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Abstract

The variation of calcium phosphate formation rate on calcium titanate surfaces synthesized via sol-gel (CTSol) and solid-
state reaction (CTS-S) at 600 °C for 10 h, were investigated using DSC, FTIR, XRD, DLS-Zeta potential, FESEM-EDS,
BET, and ICP-OES, focusing on the relationship between surface morphology and calcium phosphate formation ability.
Both powders had meso-porosities with a mean pore diameter of 45 and 54 nm, respectively. While CTSol particles had a
diameter of about 100-250 nm, CTS-S had nanosized particles (35—-40 nm) with the configuration of parent P25 TiO,. CTS-
S had a higher specific surface area (26.14 m% g '), pore volume (0.36 cm>.g™"), and pore size (D = 54.51 nm) than CTSol
(11.09 m% g~ ', 0.12 cm®.g~!, D =44.97 nm). By submerging disk-shaped samples in SBF solution, their bioactivity was
evaluated for up to 14 days. Both samples formed calcium phosphate at similar rates. Despite having a smaller surface area,
CTSol makes up for it with a higher rate of Ca>" dissolution. Whereas the calcium phosphate initial particles on the surface
of CTS-S were spherical, the needle-like features on the surface of CTSol were created by immersion in SBF.
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Highlights

e Two distinct processes were used to create calcium titanate.

e Two powders represented similar morphologies but different properties.
e The rate of Calcium Phosphate formation was approximately the same.
e Various morphologies were observed for the primary nuclei.

e The MTT evaluation indicated adequate cytocompatibility for powders.
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1 Introduction

Calcium titanate is a crystal structure consisting of TiOg
octahedra units connected through their corners, with cal-
cium atoms distributed throughout [1]. CT has potential
applications in electrical, catalytic, and biological domains
[2-5]. A superficial CT layer enhances the apatite formation
and bone-bonding ability of pure Ti and its alloys [6, 7].
Soaking NaOH-treated Ti in a CaCl, solution produces
calcium-deficient calcium titanate, which promotes implant
bone bonding even after prolonged storage. Amorphous
calcium phosphates form on titanium implants and crys-
tallize into hydroxyapatite [8—13].

CT is used as a covering layer for metal implants [14—16]
and as a particle in a poly(pB-caprolactone) matrix [17].
Studies have shown that CT nanoparticles improve cell
differentiation and osteoblast function. Zargar Kharazi et al.
[18] synthesized a nanocomposite of poly (glycerol seba-
cate) (PGS) and CT nanoparticles to improve peripheral
nerve regeneration. The addition of CT nanoparticles
increased tensile strength and elastic modulus, and the
chemical interaction between Ca’" and PGS increased
crosslink densities, improving the composite’s mechanical
performance. CT also acts as an intermediary for delivering
specific drugs, such as risedronate, from the CT layer on a
Ti6 AL4V substrate [19].

Calcium titanates have been created using a variety of
techniques, including sol-gel, co-precipitation, hydro-
thermal, polymeric precursor methods, and others [20-23].
The typical method for making CT involves heating a solid
mixture of CaCOj3 or CaO and TiO, to 1350 °C, which will
result in a solid-state reaction [23]. The formation of the
perovskite structure (Ti-O-Ca network) needs activation
energy, which can be provided by heating at elevated
temperatures [15].

Li et al. developed a low-temperature technique by
heating solid powders to 600 °C and keeping them at this
temperature for 10 h. They used anhydrous calcium nitrate to
form pure CaTiOs, which then melted at 543 °C, increasing
contact areas with the solid TiO,. The liquid-solid phase
reaction occurred after keeping the temperature constant for
10h. The high reactivity of P25 TiO, nano-powder also
contributed to this lower-temperature reaction [23].

The sol-gel method is an efficient method for synthe-
sizing CT, offering advantages such as uniformity, low
process temperature, and improved product composition
control. This method produces a wide range of porosities,
which can be used for heterogeneous apatite layer nuclea-
tion in biological applications, resulting in sol-gel bio-
ceramics with bioactivity comparable to or higher than their
melt-derived counterparts [24-26].

It is now obvious that certain product qualities, such as
shape and surface characteristics, are influenced by the

production procedure. According to Pirayesh and Nychka
[27], the combination of surface texture (porosity, mor-
phology, and topology) and crystallinity has a significant
effect on bioactivity. They synthesized 45S5 bioglass via
the conventional sol-gel route, which contained an 80%
crystalline phase. According to their research, the com-
mercial amorphous melt-derived and gel-derived 45S5
bioglasses had comparable rates of apatite production and
dissolution.

Singh [28] synthesized mesoporous CaTiO; nano-
powders using conventional electric furnace and microwave
heating conditions. The study found that thermal decom-
position of intermediate phases forms elongated particles,
with higher calcination temperature increasing CaTiO;
phase quantity, crystallite size, and microstrain. Electric
furnace nanopowders had a slightly higher specific surface
area, while microwave heating produced more porous
nanoparticles with larger pore diameters.

This study examines the impact of CT synthesis pro-
cesses on the bioactivity and biocompatibility of CT pow-
ders. It aims to better understand its behavior in biological
environments and the formation of apatite, which can
enhance biomaterials for medical implants, dental materials,
bone regeneration, environmental remediation, and materi-
als science.

2 Materials and methods
2.1 Materials

Calcium nitrate tetrahydrate, Ca(NO3),.4H,0O (SAMCHUN,
98.5% wt), titanium tetraisopropoxide (TTIP), C,H,304Ti
(Merck, 98% vol), acetic acid (C,H40,), isopropyl alcohol
(C3HgO) (both 99.5% vol), and P25 TiO, (EVONIK)
powder were used as-purchased. The simulated body fluid
(SBF) was purchased from the Nanomer Partican Bioma-
terials Group, Iran.

2.2 Sol-gel synthesis

The molar ratios of raw materials in sol-gel synthesis are 6,
1, 1, 1, and 150 for acetic acid, calcium nitrate tetrahydrate,
TTIP, isopropyl alcohol, and distilled water, respectively.
First, 25 ml of acetic acid is heated up to 50 °C. Then,
17.73 g of calcium nitrate was added and mixed until
complete dissolution was achieved. Afterward, the solution
cooled to room temperature. Then 6 ml of isopropyl alcohol
and 23 ml of TTIP were dissolved under stirring, respec-
tively. Subsequently, the beaker containing the sol was
placed in a cold-water bath to reduce the temperature to
about 3-4°C. Afterward, 200 ml of distilled water was
added to the mixture and stirred for about 30 min to make
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the sol clear and uniform. The yellow sol was kept at
ambient temperature for 24 h until gel formation was fin-
ished. The as-prepared white gel was dried at 100 °C for
24 h. This sample is named CTSol-BH.

To remove organic impurities formed in the sol-gel
process and to produce the perovskite crystal structure, the
dried gel was heat-treated at 700 °C for 4 h. The sample was
identified as CTSol in the manuscript. The process is illu-
strated in Fig. 18S.

2.3 Solid-state reaction

Equal molar ratios of P25 TiO2 and Ca(NO3),.4H,O pow-
der were mixed, heated up to 600 °C, and maintained at this
temperature for 10h. The chilling step took place in the
furnace at the ambient temperature. The sample is named
CTS-S. The sample is named CTS-S.

2.4 Characterization

The crystal structure before and after immersion in SBF was
inspected by XRD analysis using PHILIPS, PW1730 dif-
fract meter (40kV/30 mA, Cu-ka) at 20° = 10—800, scan
rate 0.05 °/s. The crystallite size was calculated using the
Scherrer Eq. 1 [29] :

K2
:ﬂcos9 (1)

D(nm)

K is the Scherrer constant (0.9), 4 is the wavelength of the
X-ray source (0.15406 nm),  is the FWHM (radians), and 0
is the peak position (radians).

FTIR spectroscopy (THERMO, Avatar spectrometer)
was performed to confirm XRD results. The reported
wavenumbers are between 4000cm™' to 400cm™! in
Transmittance mode. The transparent powder platelets were
created by combining and pressing 1 mg of a powder with
dry KBr. The Gaussian deconvolution of FTIR spectra were
done using training student version of Origin pro 2023b.

Field Emission Scanning Electron Microscopy (TES-
CAN, MIRA3 FEG-SEM microscope, 30kV) was used to
examine the morphological characteristics of the heat-
treated powders and the hydroxyapatite that formed on the
surface of the SBF-treated samples. Before spectroscopy, all
of the specimens were coated with Au to provide the
necessary electrical conduction. Differential Scanning
Calorimetry (DSC) was used to assess the thermal behavior
of CTSol-BH. The analysis was done by a TA, Q600
thermometer from room temperature to 1000 °C at a heating
rate of 10 °C/min. Using a BEL, BELSORP MINI II ana-
lyzer, N, gas molecules were adsorbed on solid surfaces to
determine surface area and porosity. Samples were degassed
for 2h under vacuum. A particle size distribution analyzer
and titrometer (HORIBA JOBIN JYOVIN, Dynamic Light
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Scattering (DLS)Particle Size Distribution Analyzer) was
used to measure particle size distribution and zeta potential,
with voltage levels ranging from —200 to +200 mV. The
dispersant was distilled water (pH 5.6).

2.5 Immersion in SBF and cell viability

The apatite production ability was evaluated using the
methodology described in [30]. FESEM, XRD, FTIR, and
EDS were used to analyze the produced calcium phos-
phate’s structure and shape. The specimens were made by
cold pressing 0.5 g of each powder under 25,000 psi pres-
sure. The produced disks had a height of 3 mm and a dia-
meter of 10 mm. The submerged disks were subjected to
immersion by being incubated in SBF for 1, 3, 7, and
14 days at 37 °C. The FTIR spectra of the coatings formed
on the tablets were obtained by scratching the coating and
taking off 1 mg of the powder. Then this powder was mixed
with KBr to produce FTIR samples. Ion exchange between
CT samples and SBF solution was investigated using ICP-
OES and recording pH variations. The samples were
nominated as CTSol.1d, CTSol.3d, CTSol.7d, and
CTSol.14d for gel-derived calcium titanate and CTS-S.1d,
CTS-S.3d, CTS-S.7d, and CTS-S.14d for solid-state cal-
cium titanate samples.

The study examined the cytotoxicity of CT powders by
examining cell viability using the MTT cytotoxicity assay.
CTSol and CTS-S powders were incubated in DMEM for
12 h, and mesenchymal stem cells (prepared by SinaCell
Cell Therapy Center) were seeded in a 96-well plate. The
extract was added to the culture medium, and the cells were
exposed to the extract for seven days. The culture media
was changed every three days, and the extract was added to
each well. The cells were then transferred to a microtube,
and centrifuged, and the purple liquid was placed in an
ELISA device, and the wavelength of 570 nm was read.

3 Results and discussions
3.1 Structural and morphological characterization

The CTSol-BH powder was thermally analyzed to deter-
mine the optimal calcination temperature for a crystalline
structure (Fig. 1). The results showed that crystallization
began at 566 °C, suggesting that the calcination temperature
of 700 °C is suitable. The exothermic peak region showed a
90.94 J/g crystallization enthalpy. Before crystallization,
sol-gel byproducts, unreacted precursors, and water were
removed.

The x-ray diffraction patterns of CTSol-BH, CTSol, and
CTS-S (Fig. 2) show that the heating procedure was
necessary to produce the perovskite crystal phase during
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sol-gel synthesis. CTSol-BH’s visible peaks matched typi-
cal patterns of inorganic crystals, primarily O3H,cC5 (COD
database code: 2200604), created through hydrolysis of
TTIP, condensation, and aging of the sol. The purification
of CTSol occurred when heated above 400 °C. The X-ray
patterns of CTSol and CTS-S demonstrate how the two
selected procedures resulted in pure CT with a perovskite
structure, by the orthorhombic crystal system recorded as
COD database code 9013383, and space group of (P n m a).
The crystallite size was calculated using high-intensity
peaks for CTSol and CTS-S, and after deducting peak
broadening due to instrumental errors using the Gaussian
approximation, the crystallite sizes of CTSol and CTS-S
were 34.54 nm and 34.61 nm, respectively.

The FTIR spectra of the samples are illustrated in Fig. 2.
The spectra of CTSol-BH showed a broad TiO, amorphous
network peak from 800 to 400 cm~ !, a weak shoulder at
740 cm ™! representing the asymmetric bending vibration of
CO5*. The sharp peak at 821 cm ™' confirmed the presence
of a carbonate trace. The residual Ti-alkoxy bonds from
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Fig. 1 DSC thermogram of CTSol-BH
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Fig. 2 a XRD and b FTIR a

unhydrolyzed TTIP caused a peak at 1046cm™'. The
characteristic peak of acetate compounds appeared at
1636 cm™!. Gaussian deconvolution (Fig. 3a, b) revealed
two hidden peaks of amorphous titania at 635 and 455 cm ™!
[15, 26, 31-34].

The FTIR spectrum of calcinated CTSol (Fig. 2) showed
peaks at 800-500 cm ™! and 451 cm ™!, attributed to the Ti-O
stretching bond. Ca-O-Ca symmetric stretching was
observed at 877 cm™! and its shoulder at 858 cm™!. Car-
bonate bending/stretching peaks were observed between
1600 and 1300 cm~'. The Gaussian deconvolution of the
broader peak (800-500cm™') was depicted in Fig. 3c, d.
The Ti-O-Ti bridge was visible at 541 cmfl, while other
revealed peaks concerned the Ti-O bond. The broad peak at
1200-900 cm ™! included peaks of Ti-O, Ca-O-Ca, and
Ca-O [2, 4, 15, 26, 27, 35-37]. The Supplementary Data
provides a visual representation of the Gaussian deconvo-
lution of the 16001300 cm ™' in Fig. 2S.

The FTIR spectra of CTSol-BH and CTSol indicate
devitrification of the amorphous TiO, network. Calcium
acetate was likely formed during sol preparation, with a
peak at 1636.cm~!. Heating the dried gel led to the
decomposition of this compound through reaction (1) [38].
Calcium acetate evolved into Ca-O bonds and a peak at
1158 cm™'. Then Ca entered the TiO, network to form Ca-
O-Ti bond in Fig. 3c. The non-reacted TTIP decomposed
during heating at 700 °C to produce TiO, through reactions
(2) [39] or (3) [40].

Ca(CH302)2 — CaO + (CH3)2CO + CO, (1)
Ti(OC3H7)4 - T102 + 4C3H6 + 2H20 (2)
TI(OC3H7)4 i T102 + 2C3H6 + 2C3H7OH (3)

The FTIR spectrum of CTS-S (Fig. 2) revealed a large
Ti-O stretching and bending bond peak at 800—400 cm .

b

spectra of CTSol-BH, CTSol,
and CTS-S
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Fig. 3 Gaussian deconvolution of FTIR spectra: a, b CTSol-BH at 800400 and 1600-1200cm™", ¢—f CTSol and CTS-S at 800-400 and

1200-800 cm ™!

Characteristic CO5;” peaks were detected in the 1600 to
1300 cm ™! range, with the tip of the peak at 1627 cm™'. As
depicted in Fig. 3e, f, two peaks at 468 and 571 cm™' were
close to the Ca-O-Ti bond, while a peak at 506 cm~ ! illu-
strated the Ca-O bond. The Ti-OH bond in Fig. 3f produced
a peak at 907 cm~'. The presence of this peak gives evi-
dence of the adsorption of environmental humidity. Car-
bonate peaks were revealed by Gaussian deconvolution in
the 1750 to 1450 cm™! range (Fig. 2S). The adsorption of
CO, gas on the surface of CT from the environment was
suggested as the source of carbonate ions [41, 42]. Alto-
gether, the results of these three analyses reveal the for-
mation of pure calcium titanate particles via the sol-gel
technology and low solid-state reaction.

The micrographs obtained from FESEM are depicted in
Fig. 4a—d. Based on the findings; nanoscale particles created
micrometer-sized agglomerations. The primary nuclei that
came together to produce CTSol-BH had a diameter of
between 20 and 50 nm, as shown in Fig. 4a. When the dried
gel was calcined, coarse particles measuring 100-250 nm
were created (Fig. 4b). The removal of contaminants and
volatile byproducts during the calcination produced a porous
network. Meanwhile, the high temperature and long duration
of the calcination step enlarged the particle size of CTSol.

The CTS-S agglomerations were composed of many
nanoparticles of 35-40nm, as seen in Fig. 4c. The mor-
phology of P25 TiO, nanoparticles that were used for CTS-S
preparation is also illustrated in Fig. 4d. Both the parent
TiO, and CTS-S had particles that were identical in shape
and arrangement. These results showed that morphological
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properties of P25 TiO, were maintained during the solid-
state reaction.

The CTSol and CTS-S particles had similar morpholo-
gies, with particles being semi-spherical. Although, CTS-S
particles are densely packed (Fig. 4b, c).

Particle size and hydrodynamic diameter were calculated
using DLS, with CTSol having an average diameter of
660.4 nm and CTS-S having a mean diameter of 237.7 nm.
Notice that the diameter obtained by the DLS technique is
the diameter of a sphere that has the same translational
diffusion coefficient as the particle that depends not only on
the size of the particle core but also on any surface structure,
as well as the concentration and type of ions in the medium.
So, the measured diameter via DLS is greater than the actual
diameter of particles. This is the reason for the difference
between the FESEM and DLS results.

The smaller nanoparticles of CTS-S gave rise to a higher
surface area. The N, adsorption-desorption isotherm shown
in Fig. 5 reveals type IV isotherms typical of mesoporous
materials. Table 1 reports some specific powder production
parameters. CTS-S had twice as much specific surface area
as CTSol, suggesting grain growth during purification and
devitrification. The extended surface of CTS-S showed a
more negative zeta potential, with zeta potentials of —20.9
and —7.4 mV, respectively for CTS-S and CTSol.

3.2 Immersing in SBF

Soaking disk-like samples in SBF initiated surface trans-
formation and nucleation of calcium phosphates. Fine and
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Fig. 4 a FESEM micrograph of
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Fig. 5 N, adsorption-desorption isotherm of CTSol and CTS-S

Table 1 Textural properties of CTS-S and CTSol

Sper’ (m>.g™") vV, (em’.g™ Dy (nm)

CTS-S
CTSol

26.144
11.09

0.359
0.1252

54.507
44.975

* . Kk soksk
S . specific surface area, V, : pore volume, D

BET : p p, m
diameter)

. mean pore

needle-like CaP initial particles formed on the CTSol
surface during the first days of immersion, while small
particles on the CTS-S surface sparked calcium phosphate
formation (Fig. 6). These finer initial particles resulted in
greater surface roughness, providing more favorable
locations for more CaP nucleation. The initial particles on
the CTS-S surface are spherical while the needle-like

features formed on CTSol surface. The different
morphologies of calcium phosphate can be responsible for
the close calcium phosphate formation rate on CTSol and
CTS-S as it is discussed later. Furthermore, the presence
of needle-like features on the surface would increase the
surface roughness. In addition, the body tissue can easily
connect to the rougher surfaces. As well as, the mechan-
ical attachment would be improved [27]. Moreover, the
needle-like calcium phosphates are the principle compo-
nents of natural bone and teeth [43]. It should be noted
that the difference in the size of the surface pores is only
one possible reason for the difference in the shape of the
primary calcium phosphate particles formed on the sur-
face of the two samples. In this regard, it is necessary to
do more research and a detailed investigation of how
calcium phosphate nucleates and grows on the surface of
calcium titanate in SBF.
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Fig. 6 FESEM micrographs of
CTSol and CTS-S before and
after immersion in SBF for 1,
and 14 days (the insets represent
higher magnification)

CTSol-1d CTSol-14d
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Fig. 7 a XRD and b FTIR spectra of CTSol after immersion in SBF for 1, 3, 7, and 14 days

With the passage of time, more than 3 days, the calcium
phosphate layer formed on two samples gets the same
shape. Electron microscopic images of samples that were
immersed in SBF for 3 and 7 days are shown in Fig. 3S. In
these micrographs, it can be seen that over time, the surface
is covered with a mesh-like network of calcium phosphate.
Then the next layers of calcium phosphate are formed on it.
After 14 days, the calcium phosphate phase completely
covered the surface.

More evidence of calcium phosphate formation on the
surface of both samples are provided using XRD and FTIR
analysis. Figures 7 and 8 show the FTIR and XRD spectra
of the specimens after immersion in SBF. The XRD results
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demonstrate that apatite-like substances were formed on the
surfaces in the early stages of the assessment. The first
detectable calcium phosphate phase was octacalcium
phosphate, Cag(HPO,),(POy) ¢-5H,0, (COD database code:
7217893).

The FTIR spectra (Figs. 7b and 8b) showed weak (PO*
peaks at 1200-1000cm ! on the first and third days of
immersion that intensified after 7 days. The peaks in the
range of 500—-400 cm ™! are evidence of both Ti-O or (PO4)*
vibrations. As immersion continued, (CO3)2' peaks increased
due to carbonate ion adsorption on the surface. Gaussian
deconvolution (Figs. 4S and 5S) was performed to clarify.
The (PO4)* groups adsorbed on the surface during the first



Journal of Sol-Gel Science and Technology (2024) 111:430-442

437

CTS-S

a

octacalcium phosphate *

CaTiO, V

(C‘Os)z'

. /’Ei&o

Intensity (a.u.)

(COy*
/

14 days W\\f
VS (POy”

7days __OH

Trasmittance (%)

80

1600 1400 1200 1000 800 400

Wavenumber (cm™)

4000 3500 600

50

160

P (mg/L)

Ca (mg/L)
Ca/P

o 783
=

—=— CTS-S
—e— CTSol

—=—CTS-S

455 _»46.16

404

31.81
30

Ti (At%)

104

9.82

Immersion period (day)

6

Immersion period (day)

§ 10 12 14 16 0 2 4 6 8 10 12 14 16
Immersion period (day)
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S after immersion in SBF for 1 to 14 days

day of immersion, as per the ICP-OES result (Fig. 9a)
[36, 44, 45].

As a mechanism for calcium phosphate formation, it is
hypothesized that the exchange of Ca®" ions with H;O"
took place at the interface of solid and liquid phases when
placed in an SBF solution, caused Ca*>" release and the
formation of Ti-OH groups on the surface (reaction (4)).
The formation of Ti-OH was accompanied by a burst
increase of Ca®" in SBF during the first 48 h. Ti-OH groups
formed due to water absorption from the SBF solution,

causing the surface to develop more titania gel [44—47].

CaTiO; + 2H,0 — Ca*" + TiO(OH), + 20H~ (4)

The enrichment of Ca’* and OH™ at the solid/liquid
interface increases the local pH, with CTSol having a higher
pH value than CTS-S and reaching about the point of zero
charge (8.1 [36, 48]). This suggests faster release of Ca*t
from the surface, which makes the surface more negative.
The negatively charged surface attracts positive ions,
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Fig. 10 Ca, P, and Ti distribution map during immersion in SBF solution for 1 to 14 days
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Fig. 11 Schematic of the interaction of calcium titanate surface and SBF solution and calcium phosphate formation on CTSol and CTS-S

particularly Ca>" cations, which change the surface’s elec-
trical charge to positive values. This in turn could induce the
adsorption of (PO4)3' (Figs. 4S and 5S represent the
revealed peaks of (PO4)3') which in Fig. 9a was associated
with a lower phosphate anion concentration in SBF. This
adsorption occurs until the surface is completely covered by
calcium phosphate and forms calcium phosphate phases.

The EDS-Map results are represented in Figs. 9 and 10.
The reason for the high Ca/P ratio in the early days of
immersion is that the CaP layer has not yet fully formed and
is only a very thin layer. Because of this, high calcium
detection is associated with calcium titanate. Over time, as
this layer gets thicker, the Ca/P ratio gets less (1.98 and 1.46
for CTS-S and CTSol respectively) at the end of the
14 days. On the surface of CTSol, the combination of Ca**
with (PO4)*" produces calcium phosphates with a lower Ca/
P ratio (1.46) than hydroxyapatite (1.67). These types of
CaPs could transfer into bone-like apatite after a longer
soaking period. Conversely, the consistent decline in Ti
content on the two CT powder surfaces and its small con-
centration in the SBF solution suggests that the drop in Ti
percentage was caused by the thickening of the calcium
phosphate layer (Fig. 9c, Tables 1S, and 2S).

@ Springer

The Ti-OH groups may act as the preferential site to
uptake (PO4)*, allowing phosphate adsorption through
hydrogen bonding even when the surface is depleted of
Ca’" [49]. The increase in pH values during solid/liquid
interactions reduces the solubility of formed -calcium
phosphate, allowing calcium phosphate nuclei to remain
stable [46, 50, 51]. The calcium phosphate nuclei grew
spontaneously while consuming Ca*" and (PO,)* of the
surrounding fluid through a total reaction (5) [44].
10Ca>" + 6(PO4)*~ 4+ 20H™ — Cayo(PO,)s(OH),  (5)

The FTIR spectra (Figs. 4S and 5S) reveal carbonate ions
in samples, indicating the formation of low-crystallinity
carbonated calcium phosphate, similar to that described by
Kokubo et al. [46]. However, their detection was challen-
ging due to thin coating layers and crystalline substrate. The
mechanism of the formation of CaPs Fig. 11.

Contrary to what was initially assumed, although the
specific surface area of CTSol is lower than that of CTS-S
(11.09 versus 26.144 m?*/g) and calcium phosphate was
expected to form on it at a slower rate, but the results
showed that it didn’t happen. Since the chemical and
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crystallization state of the samples (considering the dis-
cussion in Section “Structural and morphological char-
acterization”) and the calcium phosphate formation
condition were the same, hence the different morpholo-
gies of initial particles could be the reason of close cal-
cium phosphate formation rate. That means that the
deposition of needle-like features on the CTSol surface
compensated the lower surface area. So, the next stages
of calcium phosphate nucleation would be faster due to
the slender initial particles. As there are more atoms on
the surface of elongated structures, the Gibbs free energy
of needle-like initial particles are higher than the sphe-
rical counterparts. So, the activation energy is lower and
could facilitate the calcium phosphate formation on
CTSol disks. On the other hand, the sol-gel prepared
powder can contain more hydroxyl groups as TiOH due
to the nature of sol-gel process. Accordingly, the rehy-
dration can take place easily at the surface of gel-derived
sample (CTSol) via attracting calcium and phosphate ions
during immersion in SBF. Panjian Li and Klaas De Groot

a

gave the same explanation about bioactive gel-derived
silica and titania [52].

The CaPs deposits generated during the reaction (5)
participated in ion exchange with the environment, forming
an ideal site for calcium phosphate nucleation and their
growth to form the initial particles. The connection of initial
CaP particles creates a mesh-like network on the surface,
followed by the development of more calcium phosphate
particles, resulting in a layer of calcium phosphates cover-
ing the entire surface (Fig. 6).

3.3 Cell viability

The viability of mesenchymal stem cells in the presence of
CTSol and CTS-S was examined assessing their mito-
chondrial activity, shown in Fig. 12. The results showed
no significant difference at each time point, suggesting that
prolonging cell interaction with materials did not nega-
tively impact cell survival. The analysis of variance
(ANOVA) method was used to estimate the variation

b
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Fig. 12 MTT assessment of CTSol and CTS-S powders in contact with mesenchymal stem cells. Comparison of CTSol and CTS-S a together b, ¢

separately with Control+ sample
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among the Control4, CTSol, and CTS-S groups. At the
0.05 level, the mean values of the population for the two
factors (Day and Sample type) are not significantly dif-
ferent. This is true for their interaction at the same level.
Meanwhile, the viability percent of CTS-S is a bit higher
than CTSol at each time point. Taking the viability value
of Control+ as 100%, it could be concluded that the via-
bility values of both CT samples are sufficiently high for
implantation purposes.

4 Conclusions

Calcium titanate was synthesized using sol-gel (CTSol) and
low-temperature solid-state reaction (CTS-S) procedures.
The produced powders have semi-spherical, mesoporous
particles with mean pore diameters of 45 and 54 nm,
respectively. The particles in CTSol were approximately
100-250 nm in diameter, whereas the particles in CTS-S
were nanosized (35-40nm) and had the parent P25 TiO2
configuration. Specific surface area (26.14 m%*/g'), pore
volume (0.36 cm3.g*1), and pore size (D = 54.51 nm) were
all greater in CTS-S compared to CTSol (11.09 m%g!,
0.12 cm’.g”!, D=44.97nm). The immersion of disk-
shaped CT samples in SBF solution for up to 14 days shows
that CTSol has a greater rate of Ca®" dissolving in spite of
its smaller surface area. As a result, calcium phosphate
formed on both surfaces at similar rates. The initial particles
formed on the surface of CTSol were needle-like features
due to the finer porosities on the surface. However, their
morphology was indistinguishable from calcium titanate
particles on the surface of CTS-S. it is hypothesize that the
formation of needle-like initial particles facilitated the next
stages of calcium phosphate formation by reducing the
activation energy of interfacial reactions on CTSol while
compensating lower specific surface area.
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