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a  b s  t r a  c t

The use of biomaterials has proven to be an excellent alternative in tissue regeneration

due to  the many possibilities they can offer. Bioactive glasses are a  group of bioceramics

that  are being used in bone tissue engineering thanks to their biological properties, one  of

those being the bioactivity behavior. These bioactive glasses require a stabilization process

by thermal treatments that partially crystallize the structure acquiring a  vitroceramic state.

In this study, sol–gel-derived bioactive vitroceramic was synthesized in a  ternary system

using non-conventional calcium and phosphate precursors in order to evaluate its  bioactiv-

ity  in the presence of simulated body fluid (SBF). The obtained bioactive vitroceramic was

evaluated through XRD, FTIR, Raman and SEM to measure its  chemical composition and

morphology. The bioactivity test  was carried out using cylindrical discs made with bioactive

vitroceramic; those discs were analyzed in 7 and 14 days of exposition. The formed layer was

studied with XRD, FTIR, SEM  and EDX analysis. The results have shown that synthesized

bioactive vitroceramic has similar composition and crystallinity of those reported in the

same system indicating the appropriate use of different precursors. Likewise, the bioactivity

behavior showed the formation of a  non-crystalline hydroxyapatite layer on bioactive vitro-

ceramic surface with a  Ca/P  ratio similar to that in bone, which means that the synthesized

material can be used in bone tissue engineering.

© 2018 SECV. Published by Elsevier España, S.L.U. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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r e  s u  m e  n

El uso de los biomateriales ha probado ser una excelente alternativa en la regeneración

de  tejidos debido a  las múltiples posibilidades que pueden ofrecer. Los vidrios bioactivos

son  un grupo de  biocerámicos que se han usado en la Ingeniería de  Tejido Óseo gracias a

sus  propiedades biológicas, una de  ellas el  comportamiento bioactivo. Estos vidrios bioac-

tivos  requieren un tratamiento térmico para estabilizar la estructura adquiriendo un estado
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vitrocerámico. En este trabajo se sintetizó una vitrocerámica bioactiva por  el método de sol-

gel  en un sistema ternario usando precursores no convencionales como fuentes de  calcio

y  fósforo con el  fin de evaluar su comportamiento bioactivo en presencia de  fluido corpo-

ral  simulado. La vitrocerámica bioactiva obtenida se evaluó por XRD, FTIR, espectroscopía

Raman y  SEM  para medir su composición química y morfología. El ensayo de bioactividad

se  realizó usando discos fabricados con la vitrocerámica bioactiva sintetizada; estos discos

se  sumergieron en SBF  por  7 y  14 días. La capa formada en su  superficie se analizó por

medio  de XRD, FTIR, SEM  y  EDX. Los resultados mostraron que la vitrocerámica sintetizada

presenta una composición y  cristalinidad similar a  aquellos reportados en el mismo sis-

tema  lo que indica que los precursores usados son apropiados para este tipo de  síntesis.

Igualmente, el comportamiento bioactivo demostró que se depositó una capa de hidroxiap-

atita no cristalina en la superficie del material con una relación Ca/P similar a  la del hueso,

esto  indica que la vitrocerámica bioactiva sintetizada tiene potencial para ser usado en la

Ingeniería de Tejido Óseo.

© 2018 SECV. Publicado por Elsevier España, S.L.U. Este es un artı́culo Open Access bajo

la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Throughout tissue regeneration strategies, the use of bioma-
terials is an interesting alternative due to their biological and
mechanical properties. These properties along with the  pos-
sibility for structural and compositional manipulations allow
the improvement of biocompatibility in  the final product.
One of the biomaterials with those properties is the bioactive
glasses. They are a group of ceramic materials worldwide used
as bone filling and reinforcement in tissue engineering. These
materials can stimulate osteogenesis by inducing a  biological
response at  the biomaterial–bone interface that promotes the
proliferation and differentiation of human osteoblasts [1,2].
Furthermore, these kinds of materials have in  their structures
different elements such as  silicon, phosphorous, sodium, cal-
cium, among others. Most of bioactive glasses synthesized so
far employ the silicon-based composition previously reported
by Hench et al. [3,4].  According to  Hench, differences in silicon
concentrations reduces or  promotes tissue bonding with both
hard and soft tissues; he also indicated that lower proportions
of silicon promotes bonding with soft tissues, whereas higher
proportions reduce any kind of bonding [3].

The first bioactive glass (Bioglass 45S5) was discovered by
Larry Hench et al. in 1971 [4],  since then a variety of glass com-
positions were studied. Nevertheless, different results found
in the literature [5–7] show that not just composition but also
the preparation method influence on the final structure and
the resultant biological properties of the  material. The sol–gel
synthesis has been widely used as an appropriate method to
obtain bioactive glasses with small and different morpholo-
gies, such as powders, coatings, fibers or  3D porous scaffolds
both micro and nanosized [8,9]. Lower crystallinity, uses less
processing temperature than melt-quenching process [10] and
the obtained glass has abundant Si–OH groups on its surface
that offers active sites for later functionalization [7,8].  Bioac-
tive glasses are usually thermal-treated in order to stabilize its
chemical structure forming a  vitroceramic state [8].

Part of the initial evaluations that must  be carried out on
biomaterials is  their ability to form an apatite layer on its sur-
face, a study called bioactivity. This material behavior can be

measured through bioactivity test reported by Kokubo et al.
(2006) [11].  The test consists on submerging the material in
SBF in different periods of time to allow an apatite formation.
Sol–gel derived bioactive vitroceramics can induce the forma-
tion of a  bone-like apatite layer due to the presence of OH−

groups on their surfaces, which are able to  produce hydroxya-
patite nucleation [7,12].

An in vitro study by Oliveira et al. (2013) [13] presented that
a bioactive vitroceramic in a  ternary system SiO2–CaO–P2O5

with molar fraction 60%–36%–4%, respectively, induces a fast
formation of a  hydroxycarbonate apatite layer in the presence
of SBF, which means that this composition is a  potential appli-
cation for tissue engineering. In previous work, we  reported
that a  bioactive vitroceramic in the same system 60% SiO2–34%
CaO–6% P2O5 (%mol.) presented an  appropriate net forma-
tion without the presence of undesirable phases [14]. We
also proved that it is  possible to obtain bioactive vitroceram-
ics using alternative precursors such as  acetate precursors,
as  net modifiers given that conventional glasses are synthe-
sized with calcium nitrate that form a non-homogeneous
glass [15].

In this study, a vitroceramic in a  ternary system was
synthesized through sol–gel route using non-conventional
calcium and phosphorous precursors according to our previ-
ous work [14].  In this vitroceramic was evaluated the bioactive
behavior in SBF and the formed layer, identifying how similar
is  the layer with bone natural apatite in order to promote its
use in  bone tissue engineering.

Materials  and  Methods

Materials

Ammonium dihydrogen phosphate (ADP, NH4H2PO4) was
purchased from Carlo Erba Reagent. Tetraethylorthosilicate
(TEOS, C8H20O4Si) and calcium acetate (CaAc, Ca(CH3COO)2)
were purchased from Merck Inc. and ethanol (C2H6O) from
Panreac. All chemicals used to prepare the SBF were provided
from Sigma-Aldrich, Germany.
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Vitroceramic  synthesis

Vitroceramic (VC) was synthesized according to our previous
work [14] following the reported by Vaid and Murugavel (2013)
[16]. First, TEOS was added into a  mixture of ethanol/distilled
water and stirred until complete homogenization. This lasted
approximately 1 h. Subsequently, ADP was incorporated into
the previous solution and dissolved for 45 min. Then, CaAc
was  included, followed by the slow addition of an  acetic
acid/distilled water solution. The mixture was left in stirring
for 5 h to reach the gel point and then was kept in a  PET con-
tainer for 3  days at room temperature to promote reagents
react completely.

Finally, the gel was heated at 120 ◦C for 2 days to  remove all
the water content and eventually it  was manually macerated
to obtain a dry powder. For further use and characterization,
the VC was washed to eliminate organic components and ther-
mal  treated in two  stages for VC stabilization: (i) 400 ◦C/60 min
with a heating rate of 26.67 ◦C/min, (ii) 600 ◦C/540 min  with a
heating rate of 3.33 ◦C/min. Additionally, a  different thermal
treatment (1050 ◦C/720 min) was  used in  order to crystalize the
structure obtaining more  define peaks only for XRD analysis.

Vitroceramic  characterization

The synthesized VC was analyzed by X-ray diffraction (XRD)
with XPert PANalytical Empyrean Series II diffractometer with
voltage and current settings of 45 kV and 40  mA,  respectively,
and used Cu-K� radiation (1.5405980 Å). Data were collected
from 2�= 5◦ to 60◦.  The phases were identified by comparing
with previously reported sol–gel derived bioactive vitroceram-
ics.

Fourier Transform Infrared (FTIR) also was recorded for the
obtained vitroceramic powders using transmission mode in
a Shimadzu IRTracer-100 by the method of attenuated total
reflection (ATR) in  the  range 4000–400 cm−1.

For the collection of Raman spectra a confocal Raman
microscope (LabRam, Horiba, Jobin-Yvon, France) consisting
a point focus 633 nm He–Ne laser source, which had an  out-
put power of 17 mW at the sample. Photons scattered by the
sample were dispersed by 600 lines/mm grating monochro-
mator, and simultaneously collected on a  CCD camera with
resolution of 1024 × 256 pixels, the  spectra collection setup
was 50 s  in three different places to  evaluate homogeneity of
the synthesized powder.

The morphology and microstructure of the VC was ana-
lyzed by SEM. The samples were coated with a thin layer
of Gold (Au) by sputtering (DENTON VACUUM Desk IV) and
then they were observed on a  Scanning Electron Microscopy
(JOEL-JSM 6490 LV)  that operated at an  acceleration voltage
of 20 kV. This microscope is associated to an energy disper-
sive EDX (INCA PentaFETx3 Oxford Instruments) spectrometer
equipment. The measures were performed following the same
conditions to each sample, using the  same acceleration volt-
age and selecting similar places in  morphology in order to
obtain comparable results.

Finally, VC  density was measured conforming to ASTM
D2320-98 with distilled water as wetting agent.
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Figure 1 – XRD result of synthesized VC.

In  vitro  bioactivity  study

The obtained powder of VC mentioned in Vitroceramic syn-
thesis section was uniaxially pressed at 30 MPa  for 2 min  in
order to obtain cylindrical disks with a diameter of 10 mm and
thickness of 2 mm.  The cylinders were immersed in  the SBF
solution prepared according to Kokubo and Takadama (2006)
[11] and incubated at 37 ◦C in closed and static tubes for 7 and
14 days. The volume of SBF used during the test was calcu-
lated according to the relation: SBF volume (mL) = 10% discs
mass (mg) [17].  There were two disks for each day of study and
they were placed in different tubes to ensure independence on
the results. Afterwards, the  cylinders were removed from the
SBF solution and washed with distilled water to remove undis-
solved salts. The submerged discs were analyzed by XRD, FTIR,
SEM and EDX with the same equipment mentioned above
without previous treatment. ImageJ software was used to  ana-
lyze SEM results by taking 10 images per sample to perform a
covered area study.

Results  and  discussion

Vitroceramic  characterization  results

Fig. 1 presents the XRD spectrum for the synthesized VC  after
crystallization by heat-treatment at 1050 ◦C. The figure shows
narrow and differentiable peaks comparable with previously
reported peaks for similar systems (SiO2–CaO–P2O5) [1,18].
Those peaks are centered at approximately 30.9 and 21.3 (2�)
for primary and secondary peaks of SiO2,  respectively, form-
ing a  cristobalite phase. Those at 34.4 and 31.3 are primary
and secondary for CaO, and those at 27.7 and 25.7 are for P2O5.
Moreover, it can be seen that no undesirable peaks associated
to pseudo-wollastonite pattern are formed [19] which could
appear because of the  chemical nature of oxides involved in
vitroceramics synthesis. This result indicates the formation of
a  pure vitroceramic phase.

FTIR was performed in order to identify the main functional
groups of the  VC. Fig. 2 shows the  obtained FTIR spectrum
where a  strong band between 1400 and 840 cm−1 centered at
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Figure 2 – FTIR spectrum of synthesized VC.
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Figure 3 – Raman spectrum of synthesized VC after 600 ◦C

heat treatment.

around 1097 cm−1 can be related to the formation of a silicon
net. According to the literature, 1396 and 1097 cm−1 bands are
attributed to asymmetric stretching of Si–O–Si group; whereas
the band at 953 cm−1 corresponds to the  Si–O− vibration [20].
In addition, band at 792 cm−1 is  associated to vibration mode
of P–O bond and bands at 3450, 1600 and 470 cm−1 are the
O–H vibrations [21].  Also, it can be seen that the synthesized
VC presented no organic components on the spectrum due to
final wash during synthesis process.

Raman spectroscopy was  used to identify the formed
vibrational groups of synthesized VC  after stabilization by
heat-treatment at 600 ◦C. Fig. 3 shows the obtained spectrum
in one of the evaluated points, where the absence of the
643–654 cm−1 band evidenced the complete hydrolysis of
TEOS precursor to silanol [20].  Additionally, the presence of
424 and 489 cm−1 bands are an indicator of silanol conden-
sation into silane or siloxane with Si–O–Si bonds. Generally,
bands between 800 and 1450 cm−1 are related to Si–O–Si bond
in tetrahedral silicates. On the other hand, an intense band
at 958 cm−1 is due to  PO4 group vibration and possibly masks
another peak at 920 cm−1 belonging to silicon. This result

indicates the correct vitroceramic synthesis, and also proves
the VC homogeneity that gives the same spectra obtained in
each analyzed point [20,22].

In Fig. 4, we report SEM micrographs of VC powder after
stabilization heat-treatment at four different magnification
scales. As is shown in the  images, the synthesized VC, with
a density of 1.80407 ±  0.01 g/cm3 (25 ◦C)  comparable with cor-
tical bone apparent density (1.85 g/cm3) [23,24],  is highly
agglomerated even in highest magnification, which does not
allow to define particle size or morphology. In contrast, it  can
be seen that the  whole sample remained in a homogeneous
state during the test given that the same morphology was
found in the different taken images.

Fig. 4c and d shows a  complex morphology of synthetized
VC because structures, such as rods, bars or whiskers, are not
feasible to determine including its size measurement of each
dimension. Comparing all the analyzed images, same struc-
tures and distributions can be seen proving morphological
homogeneity on the sample. Nevertheless, its important result
due to natural hydroxyapatite is  nano-size with similar shape
of rods [25],  which means that synthesized VC could be  used
as bone replacement. Both SEM and Raman results proved
chemical and morphological homogeneity of synthesized VC.

Bioactivity  behavior  results

In order to evaluate bioactivity the  first step was to deter-
mine the formation of an  apatite layer over VC disk surface.
This assessment was performed with SEM images and EDX
analysis. Fig. 5 shows the obtained images and EDX analysis
for VC after 7 and 14 days in SBF solution, all the acquired
images were analyzed with Image J software to quantify
the covered surface. The images show an increase of the
formed precipitates from 7  to 14 days, indicating that the
amount of precipitates on VC  surface rise from 9.655 ± 0.5%
to  13.855 ± 0.5% of the coated surface.

The precipitates were analyzed through EDX  in three dif-
ferent places with the same morphology and the same work
voltage to  assure homogeneous results. Calcium and phos-
phorous ratio (Ca/P) was calculated with the EDX results at 7
and 14 days. The obtained value at 14 days in SBF indicates
a similarity between formed precipitates and natural hydrox-
yapatite that varies in  the range 1.37–1.87 according to Wu
et  al. [26]. These results show that the synthesized VC allows
the formation of precipitates on its surface and they increase
with time exposition in SBF. In addition, Ca/P ratio indicates
that the layer could be apatite precipitates, which means that
VC is  appropriate for bone tissue engineering.

In Fig. 6, there are SEM images of VC discs cross-section
view before and after SBF treatment. A  thin apatite deposit
on 14 days disk can be seen which proves bioactive behav-
ior of synthesized VC which is  in accordance with the above
mentioned fact about apatite formation on VC surface.

Fig. 7 shows the SEM image  of the  apatite formation after 14
days in SBF in order to analyze its morphology. It  can be  seen
that agglomerates in  different sizes are  difficult to  measure
real size of the particle. However, it seems that the particle
has a small size, approximately less than 2 �m, and that high
agglomeration is desirable for bone tissue applications given
that natural apatite presents micro and nanosizes [26,27] and
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Figure 7 – SEM image of formed apatite layer on VC surface

at 14 days in SBF.

different levels of aggregation according to the position and
role of each type of bone [28].  FTIR and XRD analysis were
performed on the apatite to  identify functional groups and
crystallinity, respectively.

Fig. 8 shows the FTIR spectra of the formed superficial
deposit at 7  and 14 days in SBF. There are bands on the spec-
tra related to silicon group vibrations as  mentioned previously
at 1396, 1097 and 947 cm−1 and two bands belonging to O–H
vibration at 1600 and 3446 cm−1 on both spectra.

Additionally, at 7 and 14 days on SBF, there are three bands
found at 465, 568 and 601 cm−1 related to P–O bond vibrations
belonging to PO4

−3 groups. Furthermore, there is a  band at
792 cm−1 due to P–O bond stretching, which indicates the pres-
ence of crystalline phases of calcium phosphate associated to
an apatite deposit formation on VC  surface [29].  These bands
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Figure 8 – FTIR analysis of formed layer on VC  surface after
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increase with time exposition in SBF, which is in agreement
with SEM analysis about layer growth on the surface.

Fig. 9 shows XRD spectra obtained on VC at stabilization
temperature (600 ◦C), after 7 and 14 days in SBF. This study
was  carried out to obtain information of the formed precipi-
tates about its crystalline nature. These VCs require a  previous
stabilization heat treatment however it is not enough to com-
pletely crystalize the structure. In the case of VC at 0 days,
lower crystallinity was  observed with heat treatment at 600 ◦C
confirming the above suggestion, but the representative peaks
of this VC were evidenced at a higher thermal treatment
(Fig. 1). After 7 days in SBF, it can be  seen that there is a strong
and defined peak at around 2�=28◦ that is  possible due to the
formation of calcium phosphate (Ca2O2P7) identify with COD
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Figure 9 – XRD analysis of formed apatite precipitates on

VC surface at 0, 7 and 14 days in  SBF.

(crystallography open database) reference code 00-003-0604 in
HighScore Plus software. However, this peak disappears at 14
days of exposition, since at this moment probably the formed
deposit transforms into hydroxyapatite. The intense peak at
2�=32◦ attributed to  the (211) reflection in both 7 and 14 days
in SBF proves the formation of such hydroxyapatite [30].  An
increase of crystallinity is observed with time exposition in
SBF, supported by the  presence of additional peaks in the
range 2�=45–55◦, which are characteristics of hydroxyapatite
formation [31].  This result validates the appropriate behav-
ior of synthesized VC for bone tissue engineering by forming
hydroxyapatite in the presence of simulated fluid.

Conclusions

In this study, VC in a  ternary system was  synthesized by
sol–gel route at room temperature according to  a  previous
work using non-conventional precursors such as  calcium
acetate and ammonium dihydrogen phosphate in order to
evaluate its bioactivity behavior in the  presence of simulated
body fluid.

The results showed that it is possible to obtain bioactive
vitroceramic using non-standard precursors proved by the
analysis made which demonstrated the correct formation of a
net of bioactive vitroceramic. Such results evidence that both
calcium acetate and ammonium dihydrogen phosphate are
appropriate alternatives for bioactive vitroceramic synthesis.

The VC presented good in vitro response by allowing an
apatite formation on its surface in the presence of simu-
lated fluid. Furthermore, the formed deposit seemed to be a
calcium-deficient hydroxyapatite with Ca/P ratio close to nat-
ural apatite and with an  appropriate crystallinity for bone
tissue applications.
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