALP
activity was obviously found on the SrHT250. Good ALP
activity leads to an exceptional osseointegration.*® This
demonstrated that TiC/TiO,/SrCO;z-coated carbon black
particles, especially for the SrHT250, showed a unique
bioactive function to enhance ALP activity. Furthermore,
Jiang et al.*’ reported that a substrate with good osteoblast
cell adhesion and high proliferation leads to an enhance-
ment in ALP activity that is in accordance with the results
shown by the SrHT250.

3.7 | Calcium deposition on the
core-shell nanocomposite particles

Figure 9 shows calcium deposition on the samples after
the measurement at OD of 575 on days 7, 14, and 21.
On day 7, the StHT200 showed higher calcium deposi-
tion than other groups. On day 14, the calcium deposition
of the STHT200 was still higher than the other groups,
except for the SrHT250. On day 21, among them, the
SrHT250 produced the highest calcium deposition and was
even higher than day 14. Interestingly, calcium deposi-
tion for the Sr-sample groups increased markedly with
time, especially for the SrHT250. The results indicated
that TiC/TiO,/SrCOs-coated carbon black particles had
an important role for promoting calcium deposition. It
was reported that Sr-modified bioactive ceramic nanopar-
ticles promoted calcium deposition for the mineralization
and differentiation of bone.*® Note that the presence of
SrCO3 nanoparticles could remarkably enhance not only
cell adhesion, proliferation, and growth rate but also
the ALP activity and calcium deposition of osteoblasts
cells.

Importantly, the hydrophilicity and nanotopography of
the nanocomposite particles are also crucial properties
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enhancing their bioactive functions as reported by previ-
ous studies.**** Ceramic particles acted as a template for
the attachment of calcium secreted from osteoblast cells
during bone tissue formation, whereas the hydrophilic par-
ticles with rough surfaces acted as preferential substrates
for calcium deposition. In the current research, the results
demonstrated that the nanocomposite particles, especially
the SrHT250, with high hydrophilicity and favored nan-
otopography, had a greater calcium deposition than those
having poorer hydrophilicity and roughness.

4 | CONCLUSION

Surface modification of carbon black particles was
achieved by coating with TiC/TiO,/SrCO; nanocrystals
via MSS and hydrothermal process to enhance the wet-
tability and bioactivity of the particles. MSS offered the
core—shell structure of TiC-coated carbon black particles
providing a great enhancement in the wettability of
particles. Hydrothermal synthesis at various temperatures
promoted the formation of multi-oxide phases on the
shell layers for bioactivity enhancement. It was found
that reaction temperature played an important role in
the microstructure, crystallite size, surface roughness,
and biological functions of the particles. Crystallite size,
surface roughness, and wettability of the coated particles
increased with temperature giving rise to a favored nanoto-
pography for cell activities of the particles heated at 250°C.
Such a unique core-shell structure with a well-reserved
nanotopography and the cooperation effect offered by
multiphase TiC/TiO,/SrCO; of the particles treated at
250°C resulted in greatly accelerated bioactivities; cell
adhesion, proliferation, osteogenic differentiation, and
calcium deposition of osteoblasts cells. These results
shed light on developing bioactive particles as a fill-
ing material in films and/or scaffolds for guided bone
regeneration.
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Augmentation of a bone defect with bone graft materials for oral and maxillofacial surgery is a challenge
for researchers. Bone substitutes (autograft, allograft, xenograft) have several drawbacks such as risk

of infection, limitation of harvest sites and amount of graft material, risk of donor site morbidity, and
pain. Over the last decade, various kinds of synthetic materials have been used in order to improve bone
augmentation without any risk of disease transmission and overcome an additional operation. However,
the bioactivity of these synthetic materials is still challenging due to inadequate bone cell response

for augmentation. Here, we synthesized core—shell with a porous structure of mixed oxide phases with
titanium carbide on carbon black particles to treat bone loss for oral and maxillofacial surgery. Core—
shell bioactive compounds were fabricated via molten salt synthesis followed by thermal treatment in
air at different temperatures. The phase composition and morphology of the product powders were
characterized by XRD, FE-SEM, and TEM. The particles were cultured with osteoblast cells to evaluate the
biological functions. The results demonstrated that TCBs250 with a high proportion of titanium oxides
had the highest surface roughness, porosity, hydrophilicity, and biological response. Finally, TCBs250is a
promising bioactive material for augmentation or regeneration of bone in oral and maxillofacial surgery.

The maxillofacial problem has been a major issue in these days.
Millions of people globally are suffering from insufficient bone
volume due to extended time after tooth loss before implant
replacement, injuries from accidents, trauma, cysts, caries,
tumor resection, and various diseases at the oral and maxillofa-
cial areas [1, 2]. In critical cases, any patients who suffered from
maxillofacial problems usually have to take surgery in order
to regain their original maxillofacial shape. Thus, the different
types of bone augmentation materials used for bone injuries
include autografts, allografts, xenografts, and synthetic materi-
als [3]. Autografts (taking bone from another area of the same
patient) are considered to be the most effective for bone defect
treatment. Autografts can establish direct bone bonding and
exhibit osteoinductive and osteoconductive properties. How-
ever, an autotransplantation has drawbacks such as nerve injury,

©The Author(s), under exdusive licence to The Materials Research Society 2023

long operative time, infection, blood loss, risk of bacterial infec-
tion, donor site morbidity, and postoperative pain [4]. Although
allografts (bones obtained from a bone bank or another person)
can reduce surgical time compared with autografts, allografts
have disadvantages such as disease transmission, infection, and
graft rejection [5]. On the other hand, xenografts (harvested
from different species) are considered to be biocompatible with
the bone of recipients and have osteoinductive potential; how-
ever, the drawbacks include immune response, high cost, and
the risk of disease transmission [6].

Currently, synthetic biomaterials have been used to restore
the maxillofacial injuries including metals, polymers, and
ceramics [7]. In particular, bioactive ceramic materials, such as
hydroxyapatite (HA), beta-tricalcium phosphate (5-TCP), and
bioactive glasses, are used to fill bone defects for augmentation
[8,9]. B-TCP hasbeen accepted as a bone filler material for bone
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formation and replacement [10], but other studies reported f3-
TCP could not stimulate adequate bone growth [11, 12]. HA
is more biocompatible and stable in bone tissue than 3-TCP
[13]; but it has limitations in remodeling capacity, and therefore,
inappropriate as a bone-grafting material for bone augmentation
[14]. Some studies [15, 16] reported that bioactive glasses have
superior osteoconductive properties for bone regeneration, but
little or no resorption of a bioglass was observed, which is a
limitation in bone augmentation as a defect filler [ 17]. Therefore,
the reconstruction and augmentation of a bone defect at the oral
and maxillofacial area are a major challenge for biomaterials
researchers, and orthopedic and maxillofacial surgeons.

In recent decades, carbon black particles (CBs) have been
popular due to their lightweight and large specific surface area.
Furthermore, CBs are biocompatible and inexpensive [18].
However, its poor surface wettability and dispersion in water
lead to insufficient functionality for chemical bonding with
human tissues. In order to overcome these problems, surface
modification of CBs has been purposed in this study. The CBs
were used as a reactant and template. TiC coatings not only
promoted wettability but also facilitated strong bonding with
human bone [19, 20]. Furthermore, titanium oxides provide
corrosion resistance, biocompatibility, and non-toxic [21-23].
The presence of TiC and titanium oxides on CBs could improve
physical and biological properties. Therefore, our research
focused on fabrication of mixed oxide phases with TiC on CBs
via molten salt synthesis followed by thermal treatment in air.
To the best of our knowledge, no research has reported on the
fabrication of core-shell with a porous structure of mixed oxide
phases with TiC on CBs as a bioactive compound for oral and
maxillofacial surgery. In this work, the phase composition,
structure, and morphology of the fabricated particles were char-
acterized and observed. Moreover, the formation mechanism of
the designated particles was explored. Then, the physical proper-
ties and biological functionality were also investigated. Finally,
core—shell with a porous structure of bioactive compound were
evaluated on bone augmentation for oral maxillofacial surgery.

Phase composition and structural study

Figure 1 shows the XRD pattern of the starting CBs, TiC-coated
CBs (TCBs) prepared by molten salt synthesis (MSS) at 900 °C
for 4 h, 1:8 ratio of Ti:CBs, and compared with the samples
obtained after thermal treatment in air at 100 °C, 150 °C, 200 °C,
250 °C for 20 min. Only C phase was observed [Fig. 1(a)] at
20=25.18° and 43.5° attributed to amorphous nature of the
starting CB particles (ICDD card 00-041-1487). In Fig. 1(b),
all the peaks with the diffraction intensity were located at
20=35.9°,41.9°, 60.5°, 72.4°, and 76.1° which corresponded to

©The Author(s), under exclusive licence to The Materials Research Sodety 2023
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Figure 1: XRD results of the samples; (a) CBs, (b) TCBs, (c) TCBs100, (d)
TCBs150, (e) TCBs200, (f) TCBs250.

(111), (200), (220), (311), and (222) reflection of TiC, respec-
tively. One broad peak of carbon was observed at 26=25.18°,
which indicated the amorphous nature of the carbon black
used. No residual Ti or other intermediate phases were found,
which pointed out the complete reaction of TiC via MSS and the
composition of the TCBs made of only TiC and C. In Fig. 1(c),
after oxidation at 100 °C (TCBs100), an extra tiny peak of rutile
TiO, was observed at 26=27.4° (110) along with the TiC and
C peaks. When the temperature was increased to 150-200 °C
(TCBs150, TCBs200), two more oxide phases, Ti,O; and Ti; 05,
were noticed in addition to the TiC, C, and rutile [Fig. 1(d, e)].
The observation of titanium oxide phases was attributed to the
oxidation of TiC during thermal treatment in air. Upon increas-
ing the temperature to 250 °C (TCBs250), obviously, the peak
intensities of TiC became lower, whereas those of the oxide
peaks increased due to an increased oxidation rate at 250 °C
[Fig. 1(f)]. Besides, the crystallinities of the samples increased
with an increase in thermal treatment. The crystalline size of the
samples was evaluated using the Scherrer Eq. (1) [24],
D= ki X
(Bcosd)

(1)

where D, k, A, 5, and 6 represent average crystallite size (nm),
Scherrer constant, X-ray wavelength, full width at half maxi-
mum of diffraction angle, and Bragg angle, respectively. The cal-
culated crystalline sizes of TCBs, TCBs100, TCBs150, TCBs200,
and TCBs250 were 19.31, 20.36, 25.42, 32.96, and 35.21 nm,
respectively. Clearly, thermal treatment affected the crystalline
size and the formation of the mixed phase particles.

Figure 2 demonstrates FE-SEM images of the starting CBs
and as-prepared samples. The FE-SEM images show the mor-
phologies and surface appearances of the CBs [Fig. 2(a)], TCBs
before oxidation [Fig. 2(b)] and compares those results with the
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Figure2: FE-SEM images of the samples; (a) CBs, (b) TCBs, (c) TCBs100, (d) TCBs150, (e) TCBs200, (f) TCBs250.

oxidized samples in Fig. 2(c—f). CBs demonstrates the spheri-
cal shapes with the smooth surface. The TCBs show spherical
structures with an average particle size of 400 nm and rough
surfaces. This occurred because the surface consisted of TiC
nanocrystals. After oxidation at 100-250 °C, although all the
particle samples retained their spherical shapes and 400 nm in
size, surface features were modified. The formation of porosity
(denoted by circles and arrows) can be observed beginning with
the oxidation temperature of 150 °C (TCBs150) and became
obvious at 200 °C and 250 °C on the TCBs200 and TCBs250,
respectively. In particular, the TCBs250 showed more voids of
approximately 80-130 nm in diameter, and some broken coat-
ings were found as pointed out by the arrows. This was possibly
due to the crystal growth and increased oxidation rate of TiC

© The Author(s), under exclusive licence to The Materials Research Society 2023

at 250 °C. The formation of such porous structures revealed the
fresh C core that confirmed the core-shell structure of the parti-
cles, which can be attributed to different diffusion rates of mate-
rials at the core (C) and shell (TiC) at the oxidation temperature.
The roughness of the samples was evaluated by the arithmetic
average roughness (R,) Eq. (2) [25],

nx Mty

R, = nxlnv S5 12(04) = Zave)s )

V=1 j=1

where R is the arithmetic average roughness, i and j are pix-
els in the x and y directions, respectively, n, and n, represent
the maximum number of pixels in two directions, Z(i,j) is the
topography data for the surface, and Z,, denotes the height of
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(200), (220), and (311) planes of the cubic TiC and the (002)

Wettability measurement

Surface wettability plays an important role for determining the
biological response of biomaterials and has a great influence
on the behavior of the cells during the bone formation process.
Figure 4 shows the contact angle measurements for the uncoated
CBs, TCBs, TCBs100, TCBs150, TCBs200, and TCBs250. CBs

Figure3: TEM images of TCBs250: (a) is an SAED pattern of particles; (b} illustrates the shell thickness of 15 nm.
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Figure4 Contactangle measurements of samples after testing with
water droplets.
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Figure5: Surface roughness of the samples. R, is the arithmetical mean
of roughness.

the average surface. The estimated surface roughness of the par-
ticles is reported in Fig. 5. Obviously, compared to the uncoated
CBs, a significant increase in surface roughness was gained from
the coatings. Core-shell structure of the TCBs250 was further
studied by TEM (Fig. 3). The shell thickness was around 15 nm.
The SAED pattern revealed the diffraction rings of the (111),

@ The Author(s), under exdlusive licence to The Materials Research Society 2023

were used as the control. As expected, a significant decrease in
the contact angle was observed in the coated CBs compared with
the uncoated particles. The CBs exhibited a value of 49.5+0.45°
while the TCBs gave a value of 35.8 +0.18°. When the TCBs
were treated in air from 100 °C to 250 °C, their contact angles
were 33.9+0.15° 23.9£0.12°, 20.8 £0.12°, and 19.1 £0.10°
for the TCBs100, TCBs150, TCBs200, and TCBs250, respec-
tively. All the TCBs groups compared with the CBs showed a
dramatic decrease in the contact angle value from 49.5+0.45°
to 19.1£0.10°. Meanwhile, the estimated surface roughness
values of the CBs, TCBs, TCBs100, TCBs150, TCBs200, and
TCBs250 were 7.03+0.05, 15.07+£0.02, 15.09+0.03, 15.42+0.12,
16.78£0.26, and 19.60£0.42, respectively. All TCBs groups
resulted in higher surface roughness values compared with
the CBs. The results indicated that the surface roughness val-
ues increased as the thermal treatment temperatures increased
(Fig. 5). This might be due to the increased porosity of the parti-
cles, which is in good agreement with the FE-SEM observations
(Fig. 2). Notably, the TCBs250 had a lower contact angle than
the others that can be attributed to the increased porosity and
roughness of the sample, which can promote hydrophiliciy.

Cell viability

Cell viability and migration on the samples were observed to
determine viable cell numbers in the cell culture experiment
using FDA staining and fluorescence microscopy [26]. Figure 6
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shows cell viability of the samples after 1 and 5 days. The pre-
pared samples had greater cell attachment than the control. In
the control group, the cells were more circular in shape than
the cells in the other groups. On day 1, the osteoblast cells in
all groups were observed to have a combination of circular and
elongation shapes except the control. It can be seen that the
amount of cell attachment increased on day 5. A small number
of cells could loosely adhere to the control on each day. Larger
numbers of cells were attached to the TCBs200, and TCBs250 on
day 5. The best cell adhesion was found on TCBs250.

Cell proliferation

Cell proliferation was evaluated on days 1, 3, 5, and 7 with
PrestoBlue. Figure 7(a) shows that the control, TCBs, TCBs100,
and TCBs150 had less cell proliferation than the other two sam-
ples. The TCBs200 showed lower cell proliferation than the other
groups but higher than the control on day 1. After day 1, cell
proliferation on the TCBs200 increased from day 3 to day 5 and
increased up to day 7. Overall, cell proliferation increased from
day 1 to 7, and proliferation for the TCBs250 was significantly
higher than the other groups except for TCBs200 on days 5 and
7. The cell proliferation results were the same for the TCBs200
and TCBs250 on days 5 and 7.

ALP activity

Figure 7(b) shows the ALP activity of the samples. The ALP
activity of the TCBs100 had a similar value as the TCBs150 and
a higher value than the control and TCBs on day 7. On day 14,
the control group was lower than the other groups. The ALP
activity of TCBs200 was similar to control on day 7 but signifi-
cantly higher than control on day 21. The ALP activity of cells
has enhanced in the modified samples compared with the con-
trol. This is due to the increased adhesion and proliferation of
the MG-63 cells on the TCBs200. The highest ALP values were
found on the TCBs250 on days 7 and 21. The results showed that
ALP activity increased as time increased.

Protein synthesis

Figure 7(c) shows the protein synthesis of the samples after
measurements at OD 559 nm on days 7, 14, and 21 using the
BCA kit. The results suggested that the values for all groups
were not much different from day 7 to day 21 except for the
TCBs250 group. The control and TCBs showed lower protein
synthesis values than the other groups on day 7. The TCBs250
exhibited a significantly higher protein synthesis value on day
14. The protein synthesis values of the TCBs100, TCBs150, and
TCBs200 were higher than the control and TCBs on days 14 and

© The Author(s), under exdlusive licence to The Materials Research Sodiety 2023

21. The highest amounts of protein synthesis were found on the
TCBs250 on days 14 and 21.

Calcium deposition

Figure 7(d) shows the calcium deposition on the samples after
the OD measurements at 575 nm on days 7, 14, and 21. It was
observed that the TCBs200 and TCBs250 samples had higher
calcium deposition compared to the other groups on day 7.
Similar calcium deposition was found on the control, TCBs, and
TCBs100 on day 14. Tt was also revealed that calcium deposi-
tion on the TCBs150, TCBs200, and TCBs250 had higher val-
ues than the control, TCBs, and TCBs100. On day 21, calcium
deposition on the control was significantly lower than the other
groups. Increased calcium deposition was found on the modified
samples due to the presence of Ti-based bioactive compounds
TiC, TiO,, Ti,0s, and Ti;05 on the particle surface. Based on
published results, the prepared samples have bio-acceptable
properties [27][28].

Formation mechanism of mixed oxide phases with TiC
on CBs

The overall formation mechanism of mixed oxide phases with
TiC on CBs is illustrated in Fig. 8. The formation mechanism
was proposed in previous publications [29, 30]. The core—shell
structure was formed via MSS. On heating, the KCl melts at
770 °C, which provides a liquid reaction medium that increases
the surface contact areas of the solid particles and increases
the diffusion rates of the dissolved species in the molten salt.
In this melt, the Ti dissolves [29] and diffuses onto the surface
of the CBs through the molten salt and subsequently reacts to
form in situ TiC coatings on the surfaces of the CBs [30]. The
coating process is dominated via a template growth mechanism.
When the TCBs are heated in air, the phase compositions and
surface features change. The core-shell with a porous structure
were observed clearly after thermal treatment in air at 250 °C.
Formation of the porous mixed oxide phases with TiC on the
CBs can be suggested as follows. At first, the TiC shells oxidize
to form oxides of titanium and CO, The CO, diffuses faster
than O, due to its higher diffusion coefficient in air [31]. This
causes a strong surface diffusion along the core—shell interface.
Next, small voids form at the interface due to diffusivity differ-
ences of the matter [32]. At the high temperature of 250 °C, the
internal pressure increases that leads to partial breaking of the
shell, which forms holes or gaps along the shell layer [Fig. 2(f)].
Finally, the core—shell with porous particles form via thermal
treatment in air.
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Chemical components of mixed oxide phases with TiC
on (Bs and bone formation

The chemical components of biomaterial particles are clues
related to the potential promotion of bone formation in liv-
ing organisms [33]. The compositions which have charges and
hydrophilicity normally show the ability to promote attachment
from biological signals from body fluids [34]. These biological
signals act as bridges that connect the cells and the biomaterial
particles, which lead to enhanced cell behaviors and the pro-
motion of bone formation. Furthermore, cells in direct contact
with biomaterial particles with a charge and hydrophilicity will
promote bone formation [35]. Our results demonstrated that the
presence of a high amount of titanium oxides on the particles
exhibited greater hydrophilicity and cell response than lower
amounts, which provides an environment to enhance bone
formation.

Morphology and topography of mixed oxide phases
with TiC on CBs and bone formation

The morphology of particulate biomaterials has often been
used to describe the performance of bone formation [36].
First, many morphologies are possible; for instance, sphere,
triangle, needle, and plate show different potentials to pro-
mote bone formation [37], which is the result of different sur-
face areas that can affect cell response [38]. Porous spherical

©The Authoris), under exclusive licence to The Materials Research Society 2023

particles exhibit more surface area than other morphologies
and the cause of cell adhesion. Furthermore, a porous struc-
ture supports the flow of the nutrients and bioactive molecules
during cell growth for bone formation [39].

Second, the topography of particulate biomaterials is
also a clue for the enhancement potential of bone formation
[40]. Previous studies demonstrated that a rough surface has
more potential to promote bone growth than a smooth sur-
face [41]. A rough surface has many nodes which support
cell attachment, creeping, spreading, and migration [42],
which also leads to enhanced bone formation. Some previous
research exhibited crystal grains on the surface of materials
that affected surface roughness leading to the promotion of
bone formation [43]. Large crystal grains can lead to a rougher
surface that can affect bone formation more than small crystal
grains.

Interestingly, few reports discuss the morphology of par-
ticulate biomaterials with core-shell forms that may affect
bone formation. In our research, we focused on the morphol-
ogy of core-shell porous spherical particles of particulate
biomaterials for bone formation. Principally, the core-shell
spherical particles with a rough surface have a unique surface
energy of the substrate for improvement in bioactivity [44].
The surface energy correlates with the process of biological
performance; therefore, core—shell particles with a rough sur-
face can support attachment of biological molecules acting as
signals to promote new tissue formation.
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Physical properties of mixed oxide phases with TiC
on CBs and bone formation

‘The physical properties of particulate biomaterials are another
clue which affects bone formation [45]. Siqueira et al. [46] men-
tioned the importance of hydrophilicity, which causes the pro-
motion of bone formation. Hydrophilic particles demonstrated
good performance to enhance bone formation [47] because a
hydrophilic surface supports adhesion of cells that have mainly
negative charges on their surface [48]. This leads to enhanced
cell spreading, migration, and proliferation that promote bone
formation.

In general, the water contact angle measurement is used to
test for hydrophilicity. Materials that have a water contact angle
less than 90° are known as hydrophilic [49]. Hydrophilicity of a
material is mainly associated with surface roughness, which can
affect initial cell adhesion on a material’s surface [50]. All sam-
ples exhibited hydrophilic behavior except for the CBs, which
suggested that the changes in the contact angle value were due to
the hydrophilicity properties of the particles and the increased
surface roughness caused by surface modification of the parti-
cles. Furthermore, particles with different proportions of phases
have different surface wettabilities and physicochemical proper-
ties that can profoundly affect cell adhesion and attachment [51].
Some studies reported that cells tend to spread on hydrophilic
surfaces rather than hydrophobic surfaces [52, 53] which are
consistent with our experiment.

Osteoblast response of mixed oxide phases with TiC

on CBs and bone formation

Osteoblast response is an important clue to explain the per-
formance of particulate biomaterials for bone formation [54].
Osteoblast response is often described in both qualitative and
quantitative terms [55]. Cell viability is used to explain cell
organization on particulate biomaterials. Cell viability is the
initial cell behavior related to other responses including creep-
ing, spreading, migration, and proliferation [56]. Structure, size,
and form are the main factors of particulate biomaterials related
to their ability to support bone formation [57]. Previous studies
reported that a suitable size of particulate biomaterials is in the
range of 100 to 300 microns for optimized bone formation [58].
Porous particles have a suitable surface area that contributes to
cell adhesion [59]. Finally, hydrophilicity is the important clue
to enhance cell adhesion and biological or signal molecules on
particulate biomaterials [60].

We have presented a correlation of those factors to cell
response. First, cell viability was demonstrated by the osteoblast
cells that self-organized into a dense structure as time increased.
This indicated an interaction between the osteoblasts and
ceramic compound that could improve biocompatibility. This

©The Author(s), under exclusive licence to The Materials Research Society 2023

is in good agreement with other studies that showed that good
cell viability depended on the surface structure and surface com-
position of the biomaterials [61]. A high cell proliferation rate
indicates a high level of tissue formation, which is in accordance
with previous research [62]. In addition, cell proliferation plays a
critical role in biological factors that influence the enhancement
of bioperformance of particulate biomaterials for bone tissue
applications [63].

Besides cell response, the other bioactivities that include
ALP activity, protein absorption, and calcium deposition are
important clues to explain the performance of particulate bio-
materials to promote bone formation. Similar to the explana-
tion regarding cell response, the structures and characteristics
of particulate biomaterials affect bioactivity. A suitable bioactive
surface area of the oxide particles, particularly in Ti, O;, affects
the potential to induce ALP activity. The high surface area of the
Ti, O, particles acts as the clue to activate more ALP activity than
a low surface area [64]. Some studies reported that the surface
of titanium oxides exhibits bioactivity to induce ALP activity
[65-67]. Increased protein adhesion is related to the increased
wettability of the sample and shows the importance of hydro-
philicity for bone formation. Wettability affects cell adhesion,
proliferation, and protein adsorption. Moreover, according to
Elisa et al. [68], protein adhesion on a bioactive material sur-
face depends on the surface properties. In this current research,
increased calcium deposition was found on TCBs250 due to the
presence of mixed phases on the particle surface. Based on pre-
viously published reports [69, 70], we note the bio-acceptability
of spherical particles with a porous structure.

Performance of mixed oxide phases with TiC on CBs
and clinical application
According to the literature, core—shell particles with large sur-
face areas are able to promote cell responses leading to enhanced
bone formation [71]. Particulate biomaterials in the size range of
microns with hydrophilicity and surface roughness are the main
clues to promote cell responses [72]. Mixed oxide phases with
TiC on CBs, which have good cell response for bone formation,
have been selected as bone-grafting materials for filling a defect
area. These particles play the important roles of maintaining
the space of the defect and promoting bone formation. They
are often used for bone augmentation in oral and maxillofacial
surgery [73]. Some research focused on the development of the
components and surface roughness of those particles to enhance
biological performance to promote bone formation [74, 75].
The expected procedure of filling bone defects with bone-
grafting materials is shown in Fig. 9. In some cases, a failing
tooth in a patient needs to be extracted. The bone surrounding
the extracted socket of the tooth is no longer stimulated by the
tooth root and begins to collapse or shrink. Dental surgeons
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Failed tooth

8%

Filled with bone graft materials
into the opening or bone loss area
for ridge preservation treatment

Extracted or
removed tooth

Break or shrinkage of alveolar
bone after tooth extraction

Natural bone and bone graft
materials have combined
(ridge augmentation)

Figure 9: Reconstruction of bone loss using grafting materials.

need to insert bone-grafting materials into the open area for
bone augmentation. This aims to heal or reconstruct the bone
loss area. Once the bone-grafting materials and natural bone
have completely matured, a suitable membrane may be used
for ridge preservation treatment. Further dental implantation
or tooth replacement can then be considered.

Notably, very few studies have reported on core-shell
with porosity and the potential to fill a bone loss defect. Our
research demonstrated that modified particles with high surface
roughness have the potential to support cell response leading
to enhanced bone augmentation. These modified particles can
be applied in bone defects or loss preservation at the oral and
maxillofacial area. Furthermore, the formed core-shell with
porous particles have a suitable structure to support biological
functions for cell responses in bone formation. Therefore, our
product has promising properties for bone augmentation in oral
and maxillofacial surgery.

Core-shell bioactive compounds consisting of mixed oxide
phases with TiC on CBs were fabricated for the purpose of
bone augmentation in oral and maxillofacial surgery. The par-
ticles were synthesized via MSS followed by thermal treatment
at different temperatures. The prepared particles possessed a

©The Author(s), under exclusive licence to The Materials Research Society 2023

core-shell with porous structure and a well-reserved morphol-
ogy led to enhance the hydrophilicity, surface roughness, and
bioactivity of the particles. The sample treated at higher oxida-
tion temperature showed greater surface roughness, porosity,
and crystallite size than the other samples. Furthermore, the
porous particles support attachment of biological molecules act-
ing as signals to promote new bone tissue formation. Especially,
TCBs250 showed better biological performance than others. In
summary, TCBs250 showed the highest cell response and bio-
activity as a promising material for bone formation at oral and
maxillofacial surgery.

Raw materials

Titanium powder (Ti) (= 150 um, purity 99.7%, Sigma- Aldrich)
and CBs N990 (99% pure, Sigma-Aldrich) with an average parti-
cle size of 400 nm were used as the starting raw materials while

the salt used to form the reaction media was potassium chloride
(KCl) (99.9% pure, Ajax Finechem).

Sample preparation

Ti powders were mixed with CBs, in a molar ratio of 1:8, and
further combined with KCI in an agate mortar. The mixture was
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then put in an alumina crucible covered with a lid and loaded
in an alumina tube furnace and fired at 900 °C for 4 h in an
argon-protected atmosphere with heating and cooling rates of
3 °C/min. Once the furnace cooled down, the solidified mass
was repeatedly washed with distilled water, to remove residual
salt, and then oven-dried overnight. The samples gained from
this process were designated as TCBs. The TCBs were thermally
treated in air for 20 min at 100, 150, 200, and 250 °C to obtain
the porous particles of mixed phases. The samples heated at
100, 150, 200, and 250 °C were labeled as TCBs100, TCBs150,
TCBs200, and TCBs250, respectively.

Sample characterization

Phase identification and purity of the reacted powder were
examined by X-ray diffraction (XRD) (X'Pert MPD, Philips, the
Netherlands). The spectra were recorded at 30 mA and 40 kV,
using Ni-filtered CuKa radiation. The scan rate (26) was 3°/
min with a step size of 0.05. ICDD cards used for identification
were TiC (03-065-8804), C (00-041-1487), Ti, O, (01-071-6412),
TiO,-Rutile (01-079-6031), and Ti,0, (01-083-7068).

Morphologies, topography, and core-shell structure were
observed by a field-emission scanning electron microscope
(FE-SEM) (Apreo, FEIL, Czech Republic) and a transmission
electron microscope (TEM) (JEOL JEM-2010). Selected area
electron diffraction (SAED) was used to assist in identifying
the local phases.

The wettability of the samples was measured using an opti-
cal contact angle meter (OCA-15EC CA meter). Optical con-
tact angle is an analysis system used to measure the interfacial
parameters and phenomena of a sample. In this contact angle
measurement, drops that hang from a dosing needle of the
optical analysis were placed on a solid surface for the analytical
process. A drop of 2 ul of distilled water was deposited on the
sample surface where its contact angle was then measured under
ambient conditions. The angle values of at least 3 drops were
recorded and averaged for each sample.

Biological testing

Materials and methods

‘The samples were divided into six groups according to the exper-
imental conditions that included the control, TCBs, TCBs100,
TCBs150, TCBs200, and TCBs250. An agarose hydrogel solution
without particles was used as the control. The other groups were
prepared by mixing 500 mg of particles and 1% agarose hydrogel
solution. The prepared solutions were then transferred into a
plastic mold and dried for 24 h. The dried specimens were meas-
ured and cut with a razor blade into approximately 10x 10 mm
pieces for cell culture. The samples were washed twice with 75%

& The Author(s), under exclusive licence to The Materials Research Society 2023

ethanol for sterilization of the samples and rinsed in phosphate-
buffered saline (PBS) three times for removal of residual ethanol.
Each sample was put in 24-well culture plate for the biological
property tests.

Cell culture

The MG-63 osteoblast cell which is isolated from human osteo-
sarcoma cell line was cultured in complete alpha-MEM medium
(a-MEM, Gibco™, Invitrogen, Carlsbad, CA, USA) that included
10% fetal bovine serum, 1% penicillin/streptomycin, and 0.1%
fungizone and seeded on the prepared particle construct in
agarose gel in different ratios. The MG-63 osteoblast cells were
maintained in a 5% CO,/95% air-humidified incubator at 37 °C.
At the differentiation stage, the MG-63 osteoblast cells were cul-
tured in an osteogenic supplement (OS) medium (OS; 20 mM
b-glycerophosphate, 50 uM ascorbic acid, and 100 nM dexa-
methasone; Sigma-Aldrich).

Cell viability

The cells in each group were stained with fluorescein diacetate
(FDA) on days 1 and 5 to observe cell viability. The media were
removed from the sample constructs in agarose and washed
with PBS two times. Fresh media were added to the samples
and 5 pg/ml of acetone was added in fresh media and kept at
room temperature for 5 min. The samples were rinsed with PBS

and observed under fluorescence microscopy.

Cell proliferation

The MG-63 cell line was also used to observe cell prolifera-
tion. Cells were seeded on the substrate. Cell proliferation was
detected at days 1, 3, 5, and 7 with 10% PrestoBlue” cell viabil-
ity reagent. The cell viability reagent in fresh media was added
onto the substrates and incubated for 1 h before measurement
at 600 nm,

Alkaline phosphatase activity (ALP)

The osteoblast cells on the samples were cultured in the OS
media condition on days 7, 14, and 21, in accordance with the
cell lysis method for ALP detection. The cells on the substrate
were frozen at—80 °C for 1 h and then placed in 1% Triton
X-100 in PBS at room temperature for 1 h for 3 cycles upon
which the samples were then crushed and inserted into an
Eppendorf tube. The supernatant was separated from the pel-
let at 12,000 RPM centrifugation. The supernatant was used
for ALP detection following the manufacturer’s instructions
(Abcam?, Cambridge, UK).

Protein synthesis

The cells were cultured in OS media on days 7, 14, and 21 to
measure the protein. The prepared specimens constructed in
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agarose were rinsed with PBS after removal from the media. An
amount of 800 pL of 1% Triton X-100 was then added in each
group and frozen at — 80 °C for 1 h and at room temperature for
1 h for 3 cycles. The samples were crushed and put into Eppen-
dorf tubes. A centrifuge was used to separate the supernatant
from the pellet. A cell lysis solution was used for the protein
measurement following the manufacturer’s instructions (Pierce™
BCA Protein Assay Kit, Thermo Scientific, USA).

Calcium deposition

The MG-63 osteoblast cells were cultured in an osteogenic sup-
plement (OS) medium at days 7, 14, and 21. A lysis solution was
used for the calcium assay (Calcium Colorimetric Assay Kit,
MAKO022, Sigma-Aldrich, USA) following the manufacturer’s
instructions.

Statistical analysis

Five samples were used for each test that included contact angle,
surface roughness, cell viability, cell proliferation, ALP activity,
protein synthesis, and calcium deposition. All the experiments
were repeated three times. All data were shown as mean +stand-
ard deviation. The results were statistically compared by one-
way analysis of variance (ANOVA) and Tukey’s honestly sig-
nificant difference test (SPSS 16.0 software package). Statistical
significance was set at p < 0.05 and p < 0.005.
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1. Experimental procedure for core-shell TiC-coated CBs via molten salt synthesis
method
Titanium Firi
’ salt (KCI) Iring
O
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900°C water

Carbon black
°—Tic

TiC-coated CBs

Figure 14. Schematic diagram of sample preparation procedure via molten salt

synthesis method.

2. Experimental procedure for the fabrication of TiC/TiO2/SrCOs-coated CBs by

hydrothermal method
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Figure 15. Schematic diagram of sample preparation procedure by hydrothermal
method.
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Formation mechanism of core-shell TiC/TiO»/SrCOs-coated CBs via molten

salt synthesis method and hydrothermal treatment
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Figure 16. Schematic diagram of formation mechanism of the core-shell

TiC/TiO2/SrCOz-coated CBs via molten salt synthesis method and hydrothermal

treatment.
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4. Experimental procedure for core-shell porous mixed oxide phases with TiC on

CBs via calcination

Calcination
(100-250°C * 20 min)

TiC-coated
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Figure 17. Schematic diagram of sample preparation procedure via calcination.

5. Formation mechanism of core-shell porous mixed oxide phases with TiC on

CBs via calcination
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Figure 18. Schematic diagram of formation mechanism of core-shell porous mixed
oxide phases with TiC on CBs via calcination.
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