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Preparation and in vitro apatite-forming ability
of porous and non-porous titania microspheres
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Porous and non-porous titania microspheres with the anatase or rutile phase were successively prepared by the sol-gel process
followed by heat treatment at various temperatures. The pore size of the prepared microspheres was effectively controlled by
incorporating silica nanoparticles of different diameters. The apatite-forming ability of the microspheres was investigated in a
simulated body fluid, with ion concentrations nearly equal to those of human blood plasma. Results indicated that the titania
microspheres with either anatase or rutile structure induced the formation of calcium phosphate compounds (CaPs) on the
microsphere surface. The deposition of CaPs was more pronounced on the TiO, microspheres calcined at 600°C (anatase
structure) and 800°C (rutile structure), compared to that calcined at 500°C (anatase structure). Additionally, anatase micro-
spheres with smooth surface and low specific surface area favored the formation of CaPs, compared to porous microspheres. This

indicates that nanoscale pores do not essentially favor apatite formation.
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1. Introduction

Tissue engineering and regenerative medicine aim to restore
damaged tissues using a combination of functional cells and bio-
degradable scaffolds made from engineered biomaterials. Some
of the most promising biomaterials actively used in bone tissue
engineering include bioactive glasses, glass-ceramics, titanium
and its alloys, due to their ability to form tenacious bonds with
the bone. The bone integration, also known as osseointegration
property, of these biomaterials originates through the formation
of bone-like hydroxyapatite layers upon reacting with physio-
logical fluids, leading to effective biological interaction and
fixation of bone tissue with the material surface.>) In particular,
sol—gel-derived titania (TiO,) coatings and silica (SiO;) coating
have been reported to exhibit bioactivity when dispersed in
simulated body fluid (SBF).2»® Following that, several studies
were devoted to unravel the mechanism underlying the nucle-
ation of apatite on TiO, and SiO, coatings. These studies indi-
cated that certain hydroxyl groups such as Si—-OH and Ti-OH
are responsible for the generation of hydroxyapatite, by provid-
ing sites for calcium phosphate nucleation. ¥~ Among them, Ti—
OH in the titania gel with an anatase structure has been reported
to be remarkably effective in inducing apatite nucleation in
SBE®-10)

Recently, studies were performed to compare the apatite forma-
tion on TiO, film with smooth surface (with anatase structure)
and porous surface. The results demonstrated that porous TiO,
film with granular surface and anatase structure showed enhanced
capability for apatite formation.') This implies that the chem-
istry and topography of the implant surface greatly influences its
bone-bonding ability. In addition, several studies were conducted
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to analyze the relationship between porosity and bioactivity of
the implants. For example, titanium with macroporous surface
was reported to exhibit improved bone-bonding strength.'?"13
Furthermore, sol-gel-derived SiO, and CaO-P,05-SiO, coat-
ings with mesoporous (2nm < pore size < 50nm) surface was
reported to have enhanced the nucleation of hydroxycarbonate
apatite.”? These findings illustrate the requirement of suitable
porous structure for improving the bioactivity of implants.

For injectable biomaterials, a spherical shape is more advanta-
geous, as their geometry allows them to be delivered more easily
through needles. In particular, porous microspheres possess
unique characteristics, such as low density, high hydrophilic
property, making them ideally suitable for use as drug carriers in
the developing drug delivery systems (DDS).'Y To the best of
our knowledge, only very few works have focused on dispersed
TiO, microspheres with controlled pore size and volume. Hence
in this study, porous and non-porous TiO, microspheres were
prepared by the sol—gel process, and their apatite-forming ability
was investigated in SBF. The crystallinity of TiO, microspheres
was controlled by heat treatment at various temperatures. We
believe that the results derived from this study will open up new
opportunities for designing biomaterials for tissue engineering
applications.

2. Experimental procedure

2.1 Materials

Analytical-grade titanium tetraisopropoxide (TTIP), diethanol-
amine (DEA), methanol (CH3O0H), kerosene, sorbitan mono-
oleate (span 80), and sorbitan monostearate (span 60) supplied
by Wako Pure Chemical Industries, Japan, were used as reagents.
Colloidal silica particles with an average particle diameter of
15nm (Snowtex 40), 50nm (Snowtex XL), and 200 nm (indige-
nously-made), were used as template to control the pore size of
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TiO, microspheres. Snowtex 40 and Snowtex XL were supplied
by Nissan Chemical Industries, LTD., Japan.

Silica particles of diameter 200 nm were prepared as follows:
2.5 g of tetracthoxysilane (Wako Pure Chemical Industries) and
7mL of ammonia solution (concentration: 28%) were dispersed
separately in 35 mL of 2-methoxyethanol (Wako Pure Chemical
Industries) to form solution A and solution B, respectively.
Following that, solution B was added slowly into solution A,
under constant stirring at 5000 rpm. The resulting mixture was
aged for 30 min at room temperature. Finally, silica particles with
an average diameter of 200 nm were separated out by centrifug-
ing the aged suspension at 6000 rpm.

2.2 Preparation of microspheres

TiO, microspheres were prepared by a sol-gel process, starting
from TTIP in water-in-oil emulsion. The water phase was com-
posed of TTIP, DEA, CH30H, and water, at a molar ratio of
TTIP/DEA/CH30H/H,0 = 1:1.7:7.5:20.8. Oil phase was com-
posed of kerosene containing 18 wt% of surfactant. The sur-
factant consisted of span 80 and span 60 in the weight ratio of
span 80/span60 = 3:1. Gelation was initiated by stirring the
resulting mixture at 1800rpm and stepwise emulsification at
40°C for 20 min, 50°C for 20 min, and 60°C for 140 min. After
completion of the reaction, the as-obtained gel microspheres were
separated by centrifugation at 3000 rpm. The microspheres were
then washed with ethanol, and dried at 60°C for 12 h. The dried
gel particles were then calcined at 500, 600, and 800°C for
5h, for controlling the desired crystalline phase, followed by
dispersing them in 3M NaOH solution at room temperature for
24 h. Finally, the obtained microspheres were washed with ultra-
pure water, and dried at 60°C for 12 h.

Porous TiO, microspheres were prepared using the method
similar to that described above, with some modifications describ-
ed as follows. In the initial water phase, 10% colloidal silica
particles were substituted for water. Prior to mixing with the
solution of TTIP, DEA, and CH;OH, the pH of the colloidal
silica particles was adjusted to 7 with 1M hydrochloric acid.
Subsequently, incorporation of colloidal silica nanoparticles of
diameter 15, 50, and 200 nm resulted in samples P-15, P-50, and
P-200, respectively.

2.3 Dispersion of the microspheres in SBF

The SBF with ion concentrations (Na®™ 142.0, Kt 5.0, Ca?*
2.5, Mg?™ 1.5, CI~ 147.8, HCO;™ 4.2, HPO4~ 1.0, SO,*~ 0.5
mM), nearly equal to those in human blood plasma,'>19 was
prepared by dissolving reagent-grade CaCl,, K,HPO,3H,0,
KCl, NaCl, MgCl,-6H,0, NaHCOj3; and Na,SO,4 (Nacalai Tesque)
in ultra-pure water, and buffered at pH 7.4 using tris(hydroxy-
methyl)-aminomethane [(CH,OH);CNH,, Nacalai Tesque] and
I M HCI (Nacalai Tesque) at 36.5°C. In a polystyrene bottle,
0.03 g of the TiO, microspheres was dispersed in 14 mL of the
prepared acellular SBF. The bottle containing microspheres
dispersed SBF was fixed on a rotator and rotated at 3 rpm/min at
36.5°C. The SBF in bottle was refreshed every two days. After
a given time period, the microspheres were separated from the
SBF, gently washed with ultra-pure water, and dried at 60°C.

2.4 Characterization of microspheres

The crystalline phase of the samples was verified by powder
X-ray diffraction (XRD; RINT-2200VL, Rigaku, Japan). The
morphology and particle size were observed by using scanning
electron microscope (SEM; VE-8800, Keyence, Japan), trans-
mission electron microscopy (TEM; HF2000, Hitachi, Japan) and

energy dispersive X-ray analysis (EDX; Noran, USA). Chemical
composition of sample was analyzed by Fourier transform
infrared spectrometer (FT-IR; FT/IR-6200, Jasco, Japan), by
recording transmission spectra using potassium bromide (KBr)
pellet method. The content of the testing sample in KBr pellets
was kept at around 0.5wt%. The specific surface area of
the samples was determined by the BET method using nitro-
gen adsorption—desorption isotherm at 77 K on a Micromeritics
ASAP 2020 instrument (USA). Zeta potentials of the samples
were characterized by using laser electrophoresis spectroscopy
(Model ELS-Z, Otsuka Electronics Co., Japan) at various pH
values in 142 mM NaCl solution, which has same Na™ and CI~
concentrations as that in SBF. The pH of the NaCl solution was
adjusted using 1 M HCI or NaOH aqueous solution.

3. Results

Figure 1 shows the SEM images of the microspheres obtained
by calcination at 600°C, before and after dispersion in NaOH
solution. It could be observed that, irrespective of the nature
of silica particles in the colloidal solution, the resulting TiO,
particles were spherical in shape. With regard to the particle size,
the TiO,, P-50, and P-200 samples had a mean diameter of about
5 um, while P-15 had a smaller diameter (about 2-3 um). As can
be observed in the SEM images, the prepared TiO, particles had
a smooth surface, which became rough with the incorporation
of silica particles during the preparation process. Furthermore, it
was observed that the dispersion of the samples P-200, P-50, and
P-15 in NaOH resulted in a porous surface. It was realized that
the pore sizes was similar to the diameter of the incorporated
silica nanoparticles. The specific surface area of the prepared

before immersion in NaOH after immersion in NaOH

¢ ¢ m s

Fig. 1. SEM photographs of TiO, microspheres and porous TiO,
microspheres heated at 600°C before and after dispersion in 3A/ NaOH
solution.
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samples is listed in Table 1. It could be observed that the spe-
cific surface area of porous microspheres greatly increased with
decrease in the diameter of incorporated silica nanoparticles.
Figures 2(a)-2(c) and 2(g) show the FT-IR spectra of P-200,
P-50, P-15, and TiO,, respectively, before dispersion in NaOH.
Similarly, Figs. 2(d)-2(f) and 2(h) show the FT-IR spectra of
P-200, P-50, P-15, and TiO,, respectively, after dispersion in
NaOH. The FTIR spectra of the samples P-200, P-50, and P-15,
before dispersion in NaOH, showed an absorption band at 1100
ecm™!. This could be attributed to the Si—O-Si asymmetrical
stretching.'” However, this band disappeared in the FTIR spectra
of the samples P-200, P-50, and P-15, after dispersion in NaOH.
This indicates that the removal or dissolution of silica nano-
particles upon dispersion in NaOH. Additionally, for all porous
TiO, microspheres, the FTIR spectra exhibited an absorption

Table 1. Specific surface area of porous and non porous TiO, micro-
spheres heated at 600°C

Specific Surface Area

Sample
b (m*/g)
TiO, 6.4
P-15 145.0
P-50 72.5
P-200 57.1
O-H  Si-O-Si Ti-O-Ti
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Fig. 2. FT-IR spectra of porous and nonporous TiO, microspheres

heated at 600°C before and after dispersion in 3M NaOH. (a) P-200,
(b) P-50, (c) P-15 and (g) TiO, are before dispersion in NaOH; (d) P-200,
(e) P-50, (f) P-15 and (h) TiO, are after dispersion in NaOH.

peak at 1630 cm™!, corresponding to O-H bending vibration of
water molecules.'® Nevertheless, no obvious difference could
be observed in the FT-IR spectra of TiO, microspheres before
and after dispersion in NaOH. These results suggest that the
hydrophilicity of microspheres, which is one of the desired prop-
erties of injectable biomaterials, increased due to the incorpo-
ration of silica nanoparticles.

Figure 3 shows the XRD patterns of the samples TiO, and P-
50 calcined at 500, 600, and 800°C for 3h. As can be observed
in Fig. 3(a), the microspheres were mainly composed of anatase
phase, when the calcination temperature was below 600°C.
On calcination at 800°C, the rutile phase became dominant.'?2%
On the other hand, the XRD patterns in Fig. 3(b) indicated that
the sample P-50 exhibited pure anatase phase, even after heating
at different temperatures. The sample P-15 also showed XRD
patterns similar to that of P-50 (data not shown), exhibiting pure
anatase phase. In case of sample P-200, the XRD pattern exhib-
ited both anatase and rutile phases upon heating at 800°C,
and pure anatase phase for heat treatments below 600°C (not
shown here). These results indicate that the incorporation of silica
nanoparticles in titania microspheres inhibited the formation of
the rutile phase during the heat treatment.?!

Figure 4 shows the SEM images of the TiO, microsphere
surface, obtained by heating at 500, 600, and 800°C, and after
dispersion in SBF for 4 days and 8 days. It could be observed
that island-like spherulites were deposited on the surface of all
the TiO, samples dispersed in SBF for 4 days. The spherulites
were found to gradually overspread throughout the surfaces, after
dispersion in SBF for 8 days. The newly formed spherulite
layer, on the TiO, microspheres heated at 600 and 800°C, were
observed to be more pronounced and uniform.

Figure 5 shows the surface morphology of the porous TiO,
microspheres heated at 600°C, after dispersion in SBF for 8 days.
This was compared with that of TiO, microspheres heated at
500°C. Compared to non-porous TiO, microspheres [Fig. 5(a)],
only small amount of spherulites were observed on the surface of
the porous microspheres (P-15, P-50, P-200) after dispersion in
SBF [Figs. 5 (b)-5(d)]. In addition, in case of porous micro-
spheres, it was observed that the spherulites were deposited in the
gap between the microspheres.

Figure 6(a) shows the XRD patterns of TiO, microspheres
heated at various temperatures after dispersion in SBF for 8 days.
Figure 6(b) shows XRD patterns of porous TiO, microspheres
(P-15, P-50 and P-200) with an anatase structure, after dispersion
in SBF for 8 days. The XRD pattern of TiO, microspheres is also

(a) (b)
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Fig. 3.
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Before SBF immersion 7

Fig. 4. SEM photographs of surface of TiO, microspheres heated at various temperatures before and after dispersion in SBF
for 4 days and 8 days.

&,
Fig. 5. SEM photographs of surfaces of porous TiO, microspheres
heated at 600°C after dispersion in SBF for 8 days, which were compared
with TiO, microspheres heated at 500°C, (a) TiO,; (b) P-15; (c) P-50;
(d) P-200.

shown in Fig. 6(b) for comparison. The XRD patterns of all the
samples exhibited broad peak around 20 values of 32°, indicating
that the newly formed layer consisted of superfine crystalline
and/or defective grains.?? Furthermore, an additional diffraction
peak around 26° was observed in the case of microspheres heated
at 800°C [Fig. 6(a)], while it was not clearly observed in the case
of microspheres heated at 600 and 500°C, which had an anatase
structure. This could be attributed to the masking effect of the
strong diffraction peak of anatase near 26°. These diffraction
patterns were so weak in intensity that it was difficult to identify
any crystalline phase from these patterns clearly.

Figure 7 shows the (a) TEM images, (b) electron diffraction
patterns, and (c) EDX profiles of the surfaces of TiO, and P-200,
after dispersion in SBF for 8 days. The TEM images indicated
that a more uniform layer was deposited on the surface of TiO,,

while island-like spherulites were deposited on the surface of P-
200. In addition, polycrystalline diffraction rings were observed
on the surface of both TiO, and P-200, as shown in Fig. 7(b).
The most two visible rings could be regarded as octacalcium
phosphate (OCP) rings of (002) and (402) or hydroxyapatite
(HA) rings of (002) and (211), even though it is considered
controversial to perform phase identification from TEM ring
patterns.” Quantitative EDX analysis of the newly formed
spherulite layer on TiO, and P-200 surfaces showed that the
relative amount of Ca/P was 1.25 and 1.54, respectively. Never-
theless, the Ca/P atomic ratio in both the samples (TiO, and
P-200) were much lower than that of bone apatite (Ca/P = 1.65)
and stoichiometric hydroxyapatite [Ca;o(PO4)s(OH),] (Ca/P =
1.67).2%%) The newly formed spherulite layers, since their
calcium phosphate compositions cannot be confirmed by present
data, will be referred to as “CaPs” in the forthcoming sections.

4. Discussion

It is apparent from the above results that the titania micro-
sphere with the anatase or rutile phase can induce CaPs formation
on its surface. Moreover, the deposition of CaPs was more
uniform on the rutile microspheres derived by heat treatment at
800°C, than on anatase microspheres obtained by heat treatment
at 500°C (see Figs. 3 and 4). Nancollas et al. have explained the
nucleation of calcium phosphates on anatase and rutile surfaces
based on the surface tension. According to his report, anatase has
higher apatite-forming ability compared to rutile.2) In the present
study, the surface of rutile microspheres favored the formation of
more uniform CaPs layer, which could be attributed to its rugged
surface structure, formed as a result of heat treatment at 800°C
(Fig. 4).

Figure 8 shows the zeta potentials for the samples TiO, and P-
50 as a function of pH in 142 mM NaCl solution. It was found
that the surface of both TiO, and P-50 exhibited negative zeta
potentials. In fact, the surface of P-50 was more negatively
charged, after dispersion in SBF. Based on this negative zeta
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Fig. 7.
dispersion in SBF for 8 days.

potential, the mechanism underlying the nucleation of CaPs
on the microsphere surface, could be explained as follows: the
negative TiO, surface attracts positively charged calcium ions
and these calcium ions later combine with phosphate ions in the
fluid to form CaPs with a low Ca/P ratio.®?"?® At the same
time, the sample P-50, which had a more negatively charged
surface, induced lesser CaPs. This implies that, in addition to zeta
potential, certain other factors could affect the formation of CaPs.

As listed in Table 1, porous microspheres had a higher surface
area compared to non-porous TiO, microspheres. However, CaPs
tend to deposit favorably on non-porous TiO, microspheres,
when dispersion in SBF. This might probably be due to the
amount of ions in SBF, which might be insufficient for efficient
nucleation of apatite throughout the high surface area porous
microspheres. Therefore, SBF was refreshed every two days and
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(a) TEM images, (b) electron diffraction patterns, and (c) EDX profiles of the surfaces of TiO, and P-200, after

1.5 SBF was also used to replace SBF. As a result, a similar trend
was observed in the case of dispersion in 1.5 SBF. These results
indicate that, for a micron-sized particle, surface area might not
influence the nucleation of apatite on its surface.

Previous study has reported that high mesopore volume and
wide mesopore size distribution accelerates the formation of
hydroxycarbonate apatite on porous sol-gel-derived SiO, and
Ca0-P,05-Si0O, substrates.” However, in present study, P-15
and P-50 showed predominantly mesoporous structure, but did
not favor the formation of CaPs on their surface, even upon
dispersion in SBF up to 8 days. This indicates that the presence
of mesopores did not play a role in inducing apatite nucleation in
the present system. According to Zener et al., a low solute con-
centration region is present in the solution near the solid surface,
during the solid-liquid reaction. The thickness of this region is
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Fig. 8. Zeta potentials for TiO, and porous TiO, (P-50) particles as a

function of pH in 142 mM NaCl solution.

controlled by the reaction rate and the diffusion coefficient of
the solute in the solution.?” Moreover, Liang et al. have studied
the relationship between apatite formation and the pore size in
porous titanium. According to them, if the pore size is bigger,
the solute could reach the bottom of the pores easily. This favors
the growth of apatite nuclei, since they can absorb Ca’* and
HPO,?>~ continuously. On the other hand, if the pore size is
smaller, the bottom is shielded by the low solute concentration
region, which is not beneficial for the nucleation and growth of
apatite.>”) Therefore, in the present study, the nanosized pores on
the surface of the samples did not favor the nucleation of apatite.
In addition to these factors, the pore shape, e.g. closed pore (not
connected between pores) or open pore (interconnected), could
possibly affect the apatite nucleation significantly. Further
investigations are still needed to clarify the effect of pore size
and pore shape on the apatite formation on microsphere surface.

5. Conclusions

Porous and non-porous titania microspheres were prepared
successfully, and the in-vitro apatite-forming ability of the pre-
pared microspheres was evaluated by dispersing them in SBF.
It was found that, upon dispersion in SBF, either the anatase or
rutile phase can induce the formation of calcium phosphate
compounds (CaPs) on the surface of the microspheres. Non-
porous anatase microspheres induced the formation of more
uniform CaPs layers, compared to porous microspheres with
nanoscale porosity. Further, highly negative zeta potential and
high surface area did not promote the CaPs formation on
microsphere surface. Rather, pore size and pore shape could be
important factors influencing the formation of apatite.
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