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Abstract

Bioactive and biocompatible composites were successfully prepared by reactive sintering of mixtures of a crys-
talline titanate precursor and 45S5 Bioglass®. The polytitanate/glass precursor ratios were 20/80, 40/60, 60/40
or 80/20 (wt.%). The powder mixtures were uniaxially pressed and heat treated at 1000 °C for 1 h. During
sintering, intensive interactions between raw materials occurred. The formed main crystalline phases were:
potassium hexatitanate (K2Ti6O13), calcium titanate (CaTiO3), calcium silicate (CaSiO4) and sodium-calcium
silicate (Na6Ca3Si6O18). Additionally, a Si-rich glassy phase was also observed. The mechanism of apatite
formation indicated that both crystalline and amorphous phases play important roles in this process. A homo-
geneous apatite layer was formed on Si–OH, Ti–OH-rich interfaces. In vitro bioactivity was assessed using
simulated body fluid (SBF K-9). The in vitro cytotoxicity behaviour was evaluated using a human osteoblast-
like cells model and compressive strength by ASTM C-773 standard. All the composites demonstrated high
bioactivity as cytotoxicity assays indicated a biocompatibility similar to that of the negative control. The sam-
ples showed high cell adherence and elongation cell characteristics similar to those observed on biocompatible
systems. The compressive strength of the sintered samples decreased as the polytitanate content precursor was
increased. The results obtained indicate that these materials are highly promising composites for medical ap-
plications.
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I. Introduction

Nowadays, ceramics, glasses and glass-ceramics are
used for bone repair and joint defects. Among them,
bioactive glasses are employed successfully due to their
high bioactivity, since they promote apatite formation
on their surfaces when they are exposed to biological
environment. Bioactive glasses are employed mainly as
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coatings of bioinert materials [1], as dense pieces were
clinically used for the substitution of the middle-ear
bone chain and widely studied in the last decade as
scaffolds [2,3]. Additionally, they are used in the con-
formation of bioactive dense composites [4,5]. Never-
theless, glass-containing bioactive composites have not
been deeply investigated despite their main advantages,
such as their functional or structural properties related to
the combination of microstructural characteristics pro-
vided by the different components [6].
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Titania based composites and porous titanium have
been widely studied for biomedical applications [7–9].
Titania has the tendency to adsorb water on its surface
leading to the formation of Ti–OH groups. These basic
groups were reported to induce apatite nucleation and
crystallization on materials in contact with SBF [10].

A crystalline precursor of potassium polytitanate may
show a higher reactivity than titania (TiO2), whose in-
ert properties are well known. As stated in the literature
[7,10–14], titanate phases are highly bioactive when
they are in the contact with SBF, due to the formation of
Ti–OH groups. Due to this fact, among others, a potas-
sium polytitanate precursor was selected for developing
the bioactive composites presented in this work.

The semi-crystalline or amorphous potassium poly-
titanate precursor (K2O · nTiO2) synthesized by the
molten salt method [15] may be considered as a rein-
forcing material of composites. This is supported by
the tendency of potassium polytitanate (K2O · nTiO2)
to crystallize after an additional heat treatment at
temperatures higher than 800–850 °C, as fibre-shaped
potassium tetra or hexatitanate, depending on the ra-
tio n = TiO2/K2O in the original composition [16,17].
The potassium hexatitanate (K2Ti6O13) is character-
ized by its high mechanical properties (tensile strength
of about 6 GPa) [18,19] and an appropriate bioactivity
[13,20,21]. Both characteristics are very attractive for
biomedical applications [22]. The particles of potassium
polytitanate precursor used in this work have spherical
shape with 20–30µm in diameter [16] and they can be
easily mixed with 45S5 Bioglass® powder and com-
pacted by uniaxial pressing to obtain green bodies. The
silicate glass transition temperature, Tg ∼ 550 °C, and
fluidization temperature, T f ∼ 900 °C [23–25], are ap-
propriate to assist the crystallization of the potassium
polytitanate and, due to this fact, composites can be ob-
tained in a single stage.

In our previous work [26], mixtures of potas-
sium polytitanate powder (10–30 wt.%) with powdered
calcium-borate glass were prepared in order to obtain
bioactive composites with improved mechanical prop-
erties by sintering at 800–900 °C. However, a relatively
high release of boron to the simulated body fluid (SBF)
was observed. This may lead to toxic effects. The tar-
get of this research is to obtain novel boron-free sil-
icate glass-ceramics composites with high bioactivity,
biocompatibility and appropriate mechanical properties.

II. Experimental

Bioglass® was prepared by the melt-quench method
[27] using a batch of 28 CaCO3, 25 NaCO3, 13
NH4H2PO4 and 34 SiO2 in wt.% (Sigma Aldrich, USA).
The raw materials mixture was placed into a platinum
crucible and heated up to 1380 °C and kept at this tem-
perature for 2 h. The obtained melt was quenched onto
a stainless steel plate at room temperature. The glass
was crushed and milled to obtain a powder with parti-

cle size between 45 and 150µm. The potassium polyti-
tanate (PP) precursor was prepared by heat treatment of
a mixture consisting of TiO2 powder (Anatase, Sigma
Aldrich, 99%), KOH (Sigma Aldrich, 99%) and KNO3
(Sigma Aldrich 98%) in a weight ratio of 1 : 1 : 8 at
500 °C for 2 h. Then, the product was washed with dis-
tilled water and dried at 60 °C for 4 h [16,17].

Composites were obtained by mixing Bioglass®

powder with 20, 40, 60 or 80 wt.% of potassium poly-
titanate precursor. The composites obtained after sin-
tering of these mixtures were identified as 20/80 SG,
40/60 SG, 60/40 SG and 80/20 SG (SG = silicate glass,
45S5 Bioglass®). Green bodies of the composites were
produced by mechanical mixing and uniaxial pressing
(160 MPa) to obtain flat disks of 1 cm in diameter and
0.5 cm in thickness for bioactivity and biocompatibil-
ity assays, and cylinders of 11 mm in height and 8 mm
in diameter for compressive strength testing. The disks
and cylinders were reactively sintered at 1000 °C for 1 h
[9]. The sintered composites were analysed using X-ray
diffraction (XRD, Philips PW3040) and scanning elec-
tron microscopy (SEM, Philips XL30, equipped with an
energy dispersive spectroscopy analyser, EDS).

In vitro bioactivity assessment of composites was per-
formed by immersing the samples in 250 ml of simu-
lated body fluid (SBF-K9) at 37 °C for 21 days. The SBF
used was prepared according to the literature [28] by
dissolving reagent-grade chemicals of NaCl, NaHCO3,
KCl, K2HPO4 · 3 H2O, MgCl2 · 6 H2O, CaCl2 · 2 H2O
and Na2SO4 in deionized water (1 dm3) and buffered
to pH 7.4 with tris(hydroxymethyl)-aminomethane and
1 N HCl at 37 °C. The surface of the samples was char-
acterized by SEM, EDS and XRD. Cross-section analy-
ses were also performed by using SEM and EDS.

The compressive strength of the composites was eval-
uated according to the ASTM C-773 standard. Tests
were performed using a 15 kN capacity automated hy-
draulic machine (Controls, model 50-C7024). The re-
ported strength was the average of six specimens of the
same chemical composition.

In vitro cytotoxicity was assessed for the samples
that showed higher bioactivity and appropriate com-
pressive strength (20/80 SG and 40/60 SG). These as-
says, including adhesion tests, were performed accord-
ing to the ISO 10993-5 standard using primary human
osteoblasts (HOb). For this purpose, the selected sam-
ples were placed in a microbiological plate and then
immersed in culture media during 24 h at physiologi-
cal conditions (incubated at 37 °C in a humidified at-
mosphere of 5% CO2 and 95% air). Each modified cul-
ture medium was extracted and placed in contact with
a monolayer of freshly isolated human osteoblast-like
cells during 24 h under the same conditions. After expo-
sure time, the monolayer of cells was fixed and analysed
using a commercial kit (Xenometrix, Germany), which
allows the sequential evaluation of three different pa-
rameters for cell survival and integrity. The absorbance
was evaluated using a UV-Vis microplate reader (Pow-
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erWave MS2, BioTek Instruments, USA). The three pa-
rameters determined for each sample were mitochon-
drial activity (XTT), membrane integrity (Neutral Red
- NR) and cell density (Crystal Violet Dye Elution -
CVDE) [29,30]. Five replicas of these assays were per-
formed.

Cell adhesion tests were performed using subcultures
of human osteoblasts cells (12×104 cell/µl). These were
seeded on the sintered samples and incubated at 37 °C

Figure 1. XRD patterns of composites obtained after reactive
sintering at 1000 °C for 1 h

in a humidified atmosphere of 5% CO2 and 95% air. Af-
ter 24 h, the samples were washed with phosphate buffer
saline (PBS) and fixed with 4% para-formaldehyde dur-
ing 15 min and washed 3 times with PBS. Finally, the
samples were dried using diluted ethanol and exposed
to a critical point drying under standard conditions (5%
CO2, 31.1 °C and 1072 psi). For analysis, the samples
were coated with a gold layer and observed using a scan-
ning electron microscope [31,32]. These assays were
done in triplicate.

III. Results and discussion

The potassium polytitanate precursor synthesized by
the molten salts method showed a TiO2/K2O ratio of 5.3,
according to the energy dispersive spectroscopy ana-
lysis (EDS). This ratio is appropriate to obtain fibre-
shaped potassium hexatitanate (K2Ti6O13) during heat
treatment [16,17].

The XRD patterns of the sintered composites are
shown in Fig. 1. As observed, considerable changes
occurred. The crystallization of the polytitanate pre-
cursor was identified. The crystalline phases that ap-
peared in the products after reactive sintering were
calcium silicate (CaSiO4), sodium-calcium silicate
(Na6Ca3Si6O18), potassium hexatitanate (K2Ti6O13)
and tetragonal calcium titanate (CaTiO3). The calcium
titanate obtained after reactive sintering suggests an in-
tensive chemical interaction between the polytitanate
precursor and 45S5 Bioglass® supported by a high ion
exchange mobility of Ca and K cations. Amorphous
phase was also detected, especially on those samples
with high content of Bioglass®. The other observed
phases were also obtained with the chemical reactions
that occurred during sintering. As observed, potassium
hexatitanate reflections are more intense when more
than 40 wt.% of potassium polytitanate precursor was

Figure 2. SEM images of composites obtained after reactive sintering at 1000 °C for 1 h: a) 20/80 SG, b) 40/60 SG, c) 60/40 SG
and d) 80/20 SG
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added to the raw materials mixture. The composites ob-
tained when more than 60 wt.% of PP precursor was
added show a high content of potassium hexatitanate
and calcium titanate.

Figure 2 shows SEM images of the sintered compos-
ites. Those obtained when 60 or 80 wt.% of PP precursor
was added, Figs 2c and 2d, respectively, show the for-
mation of hexatitanate whiskers, which are not totally
embedded into the matrix. This fact may lead to toxic
materials, thus they are not attractive for biomedical ap-
plications. Nevertheless, the composites prepared with
less than 60 wt.% of PP precursor presented a noticeable
densification (20/80 SG and 40/60 SG, Figs. 2a and 2b,
respectively).

Figure 3. XRD patterns of composites after 21 days of
immersion in SBF

Figure 3 shows the XRD patterns of the samples sur-
face after 21 days of immersion in SBF. As observed,
apatite was formed on the composites. These results in-
dicate a high bioactivity of all the samples, since no
peaks corresponding to the substrate were detected by
XRD. This high bioactivity is due to the formation of
Si–OH and Ti–OH groups on the surface in contact with
SBF, which are preferential sites for apatite nucleation.
Besides, the bioactivity of the potassium hexatitanate
(K2Ti6O13) has been reported earlier [13,20,22].

Figure 4 shows SEM images of the samples prepared
by adding 20 and 40 wt.% of potassium polytitanate to
the mixture, before and after 21 days of immersion in
SBF. In both cases, before immersion, a high rough-
ness surface, generated after sintering, was observed.
The EDS spectrum corresponding to the matrix of the
40/60 sample (A) shows high intensity peaks of Ti and
Ca. Some fibre-shaped potassium hexatitanate can be
also observed at higher magnifications (B). These re-
sults are in agreement with those obtained by XRD (Fig.
1). After 21 days of immersion in SBF, the formed ap-
atite layer, whose morphology closely resembles that
formed on the highly bioactive materials, was observed
on the 20/80 and 40/60 SG composites. The correspond-
ing EDS spectrum (C) clearly indicates that this formed
layer is rich in Ca and P with a Ca/P atomic ratio of 1.7,
which is close to that of hydroxyapatite (1.67). Table 1
shows the chemical composition of the zones A, B and
C.

The mechanism of apatite formation can be explained
using cross-sectional SEM images and the correspond-
ing EDS spectra of the samples prepared by adding
40 wt.% of potassium polytitanate precursor. In Fig.
5 it is possible to identify several layers with strong
differences in chemical composition. The EDS spec-
trum corresponding to the Si-rich layer (identified with
number 1) indicates the formation of silica gel com-

Figure 4. SEM images of 20/80 and 40/60 SG composites before (left) and after 21 days (right) of immersion in SBF (a) and
EDS spectra corresponding to different regions of the 40/60 SG composite (b)
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Table 1. EDS semiquantitative analyses of the different zones shown in Fig. 4

Zone ID
Chemical composition [at.%]

O Na Mg Si P Cl Ca Ti K Ca/P
Calcium titanate (A) 26.9 1.84 - 1.65 - - 29.67 38.16 1.78 -

Potassium titanate (B) 30.57 - - - - - - 53.30 16.14 -
40/60 SG (C) 40.50 1.27 1.16 0.68 19.84 0.92 34.09 1.17 0.38 1.71

Figure 5. Cross-section SEM images of the 40/60 SG composite after 21 days of immersion in SBF at two different
magnifications and EDS spectra corresponding to the indicated regions

monly formed on the existing bioactive systems (Si–OH
groups). The second layer (layer number 2) is rich in Si,
Ti, Ca and P, indicating that apatite is starting to form
on the Si–OH and Ti–OH groups. The spectrum corre-
sponding to the layer identified with number 3 indicates
the growth of a Ca,P-rich compound as the intensity of
Si and Ti peaks decreases while that of Ca and P in-
creases. Finally, the thickest layer (4) corresponds to the
apatite detected by XRD (Fig. 3). The EDS semiquanti-
tative analysis of these Ca,P-rich layer (at.%) showed a
Ca/P atomic ratio of 1.66, which is close to that of hy-
droxyapatite. These results demonstrate that the phases
detected by XRD, calcium silicate (CaSiO4), sodium-
calcium silicate (Na6Ca3Si6O18), potassium hexati-
tanate (K2Ti6O13) and the amorphous phase, play an
important role in the formation of Si–OH and Ti–OH
groups leading to a high bioactivity.

The compressive strength of the sintered compos-
ites (Fig. 6) decreases considerably when the polyti-
tanate amount added to the mixtures is high (60/40 SG
and 80/20 SG). This is due to the higher porosity ob-
tained during the sintering (Fig. 2). In addition, when
high quantities of polytitanate were added to the mix-
tures, the potassium hexatitanates fibres obtained dur-
ing the heat treatment generated only few crisscrossed
whiskers with no physical bond among them which are
not enough to build a fibrous preform. On the other
hand, when lower amounts of potassium polytitanate
precursor (20/80 SG and 40/60 SG) were added, 45S5
Bioglass® acts like a bonding agent among the crys-
talline phases obtained during the sintering. These com-
posites are very attractive for trabecular bone applica-
tions due to their appropriate compressive strength (35–
50 MPa). The results obtained indicate that the mechan-

Figure 6. Compressive strength of SG composites

ical properties of these composites are similar or even
higher than those of some existing bioactive systems
(5 to 20 MPa) [33]. Although compressive strength of
these materials is lower than that of the calcium ti-
tanate/borosilicate glass composites reported earlier in
our previous work [26], the potential toxic effects due
to the presence of boron in the apatite layer is avoided.

The mitochondrial activity (XTT test) was evaluated
using cells treated with the modified culture media dur-
ing 24 h by the bioactive composites. As it can be seen in
Fig. 7 (XTT), the mitochondrial activity of cells in the
modified media are not statistically different from the
negative control (Cell). This indicates that mitochon-
drial activity is not disturbed by the modified media. The
Neutral Red (NR) assay evaluates cellular integrity. As
observed in Fig. 7 (NR) this assay showed that the cel-
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Figure 7. Cell viability assays (XTT, NR and CVDE) of the 20/80 SG and 40/60 SGb composites after 24 h of exposure

lular integrity continues to be viable after culturing for
24 h. No significant difference was observed between
the modified media and the negative control (Cell). Cell
density was evaluated by CVDE testing. Again, no sig-
nificant difference was observed between the modified
media and the negative control. This may be an indica-
tion that these composites are not cytotoxic. Statistical
analyses were performed using F distribution, p < 0.05
(Minitab®18).

The results obtained from these assays indicate that
the composites prepared in this work are biocompatible
since all the modified media are considerably different
from the positive control (phenol) and very similar to
the osteoblast-like cells media.

An appropriate cell adherence to the substrates was
observed in all the cases. In Fig. 8, corresponding to
the cultured 20/80 and 40/60 SG composites, dense cell
layers that coat the entire surfaces can be observed. At

higher magnifications, the cell attachment is demon-
strated.

IV. Conclusions

Novel bioactive and biocompatible composites can
be obtained from powder mixtures of potassium poly-
titanate precursor and 45S5 Bioglass®. After reactive
sintering, highly bioactive composites with appropriate
compressive strength (35–50 MPa) were obtained. The
compressive strength of the composite with 20 wt.% of
potassium polytitanate precursor is about 60% higher
than that with 40 wt.%. Mechanism of apatite formation
was elucidated analysing the several layers formed af-
ter immersion of the samples in SBF. Apatite nucleates
preferentially on Si and Ti-rich phases. The compos-
ites obtained with 20 or 40 wt.% of potassium polyti-
tanate precursor, demonstrated an appropriate compres-

Figure 8. SEM images of the 20/80 and 40/60 SG composites after 24 h of culturing at different magnifications
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sive strength and they were non-cytotoxic. The obtained
results indicate that such composites are potential mate-
rials for hard tissue regeneration.
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