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The sol-gel synthesis method allows greater control over glass morphology at a relatively low
processing temperature (200 °C) in comparison with melt-derived glasses. In present study,
phosphate-based glasses with the general formula of (P,0s)ss-(Ca0),s5-(Nay0)10-(TiO2)10 was
synthesized via a novel and facile sol-gel method for use in biomedical applications. For this
purpose, dimethylformamide and acetone were used as the solvent. Glass powders that are obtained
from the dried gel was analyzed using several characterization techniques including X-Ray
Diffraction, Fourier Transform Infrared Spectroscopy, Simultaneous Thermal Analysis, Brunauer-
Emmett-Teller surface area and porosity analyzer and Scanning Electron Microscopy. The X-Ray
Diffraction results confirmed the amorphous and glassy nature of prepared samples. The Fourier
Transform Infrared spectroscopy results revealed that by adding TiO2, titanium oxide (TiOg)
entered into the network which likely acts as an oxide modifier. It was observed that crystallization
temperature (T.) for the sample synthesized by dimethylformamide (DMF) (~646 °C) is more than
the one synthesized by acetone (~500 °C). The surface area of the acetone and DMF of synthesized
samples is 40 m%g and 44.5 m%/g, respectively. Furthermore, to examine the bioactive capacity of
glasses, the samples were soaked in a simulated body fluid (SBF) for 7 days. The analyses were
shown the formation of hydroxyapatite on glass powders after 7 days of immersion in SBF solution.
The morphology of hydroxyapatite was spherical and its particle size was ~8 nm.

1. INTRODUCTION

eliminating the need for follow up surgery in order to
remove the implant [3].

Bioactive glasses (BG) are inorganic ones that because of
their good  Dbioactivity, osteoconductivity and
biodegradability have many applications in the
biomedical engineering [1]. They promote bone/tissue
formation at their surface and bond to living tissue
without the establishment of fibrous tissue around them
[2].

Among various bioactive glass systems, bioresorbable
materials can be resorbed in the body and replaced by
bone and tissue cells. In comparison with metallic
implants which may exhibit complications such as tissue
irritation and inflammation that may require secondary
surgery to remove the implant, resorbable materials are
offered a potential solution to these problems by

*
Corresponding Author Email: m_rezvani@tabrizu.ac.ir (M. Rezvani)

In recent years, there has been several papers on
improving the physical properties and chemical
durability of phosphate glasses by adding different metal
oxides with high valency cations such as Ti*", Fe**, Al**,
Cu?*, Zn*, etc. because of the formation of relatively
stable cross-linked bonds in the phosphate network [4-9].
Phosphate-based glasses have a variety of interesting
properties which make them suitable for biomedical
applications composing of bone cavity fillers, drug
delivery systems, biodegradable reinforcing phase in the
case of composites for bone fixation devices and tissue
engineering scaffolds [10]. This type of glasses
containing Ca®" and Na* ions has desirable properties for
drug delivery applications. For several years, such glass
has been utilized as passive host materials for the
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controlled release of metal ions in a variety of
applications including veterinary treatments [11] and
antibacterial ingredients [12]. It is biocompatible and
bioresorbable that has near linear dissolution rate in
aqueous media. Moreover, the degradation rate can be
finely tuned through subtle variations in the composition
[13]. Linear dissolution is particularly important because
one of the common problems associated polymer-based
drug delivery devices is an ‘initial burst’ of release that is
followed by a much lower release rate. Biocompatibility
may also offer a significant advantage over the current
polymer-based systems where their degradation can
result in polymer fragments with heterogeneous chain-
lengths which can lead to toxicity. Until now, using the
phosphate-based glass in drug delivery devices has been
limited by the high temperatures required in their
preparation and quenching a melt consisting of oxide
precursors which restricts the types of molecules that can
be incorporated. Using the low-temperature sol-gel route
largely circumvents this problem [14].

The sol-gel technique is an alternative approach to
fabricate bioglasses that has been widely studied in recent
years. The advantages of the sol-gel process are well
known: the process takes place at low temperatures and
gives homogeneous mixtures in the final glass
composition [15].

Up to now, in phosphate-based glasses that are
synthesized by the sol-gel method, very limited solvents
such as 2-methoxy ethanol, deionized water and ethanol
etc. have been used [16-18].

To the best of our knowledge, the synthesis of the
bioactive glass via the sol-gel has not been synthesized
by acetone or dimethylformamide as solvents. Therefore,
in the present study, the sol-gel method was carried out
for the synthesis of quaternary 55P,0s-25Ca0-10Na,0-
10TiO; bioglass powders by two various solvents. The
prepared samples by acetone and N-dimethylformamide
solvents were investigated by XRD, FTIR, BET-BJH and
FE-SEM analytical instruments before and after soaking
in SBF.

2. MATERIALS AND METHODS

2.1. MATERIALS

The following chemical precursors were used without
further purification; Triethyl phosphate (Sigma Aldrich,
>99.8%), Titanium isopropoxide (Merck, 97%), Calcium
nitrate tetrahydrate (Merck, >99.7, %30 wt% in ethanol),
sodium methoxide solution (Sigma Aldrich, >95 %, 30
wt% in ethanol), Ethanol (Merck, >99.7%), Acetone
(Merck, >99.7%) and Dimethylformamide (DMF)
(Merck, 99.8%).

2.2. SYNTHESIS OF THE GLASS POWDER

The reaction was started by diluting triethyl phosphate in
the acetone and dimethylformamide in two separate dry
vessels with a molar ratio of 1:3 for triethyl phosphate:

acetone and 1:3  for triethyl  phosphate:
dimethylformamide, respectively. Then, both solutions
were stirred for 15 min. At that time, titanium
isopropoxide solution was added to the mixture dropwise
while it was magnetically stirring. Following that, after
1h stirring, calcium nitrate tetrahydrate solution (30 wt%
in ethanol) was gradually added into the vessels. Stirring
was continued for 1h and then sodium ethoxide solution
(30 wt% in ethanol) was added drop by drop and stirring
was continued for 1h again. For all samples, the mixtures
were poured into porcelain crucibles and allowed them to
get gel at room temperature. The mixtures turned to gel
and were aged for 3 days at room temperature.
Following the aging stage, the temperature was
increased up to 60 °C and kept for 2 days, and thenthe
temperature was increased up to 120 °C for 2 days, 180°C
for 2 days, 200 °C for 2h and 315 °C for 2h to remove
any remaining solvents and nitrate. The semi-bulk
samples containing 10% TiO, synthesized by acetone
and dimethylformamide were named Acejo and Dmf)o,
respectively. Table 1 shows the code and chemical
composition of samples. Furthermore, the flowchart of
synthesis is shown in Fig. 1.

2.3. CHARACTERIZATION

Powder X-ray diffraction was performed on an X-ray
diffractometer (Philips PW1730, Netherland) using Cu
K, radiation (A= 1.5406 A) and the detection range was
10-80°. Morphology of samples was investigated using
field emission scanning electron microscopy (TSCAN,
Mira3LMU, Czech Republic). Fourier transform infrared
spectra were recorded on an infrared spectrophotometer
(NEXUS 670, USA).

About 10 mg of each sample was blended with KBr for
IR spectroscopy (Sigma-Aldrich) and then pressed into
translucent pellets for the measurement in the range of
400-4000 cm’'. Brunauer-Emmett-Teller and Barrett-
Joyner-Halenda analyses were employed to determine
surface area, pore size distribution and pore volume of
the N> adsorption-desorption isotherms (BET, Belsorp
mini II, USA). Differential thermal analysis (Bahr, STA
504, Germany) was conducted to identify the glass
transition (T,) and crystallization temperatures (Tc) of
studied glasses. Analyses were carried out on powdered
glass samples in an alumina crucible from 25 to 800 °C
at a heating rate of 10 °C/min under air atmosphere. A
crucible with alumina (Al,O3) was used as a reference.
The thermogravimetric analysis (TGA) was served to
quantify the total weight loss of samples.

In order to evaluate the hydroxyapatite (HA)
mineralization ability of two synthesized glass
nanopowders in vitro bioactivity, 1 mg of samples was
ground and soaked in 25 mL SBF solution at 37.5°C for
7 days in a CO; incubator. The SBF solution was
prepared and buffered at pH 7.4 according to the
procedure reported by Kokubo [3].
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TABLE 1. The compositions of glass powders

Sample code Theoretical formulation Concentration (mol %) Solvent
P205 CaO NazO T102
Ace 1o 55P,05-25Ca0-10Na,0-10TiO, 55 25 10 10 Acetone
Dmf, 55P,05-25Ca0-10Na,O-10TiO, 55 25 10 10 Dimethylformamide
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Figure 1. Flow chart of synthesizes glass powders by
acetone and dimethylformamide

XRD, FTIR and FE-SEM analyses were employed to
study the hydroxyapatite formation on the surface of the
samples.

3. RESULT AND DISCUSSION

DTA analyzes were used to determine the glass transition
(T,) and crystallization starting temperatures (T¢) of both
Acelp and Dmfyy samples according to the onset
temperature of the DTA curve (Fig. 2 (a and b)). The

peaks were divided into two regions for Acejo: 25-200°C
and 200-800°C. In the 25-200°C region, the glass sample
exhibited an endothermic peak due to the release of small
amounts of physically absorbed water and crystal water
(~5 wt %). At 200-800°C, the glass sample demonstrated
an endothermic peak due to the release of nitrates and
other solvents and two exothermic peaks because of
appearance of the glass transition and crystallization at
200-800°C. The glass transition temperature and the first
crystallization temperature for Aceio were determined
472°C and 498°C, respectively. In this region, weight loss
is about 12.5%. In addition, for Dmfj, the peaks were
divided into two regions: 25-200°C and 200-800°C. In the
first one, a spread endothermic peak below 100°C was
perceived due to the release of very small amounts of
physically absorbed water and crystal water (~0.8 wt %).
In the second one, a sharp endothermic peak was
observed at the outgoing of nitrates and solvents at 313°C.
The peaks at 537°C, 646°C and 736°C are the glass
transition (Tg), the first (Tc1) and second (Te2)
crystallization temperatures in that order. As can be seen,
the glass transition temperature of the Ace;o sample about
63°C is less than the temperature of the Dmf)¢ sample,
while the crystallization temperature of Aceio is 148°C
less than the Dmfjo’s.

Figure 3 shows the XRD patterns of two sol-gel glass
samples synthesized by acetone and dimethylformamide
before and after 7 days soaking in SBF. For two samples,
before soaking in SBF, a broad peak at 260 values between
10° and 80° was observed and was free from any
detectable crystalline phase, confirming the amorphous
and glassy nature of prepared samples. But, as seen after
7 days soaking in SBF, the sharp peaks assigning to
hydroxyapatite (ICDD - PDF2 card: 00-009-0432)
appear [19].

The FT-IR spectra of the Aceio and Dmfjo glass samples,
before and after soaking in SBF are shown in Fig. 4. The
absorption bands were assigned according to other
studies of phosphate-based glasses using infrared
spectroscopy [20-22].

The spectra from the sol-gel samples display the bands
characteristic of P-O-P bonding at ~550-580 cm™' and
~740 cm!, indicating a significant number of bonds were
formed during the sol-gel reaction. The asymmetric
(PO;5)? stretching modes at ~987 cm™ and 1116 cm’!
(PO4)* and the band near 1250 cm™! were assigned to the
asymmetric stretching mode of (PO,). The bands at
~3420 and 1640 cm! are due to the presence of hydroxyl
groups and adsorbed moisture [23].The FT-IR spectra of
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samples after 7 days soaking in SBF present a relatively
sharp stretching band derived from hydroxyl ions which
was clearly observed at 3415-3430 cm™.
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Figure 2. Simultaneous TGA and DTA measurements of the
a) Aceio and b) Dmfio glass powder
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Figure 3. XRD spectra of sol-gel derived glasses
containing 10 % mol TiOz, synthesized with acetone and
DMF before and after 7 days soaking in SBF

Additionally, the bending mode band at ~1649 cm™! from
H,O was also observed in the spectrum as usual for
precipitated coatings. Some small bands associated with
C-H stretching mode were observed at ~2190 cm™! and
2338-2345 cm’! which indicate the presence of some
residual organic material [23].
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Figure 4. FT-IR spectra of Aceio and Dmfio glass powders
before and after 7 days soaking in SBF

A phosphate band derived from the P-O asymmetric
stretching mode of the (PO3)? group were found in the
region from 1133 to 1149 cm’'. Moreover, the other small
bands at 1041 and 1056 cm™' were associated with
symmetric stretching (POs)? and asymmetric stretching
mode of the (PO4)? [21, 23]. The bands at 1438 cm,
1445 cm’!, and 1452 cm  from the (CO3)? group of
carbonated apatite were difficult to assign indicating that
the content of (CO;)? is low [24]. However, the
characteristic peaks at 920 cm™ could indicate the
presence of HPO, in the crystal lattice [24]. The band at
739 cm! and ~559-574 cm™! could be associated with P-
O-P symmetric and asymmetric stretching band,
respectively. The results indicated that the Ca/P deposit
is most likely formed by an appetite with low content of
carbonate so that the presence of HPO42 could indicate a
deficiency of calcium in the newly formed coating [23,
24].

Specific surface area, average pore diameter, and total
pore volume of Acejpand Dmfjo were measured and the
values are summarized in Table 2. The samples were
degassed at 200°C for a period of 2 h in flowing nitrogen
doing making the BET-BJH measurements. The
adsorption isotherm and pore distribution diagram of
Dmfjand Ace;o samples are shown in Fig. 5 (a-d). The
specific surface area obtained from the adsorption
isotherms is ~40 m?g for Acejo and ~44.5 m?/g for
Dmflo.

The adsorption isotherm curves of samples were
identified as type IV and II isotherms for Aceio and
Dmf), respectively. These isotherms are characteristic of
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mesoporous materials. Consequently, it can be argued
that the adsorption in Aceio is multilayer whereas in
Dmfy is pore filling which is followed by outer-surface
adsorption [25].

The hysteresis loop is H; type for Aceio and Hs type for
Dmfiy in the mesopore range. The H; is characteristic of
cylindrical pores open on both sides and Hj is related to
slit-shaped pores, too [25]. Correspondingly, it is clear
that the pore diameter distribution in the Ace;o sample is
very ordered and uniform, whereas in the pore diameter
distribution of the Dmf}y sample is widespread [25].
Furthermore, Dmfjo has a smaller peak pore diameter
than Aceyo (Fig. 5 (c and d)).

a
120 Al
£ S
Tz
7 Lol
i i
] Rty
et Tt
¥k
M
&0 § 4
R
L
.
.o:’/ﬂ
i o
S
-
TS el
M\"“” >
it
o 05 L
B,
0.0
<
®
|||
ih
0.02 L
0z i
ta
. ,
5 Aol
= bk
b i i
= / '
| |
0.0 s :
T
! ¥
Lt
Bhe 05 Pk =
. n
¥ B o b'\
g &
) p—
i iy g, [

47

TABLE 2. Specific surface area, average pore diameter and
total pore volume of Aceio and Dmfio

Sample name Acey Dmfyy
specific surface area (m%g) 40.04 44.47
total pore volume (cm?/g) 0.2050 0.2860
average pore diameter (nm) 20.477 25.721
peak pore diameter (nm) 9.19 1.21

SEM images of produced Aceio and Dmfiy bioactive
glass nanopowders, before and after 7 days soaking in
SBF are shown in Fig. 6 (a-d).

b
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Figure 5. Adsorption isotherm, a) Aceio, b) Dmfio and pore distribution diagram, c) Aceio, d) Dmfio

These figures are used for the study of the size,
morphology, and homogeneity of glass nanopowders. As
seen in these figures, it is interesting to see that all
particles are spherical and their size is below 50 nm.
Mean particle size of glass powders before soaking in
SBF are ~20 nm and ~22 nm for Acejp and Dmf),

respectively (Fig. 6(a and b)). As be seen, severe
agglomeration was observed in both glass powders
because of the very small size of them. It can be related
to the properties of the sol-gel method that the bioglass
synthesized from it. Figure 6 (¢ and d) shows the surface
of the samples after soaking in SBF solution. Compared
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to Fig. 6(a and b), it can be clearly seen that in these
samples, apatite particles formed on the surface after
soaking in SBF (as shown in XRD and FT-IR results).
The mean particle size of hydroxyapatite particles is

SEM MAS: 100 kx
WD: £.88 mm

=

SEM MAG: 100 ki Det: InBeam
Wi: 4.4 mm Bi: 7.00 500 nrm
Viaw fioid: 2 00 prm  Date{rmiddy]: 1208/%8

~8 nm for both samples. Besides, the morphology of the
formed hydroxyapatite is spherical.

SEM MAG: 100 kx Del: InBeam
Wi 4.85 mm ai: 780

Figure 6. SEM images of glass powder before soaking in SBF, a) Aceio, b) Dmfio, after soaking in SBF for 7 days, ¢) Aceio, d)

Dmfio

4. CONCLUSION

In this study, the effect of two different solvents on the
properties of phosphate-based glass powders synthesized
by the sol-gel method was investigated. The results
showed that both solvents cause the formation of
amorphous glass powders with spherical morphology.
The relatively good surface area was achieved for both
glass nanopowders to use in the biomedical. The
immersion in the simulated body fluid for 7 days revealed

the bioactive ability of both samples. On the surface of
glasses, the spherical hydroxyapatite coating was formed
with ~8 nm diameter.
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