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Abstract: Silicon-boron based glass was prepared by sol gel method. This bioactive glass (70-x) SiO,-6P,05-24Ca0O
and (x) B,O; in which SiO, substituted by B,O; with variated values x = 0, 5, 10, 15, 20 and 25 wt %. The
morphology of the 600 °C heat treated samples was characterized through SEM, EDX, XRD and FTIR. The
bioactive glass have been analysed in vetro test. The results indicate that after 15 days of immersion, the
microstructure of the sample with 15 wt% B,0; is quite close to that of dry human trabecular bone.

[Tohamy KM, Soliman IE, Motawea AE, Aboelnasr MA. Synthesis, Characterization and Bioactive Study of
Borosilicate Sol-Gel Glass. Nat Sci 2015;13(8):145-154]. (ISSN: 1545-0740). http://www.sciencepub.net/nature. 23

Keywords: sol-gel, borosilicate, bioactive glass, hydroxyapatite

1. Introduction

In the recent years bioactive glasses have
attracted much interest as new materials used in
numerous biomedical and research applications with
high potential as scaffold materials. Silica- and
phosphate-based glasses were found to be bioactive
material ' ! due to its ability to form bonelike apatite
layer on its surface when interacting with host
medium. The sol-gel route was introduced in early
1990s as an alternative synthesis method for this type
of materials " *°!. It was shown that glasses obtained
by sol-gel route are of higher homogeneity and
purity, and can be prepared at lower temperature and
with a better control of their structure and
morphology than in the case of melt quenching
method 7

The key to form a stable bond between the
bone and a synthetic material is the precipitation of
an apatite layer on the surface of the synthetic
material which is responsible for its bioactivity ™ *.
For tissue engineering applications it is necessary to
increase the nucleation and growth of hydroxyapatite
(HA) on the surface of the bio-glass in a precise
reaction time in body environment, not to slow,
because of the difficulty to match the rate of new
tissue formation with the degradation rate of
scaffolds, and however not too fast, because the weak
HA-like layer product may result in an excessive
decrease in the strength '* '

For four decades, bioactive glasses in the
system SiO,—P,Os—CaO have been one of the most
widely studied materials for biomedical applications
12715 "It was also reported that the addition of the
classical network former B,0O; to SiO,—CaO-P,Os—
Na,O bioactive glass system generally leads to glass-
ceramic materials that also present bioactivity .
One of the principal proposals in the development of
glass-ceramics for biomedical applications is the
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possibility of improving the mechanical properties of
their parent glasses. It was shown that the ratio
between tetrahedral and trigonal boron species can
influence the mechanical strength of a glass system
owing to the fact that boron speciation plays a
dominant role in controlling the fragility of the
samples '), Boron can be considered as potential
stimulating agent for bone tissue engineering. It was
shown that boron affects the RNA synthesis in
fibroblast cells.Moreover, dietary boron can stimulate
bone formation '® '),

Therefore boron has been introduced to
bioactive silicate glasses in an attempt to improve the
bioactivity of the glasses and the structure of a
material that may be suitable for biomedical
applications "***?2]. Moreover, the B,O;-containing
bioactive glasses have attracted the interest in the
past years for potential biomedical applications in
tissue engineering as scaffolds material, because of
their lower chemical durability, faster and more
completely conversion to hydroxyapatite when they
are immersed in simulated body fluid !''***¥,

The present study was focused on the sol—
gel synthesis, structural characterization and in-vitro
behavior of samples that follow the [(70-X) SiO,-
6P,05-24Ca0O-(X) B,0;, X= 0, 5, 10, 15, 20 and
25%] composition.

2. Material and Methods

Tetraethyl orthosilicate (TEOS), calcium
nitrate tetrahydrate Ca(NO);-H,O, triethyl phosphate
(TEP) (= 98%) and boric acid (H;BO;) were
purchased from (Fluka). Ammonia solution, 35%,
and nitric acid, 65%, were purchased from Merck,
USA. Both nitric acid and ammonia solutions were
diluted to 2M using distilled water.
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Table 1. Different additive of B,O; on the: SiO,-

Ca0-P,0s
Glass Glass base (wt %) Additives
SiO, | CaO P,0s B,0;
Gy 70 24 6
Gs 65 24 6 5
G 60 24 6 10
Gis 55 24 6 15
Gy 50 24 6 20
Gys 45 24 6 25

2.1. Synthesis of gel powder

Bioactive glass samples were synthesized
through alkali-mediated sol-gel method after aging
for four days from Preparation (25, 26] B,0O; were
added to the glass compositions at the expense of
Si0O,. Table (1) lists the nominal compositions and
codes of the prepared glasses. Initially, tetracthyl
orthosilicate, distilled water, 2M nitric acid (as a
hydrolysis catalyst), were successively mixed in
ethanol and the mixture was allowed to react for 45
min under continuous magnetic stirring for the acid
hydrolysis of TEOS. The molar ratio of water /TEOS
was fixed at 1/12 and volume ratio of water/nitric
acid was fixed at 1/6.

Then appropriate amounts of series of
reagents were added in the following sequence: Ca
(NO);-4H,O, (TEP), allowing 45 min for each
reagent to react completely. In another small piker
dissolve boric acid in distilled water, the molar ratio
of water: H;BO; was fixed at 15:1 at temperature 40
OC for 30 min *”' under continuous magnetic stirring
for the acid hydrolysis of H;BOs;. Then add this piker
to the first piker.

After the final addition, mixing was
continued for 60 min to complete hydrolysis. After
all this steps aging all samples for four days. 2M
ammonia solution (a gelation catalyst) was dropped
into the mixture. The mixture was then agitated with
glass rode (like as mechanical stirrer) to prevent the
formation of a bulk gel. Finally, each prepared gel
was dried at 120 °C for 2 days in a drying oven.
According to the results of the thermal analysis of the
dry gels, which showed that there was no further
weight loss above 600 °C, the gels was stabilized by
heat treatment, at a constant heating rate of 10 °C
min™ up to 600 °C.

2.2. Glass characterization

Differential scanning calorimetry (DSC) and
thermal gravimetric analysis (TGA) were carried out
using a computerized SETARAM labsys™ TG-DSC
thermal analysis system range of 25-1000 °C with a
heating rate of 10 °C/min, XRD patterns of the
samples have been measured using [Axs D8
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ADVANCE] with [Cuk, =1.54056 A°] radiation. The
maximum current and voltage is 40 mA and 40 Kv.
Fourier transform infrared (FTIR) spectroscopy
measurements were recorded at room temperature in
the range 400 — 4000 cm™, with Model 580, Perkin-
Elmer. The surface of the glass samples were
examined by scanning electron microscope (model
XL30, Philips) attached with element analysis of X-
Ray (EDX) unit, with accelerating voltage 30 KV,
magnification up to 400,000 x and its resolution is
(3.5 nm). SEM micrographs was obtained after
coating the samples with Gold using Edwareds 5150
sputter coating (England).
2.3. In vitro measurements

In vitro bioactivity of the glasses was
investigated by immersion in simulated body fluid
(SBF) solution at 37 °C as proposed by Kokubo et al.
(2829} In vitro bioactivity of the glasses reflected in
their capability for formation of hydroxyapatite layer
onto their surface “°. SBF contains the same
concentrations of inorganic ions as human plasma.
We carried out in vitro studies by soaking powder
samples (0.4 g) in SBF solution (60 ml, pH=7.4). The
sample-SBF mixtures were immediately sealed into
sterilized containers, and were stored in an incubator
at 37 °C for t = 15 days P°. After soaking, the
samples were filtered, washed by distilled water, and

dried in air. The surface changes were then
investigated through XRD, SEM, and FTIR
measurements.

3. Results and Discussion
3.1. Crystallization behavior of glass powder
3.1.1. Thermal analysis

DSC trace is a plot of heat flow changes of
the glass as a function of temperature and used to
determine temperatures at which phase transitions
occur. TGA trace is a plot of mass changes of the
glass as a function of temperature used to determine
weight loss from the samples. The changes induced
in the samples by increasing the temperature up to
1000 °C were evidenced by thermal analysis. For the
sample with x= 0 and 15 mol % B,0; according to
DSC curves (Fig. 1), an endothermic peak was first
observed around 139 °C and 163 °C accompanied by
weight loss (7.4 % and 10.12 %) for G ¢ and Gy;
respectively. This is assigned to the removal of
adsorbed water -2,

The DSC exothermic peaks at 294°C and
303°C, accompanied by weight loss (20.61% and
20.11) for Gy and G5 respectively, observed in TG
curves, are related to decomposition of organic
residues, while the endothermic peak at 569°C and
493 °C accompanied by weight loss (21.10% and
17.83%) for Gy and Gy respectively, on the Tg curve
is related to removal of residual nitrate groups '~**.
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Then little weight loss took place up to 800 °C #].
Similar DSC curves were obtained for all samples.
According to these results the as prepared samples
were heat treated at 600 °C. All the results presented
further will refer to 600 °C heat treated samples.

Finally, there is an exothermic peak
appeared on DSC curves for all samples which
located at 934, 786, 734 and 715 °C, for samples Gy,
Gs, G5 and Gys, respectively. This was due to
transformation of the glass into glass-ceramic. This is
can be explained as follows; when B,O; is
substituting SiO, it can act as the nucleating agents
and decrease the barrier energy of crystallization.
This then leads to relieve the rigidity of the glass
structure and causes the disruption in the network
structure by newly forming ionic bonds between B
and oxygen (Si—-O-B) in SiO, tetrahedrons in the
glassy network. These ionic bonds are weaker than
the bonds formed between the two silicon ions and
oxygen (Si—O-Si) in the glassy network structure
(silicate chain) and therefore, a reduction in T, was
observed. This reduction shift leads to phase
transition temperatures to a lower value **, as shown
in Fig. (1).

A second interest comes because boron has
the smallest mass compared to other network forming
elements (e.g. Si and P). Also, this cause more pores
in the glass structure ¥, This change undoubtedly
corresponded to the change in the nature of bonding
in the structural network. Meanwhile, with increasing
B,05 content, both T, and the onset of crystallization
peak T, shifted toward lower temperatures. This
clearly corresponds to the theory that the network
addition is charge balanced resulting in
polymerization of silicate network and also decrease
of the T, (23:361 a5 seen in Fig. (1).

3.1.2. X-ray diffraction analysis

According to X-ray diffractograms
presented in Fig. (2), the obtained samples exhibit a
dominant vitreous structure. It was noted that the
presence of diffraction peak for Gy, Gsp, Giob, Gisp
samples, which can be assigned to amorphous
calcium phosphate phase (ACPs) with chemical
formula Ca,O (PO,), which also appears at 20 =
29.4°,31.8° and 32.8°corresponding to the (1 3 2), (2
1 2) and (1 0 3) reflections. This peak positions of
XRD patterns in four samples matched well with the
standard pattern of card (JCPDF 251137) B*7. With
further increasing X, (20, 30 mol% B,05;) the patterns
show no crystalline phases'”?! ACPs are the first solid
phases, precipitated after a rapid mixing of aqueous
solutions containing ions of Ca** and PO,” ¥,
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Figure 1. TGA and DSC curves of (a) Gy and (b) Gys
gel powder after at 120°C for 2 days

Figure (3) shows the XRD patterns for the
samples after soaking in SBF for 15 days, there are
four peaks at 20 values of 22.8°, 25.76°, 31.8° and
32.96° develop after soaking in SBF for 15 days.
These four peaks could be assigned to (1 1 1), (00 2),
(2 11), (300) and indicating the formation of apatite
layer on the surface of the gel glass according to the
standard JCPDS file no. (82-1943), Wide diffraction
peak at angles (20) ranging from 31.5° to 34°
corresponds to the overlapping of (21 1), (1 1 2), (3
0 0) and (2 0 2) reflections of the well-crystallized
HA P13 The intensities of these reflection peaks
of the HA phase increases with the enhancement of
the accumulation of Ca’" and PO, ions on the
surface of the gel glass soaked in SBF %/,

There are also some low diffraction maxima
at 20 values 29.3°, 43.1°and 48.4°, that should be
assigned to the reflections of (1 0 4), (20 2) and (1 1
6) of calcite according to the standard JCPDS card no
(81-2027), These results indicate that calcite phase
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formed during apatite layer growth, that may result
from high release of calcium in ions the presence of
hydrogen carbonate ions in SBF allowed the
precipitation of calcite as described in the following
the reaction:-

Ca’'+ 2HCO; — CaCO; + CO, + H,O

The calcite formation may be lowered by
decreasing CaO concentration in the samples '),

Based on XRD results (Fig. 2), the addition
of B,O; does not favors the crystalline calcium oxide
phosphate phase formation in samples. Moreover, for
x > 15 wt% B,0; no sharp peaks were observed in the
diffractograms. By analyzing the XRD patters
obtained after t = 15 days of SBF immersion of
samples one can observe that with increasing x, for t
= 15 days, the intensity of the peaks characteristic for
crystalline HA phase increases. For x = 15 mol%
B,0; the HA crystalline phase is more pronounced 15
days samples immersion in SBF. Moreover, the
overall shape of the broad peak characteristic for the
vitreous structure narrows in the samples immersed
15 days, probably due to a more pronounced
tendency of local ordering than in the other
investigated samples.
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Figure 2. XRD patterns of sol-gel glass sample before
soaking in SBF

Evaluation of apatite crystallinity by XRD

The crystallinity noted by Xc, corresponding
to the fraction of crystalline apatite phase in the
investigated volume of powder samples. The fraction

of crystalline phase (X¢ %) in bio glass powders can
be evaluated by the following equation % ;-

Xe=1-(V/1)

Where Xc is the crystallinity degree, I is the intensity
of the main peak reflection and V is the intensity of
the hollow between the main peak and the peak
beside it.

A= apatite layer (JCPDS3 card no. (82-1843)}
C= caicite {CaCO3) (JCPDS card No. 81-2027).

G 254

Intensity (a.u)

10 20 30 40 50 60 70
2 theta

Figure 3. XRD patterns of gel glass after soaking in
SBF
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Figure (4) shows the dependence of X, of
the samples on B,O; content. The sample Gys,
exhibits higher X. than the other samples with
different additives of B,Os;. The decrease of X, for
samples Gy, and G,s may be attributed to the decrease
of non-bridging oxygen as a result of increasing B-O
?Ssi a unit of BO, (anomalous boron phenomenon) **
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Figure 4. Crystallinity index (X, XRD) of all glass
samples against percentage of boron oxide,
corresponds to the intensity of (2 1 1), (1 1 2) and (0
02).

3.1.3. FTIR analysis

FTIR absorption spectra of glass matrix
(Fig. 5) show the two bands located at 459 and 676
cmcorrespond to the vibrational mode of the
bending of Si—O—Si and Si-O-B. The absorption band
located at 805 cm™' corresponds to Si-O symmetric
stretch of bridging oxygen (BO) atoms between
tetrahedrons. Absorption band at 955 cm’ was
observed, which can be attributed to Si-O” bond in
(2NBO), where the band at ~1088 cm™ has been
assigned to asymmetric stretch vibrations of Si—O
bonds in (INBOs) tetrahedral units **. Beside the
above mentioned bands, two bands located at 546 and
1034 cm™ were observed and can be ascribed to P-O
bending vibration of amorphous calcium phosphate
(ACPs) and P-O stretching vibration, respectively.
Band at 546 cm™ that comes from the glass structure,
evidenced also by the XRD measurements, ACPs are
the first solid phases, precipitated after a rapid mixing
of aqueous solutions containing ions of Ca*" and
PO43' B8l In addition, the band located at 1152¢m™
was assigned to P=O stretching vibration. The bands
in the range ~ 1630-1650 cm' are due the
deformation vibration of the H-O—H group.

The occurrence of these bands is confirmed
by the presence of another broad band assigned to O—
H stretching, located between ~ 3350 - 3600 cm™.
The presence of these bands suggests that the
diameter of the pores is higher than the atomic
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interstices in a good agreement with the porous
character of the sol-gel glasses [*].

The broad absorption band corresponding to
the carbonate groups CO;*~ was also detected at
~1300 - 1500 cm'. These COs;* groups may be
originated from CO, in air during the fabrication of
sol-gel glass which is still remains after treatment at
600°C as small residual content.

Main changes imposed by increasing the
addition of B,0Oj; in the studied samples are reflected
in the FTIR spectra by the bands positioned at 465,
600, 690, 805, 940, 1081, 1195, and 1404 cm™, see
Fig. (5). The band present at ~ 465 cm™ was observed
to be broadening by increasing B,O; which can be
due to the contribution from O—B-O bond-bending
vibrations *7),
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Figure (5). FTIR spectra of all synthesized sol-gel
glasses with different amounts of B,0; before
soaking in SBF

The shoulder at 600 cm™ presented in the
reference sample Gy, represent P-O band in
amorphous calcium phosphate phase gradually
decrease with increase of B,Os. The addition of B,0;
to the SiO,—P,05—CaO system leads to decrease of
this phase simultaneous and disappeared in two
samples Gyg,, Gasp, With the rearrangement of silicon,
phosphorous and boron atoms in the network ***7
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The band present at ~ 680 cm™ increase with
increasing B,O; can be attributed to the formation of
Si—O-B bonds Y and may be due to B-O vibration
in boroxyl ring **!. Also, the band present at ~800 can
be attributed to Si-O [Bridging oxygen (BO)]
decrease with increase B,O; content. On the other
hand, band located at 940 cm™ which is assigned to
Si—O stretching in silicate tetrahedral units with three
non-bridging oxygen (NBO) atoms and silanol group
in Ggp, sample. After addition of B,0O;, this band
appeared as clear shoulder due to linkages of
stretching vibration B-O from BO, units with non-
bridging oxygen (NBO) atoms and increases with
increasing B,O; contents from Gsp, to Gas, samples
[22,28,49, 50]

The High frequency bands around 1430 cm™
which increases with increasing of B,O; from
samples with containing CaO, these bands indicates
the presence of NBOs which take the form as
metaborate chains and rings, pyroborate and
orthoborate groups 'l The broad band located at
1640 cm” is assigned to the absorption band of
molecular water.

The FTIR spectra recorded after 15 days of
immersion in SBF show the positive role of boron
oxide on the development of preferential crystalline
HA phase supported by the following observations as
shown in Fig. (6): (i) the double peak at 564 cm™ and
603 cm™ is present all over the compositional range
(261 and (ii) two sharp peaks at 1070 cm™ and 1090
cm™ are present for samples with x = 20 and 25 wt %
2372335:;1]5 a contribution of HA phase and BO, units 112,

The results obtained by FTIR after
immersion in SBF revealed the positive role of boron
ions on the bioactivity of the samples only for
concentration lower than 20 wt % B,0Os;. Our data of
FTIR suggest 15 wt % B,0; as most favorable boron
content added to 70Si0,.6P,05.24Ca0O composition
that promotes HA phase development. ** then more
addition of boron content to system leading to
inhibition of hydroxyapatite formation due to
conversion of borons from 3- to 4- fold coordination,
thus decrease of non-bridging oxygen's™>.

3.1.4. SEM Analysis

SEM coupled with Energy Dispersive X-ray
(EDX) spectroscopy are also powerful techniques for
visualizing (SEM) the new layer formed on the
bioactive surface and to obtain information of the
layer composition (EDX). Layer formed on a
bioactive sol-gel glass and an ordered mesoporous
material is schematically depicted.
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Figure 6. FTIR spectra of all synthesized sol-gel
glasses with different amounts of B,0; after soaking
in SBF

The SEM image of the G5 (glass with 15%
B,0; before soaking) (Fig. (7)) is characterized by a
nearly smooth surface formed on glass pellet. As seen
in Fig. (7) there are one phase in sample before
soaking in SBF, which can be assigned to calcium
oxide phosphate CasO (POy), phase, evidenced also
by the XRD measurements.

It is worth to note that after 15 days of
immersion, the growth of white particles can be
observed on its surface. So, glass surface becomes
covered with a layer of spherical forms of apatite
with dimensions of nearly 0.86-1.7 nm. An obvious
difference in the surface morphology of all glass
samples is observed after immersion in SBF,
indicating the formation of apatite layer on the
surface with  different amounts. Also, the
morphological structure of apatite-like layer varies
with the boron oxide content of glasses.

A thick layer of apatite is noticed on the
surface of Gi; glass samples (Fig. 8), when compared
to other glass samples, as data shown in Fig. (8). On
surface of Gy,, Gys, and Gys,, crystalline aggregates
are observed, but the size and density of the
crystalline particles increase with addition of B,O; up



Nature and Science 2015;13(8) http://www.sciencepub.net/nature

to 15 % B,O; content and diminishes with the enhancement of boron content.

Number of events
o
2
)

Figure 7. (Top) High magnification SEM image of bioactive glass sample G5, before soaking in SBF showing the
smooth sample surface. (Bottom) Roughness analysis on the SEM image indicating the formation of a single phase
with a relatively narrow size distribution.
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Figure 8. (Top) SEM images of the glass samples G o,, G 15, and G ,s,. (Bottom) The same SEM images after
treatment with the flooding algorithm in SXWM software. The blue areas represent the free-apatite sample surface
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Taking into account the shape of the
structure newly appeared at the sample surface after
immersion in SBF and the results of XRD, and FTIR
analysis this can be taken as an additional evidence
for the formation of an apatite type calcium
phosphate layer.

In order to ensure that the observed particles
on the sample surfaces are truly assigned to apatite
layers, the EDX measurements have been conducted

G 15b

for all samples before and after the soaking in the
SBF solution. The results of these measurements are
displayed in Fig. (9), for G5 samples before and after
soaking in SBF. Both spectra are characterized by a
series of peaks characteristic for the elements Ca, O,
Si, and P. A clear enhancement of the Ca and P peaks
together with a reduction of the Si peak are observed
after soaking in SBF for 15 days.

G 15a

Figure 9. EDX spectra of G;s, and Gys, sample before and after soaking in SBF for 15 days, respectively. The Ca
and P peaks are enhanced after soaking while the Si peak is reduced

4. Conclusion

B,O; containing  70SiO,—6P,0s—24Ca0O
samples were synthesised using sol—gel method and a
600 °C heat treatment of the obtained dried gels.
Boron content strongly influences the local structure
of samples and their bioactivity. With increasing
B,0;Content up to 15 wt%B,0; the glass-ceramic
samples presents nanocrystallites assignable to CHA
crystalline phases. A higher boron oxide content (X >
15 mol%) generates two important changes: (i) the
structure passes from glass-ceramic to vitreous and
(i1) the number of bridging oxygen units with less
NBO atoms increases. The vitrification process
inhibits the development of CHA and imposes the
development of amorphous B-type CHA in sample
with x=25 wt% B,0s.

The results obtained after immersion in SBF
revealed the positive role of boron ions on the
bioactivity of the samples only for concentration
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lower than 20 mol% B,0s. Our data suggest 15 mol%
B,O; as most favorable boron content added to
708S10,.6P,05.24Ca0 composition that promotes HA
phase development. The sample with x = 15 wt%
B,0;, after 5 days immersion in SBF has the highest
porosity and the microstructure similar to that of dry
human trabecular bone. Thus, in terms of our study,
the B,O; improves the bioactivity of a given
composition as long as its amount is kept in the range
of glass network modifier.
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