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physical Properties of (SiO,-CaCl,) Doped with
3-methacryloxypropyl Trimethoxysilane (MAPTMS)
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N this study, TEOS - CaCl, and Mixed TEOS-MAPTMS-CaCl, were synthesized via sol-

gel method and evaluated as a bioactive bone substitute. The hydrolysis and condensation
were achieved in an (ethanol/water) solution. The ratio of silane to water to ethanol was 1:3:3.
Bioactivity of the samples was premeditated via in-vitro test by inundation in simulated body
fluid (SBF) to assess the creation of a hydroxyl apatite (HA) layer on the surface of the sam-
ples. Structural characterization of the prepared samples was done using Thermal gravimetric
analysis (TGA), X-ray diffraction (XRD) and fourier transform infrared (FTIR) spectroscopy.
Elemental Analysis was performed using a UV-Vis Spectrophotometer. Results showed the
creation of a layer of hydroxyl apatite (HA) on the surface of the samples. It was found that,
sample contain hydrocarbon chain (sample doped with MAPTMS) need higher temperature to
lose water and ethanol, i.e. organic precursor increases the thermal stability of the samples. In
addition a layer of HA were deposited on the surfaces of the two samples after soaking in SBF
for 33 days.

Keywords: Biomaterials, SBF, Hybrid, Sol-gel, Hydroxyapatite, (Methacryloyloxy) propyl,
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Introduction

The sol-gel process is a synthetic procedure that
allow creating organic-inorganic hybrid (O-I)
materials[1]. In this work, (SiO,-CaClL,) and (SiO,-
CaCl,) doped with (MAPTMS) were synthesized
by sol-gel method. Organic—inorganic hybrid
materials merge some characteristic of organic
compounds (easy processing with traditional
techniques, elasticity and organic functionalities)
with the characteristic of inorganic oxides
(hardness, thermal stability, chemical stability
and transparency); so they can show exceptional
mechanical properties and excellent thermal and
photostability [2]. O-I crossbred materials can be
syntheses at room temperature (T° C) via sol—gel
process [3], [4]Ancamide 805, Ancamide 2050,
Ancamide 2353, Epicure 3164, Jeffamine D-400,
etc., at different epoxy to amine equivalent ratios.
The formulated hybrid coatings were cured at
laboratory temperature and humidity for more than
20 days and subjected to different tests. The hybrid
coatings were analyzed using Fourier transform
infrared spectroscopy (FTIR. Earlier researches
have already showed that the essential requirement

for artificial materials to achieve bone-bonding
properties is the formation of a hydroxyapatite
layer on the artificial materials surface in the living
body [5]. Hydroxyapatite creation ability can be
achieved in-vitro using a simulated body fluid
(SBF) that has a composition similar to inorganic
composition of living body fluid. on the formation
of hydroxyapatite layers on the sample in SBF
has shown that hydroxyapatite formation was
stimulated not only by the release of Ca ions from
the sample, but also by the formation of silanol
(Si-OH) groups that may encourage heterogeneous
nucleation of hydroxyapatite on the sample [6], [7].
In this work, we prepared two samples, the first one
is inorganic material from TEOS and CaCl, and the
second one is a hybrid material from y-methacryl
oxypropyltrimethoxysilane (MAPTMS), tetracthyl
orthosilicate (TEOS) and CaCl,. The organic
precursor, for example MAPTMS, has carbon
chain which can work as network modifiers. so
the presence of these modifiers, the sample acquire
extra properties (e.g., hydrophobicity, flexibility)
relying on the type of the organic group used [8]. We
assume preparing pure TEOS - CaCl, and Mixed
TEOS-MAPTMS-CaCl, by mixing the TEOS or

*Corresponding author: E-mail address: ahmed.a.abdel-aal@azhar.edu.eg (Ahmed A. Abdel-Aal)

Received 2/9/2020 ; accepted 15/9/2020
DOI :10.21608/ejbbe.2020.41520.1035

©2020 The Nathional Information and Documentation Center (NIDOC)



66 AHMED A. ABDEL-AAL et al.

TEOS-MAPTMS hybrid with calcium salts such as
(CaCl,) will encourage the deposition of bioactive
apatite in the (SBF) [9] which accordingly makes it
appropriate for bone regeneration. TGA, FTIR and
XRD have been applied to check the validity of this
hypothesis.

Materials and Methods

Samples preparation

(Si0,-CaCl,) and (SiO,-CaCl,) doped with
(MAPTMS) were synthesized by sol-gel method
by dissolving suitable amounts of Tetracthyl
orthosilicate (TEOS: Si (OC,H,),, sigma aldrish
Co., Germany) and distilled water in ethanol (sigma
aldrish Co., Germany). The TEOS / EtOH / H,O
mixture was stirred at location temperature for ten
minutes. Then HCI (sigma aldrish Co., Germany)
was added to attain acid hydrolysis to avert
phase separation. The TEOS / EtOH / H,O/ HCI
mixture was stirred for additional ten minutes at
location temperature. 3-(Methacryloyloxy)propyl]
trimethoxysilane ~ ((MAPTMS); H,C=C(CH,)
CO,(CH,),Si(OCH,),, purchased from Alfa Aesar
Co., Germany) was added to the prepared solution
(only in the hybrid sample (sMT) as shown in
Table 1). Different molar ratios TEOS: MAPTMS
of [(1:0) and (1:4)] [sT and sMT] respectively were
suggested. The molar ratio of silane to water to
ethanol of 1:3:3 was applied. The prepared solution
was stirred for four hours at location temperature.
Lastly, 0.12 grams of Calcium Chloride (CaCl,)
(sigma aldrish Co., Germany) was added to the
prepared solution to rise the bioactivity of the
samples. The mixture was stirred ten minutes also
at location temperature. Then it was stirred for
four hours at 50°C to attain the sol-gel conversion
(Condensation process). The gelation state was
informed at which the flow stops in the beaker
when tilted. The resultant gel was dried at 120°C
in a drying oven for six days. eventually, the
selected samples were crushed in the agate mortar
where some characterization techniques were
subsequently been applied.

TABLE 1. Chemical composition of the samples (in ml).

Sample 0 4
TEOS: MAPTMS 1:0 1:4
TEOS 14.799 2.886
MAPTMS 0 12.289
Ethanol 11.610 11.323
H,0 3.5896 3.500
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Characterization Techniques

Thermogravimetric analysis (TGA)

Thermogravimetric analysis of the pure
TEOS - CaCl, (sT) and Mixed TEOS-MAPTMS-
CaCl, (sMT) was done on a SETARAM DTA-
TG labsys™ Evolution-1750 equipment, with
a-ALQO, powders as a reference material. Samples
of 5 mg crushed powder were set into an AL O,
crucible and the measurements were performed
in the temperature range 23—-800°C (heating rate
10°C/min) in air.

Fourier transform infrared spectrometer (FT-IR)

At location temperature, FTIR absorption
spectra were recorded in the range 4004000 cm'!
with a resolution of 4 cm™ by the spectrometer
(FT-IR-400, JASCO, Japan). The two samples
were prepared by typical method by mixing up
about 2 mg of powder sample with 200 mg of
potassium bromide (KBr), which was posterior-
ly compressed into disc using an evacuated die.
Background data was documented before assem-
bling spectra from the samples and was subtracted
from the spectra of the sample.

X-Ray Diffraction (XRD)

The amorphous nature of the pure TEOS -
CaCl, (sT) and Mixed TEOS-MAPTMS-CaCl,
(sMT) was certified by recording XRD patterns
of the crushed powder of the two samples using
X-ray diffractometer ( BRUKER Germany,
D8 ADVANCE) using monochromatic Cu Ka
radiation (A= 0.154060 nm), scanning rate 0.10°
in the 26 ranging from 10° to 100° step time 1 sec.
at 40,000 V and 0.04 A.

In-vitro Bioactivity Analysis

Soaking in SBF.

The in-vitro bioactivity of the two samples (0.6
gram of powder) was examined by immersing in
36 ml of (SBF) for each sample [Table 2]. The pH
of the SBF was buffered at 7.4. The samples were
immersed in a plastic beaker in a thermodynamic
shaking-water bath at constant separation and
incubated for 33 days at 37°C. After 33 days of
immersion, the samples were taken out from the
SBEF, rinsed by distilled water and dried at location
temperature.

pH measurement

The pH of the SBF solution was measured us-
ing a pH meter (Jenway 3510). The alteration in
pH of the SBF of the pure TEOS - CaCl, (sT) and
Mixed TEOS-MAPTMS-CaCl, (sMT) and SBF
without any sample (control) was recorded at pre-
determined time intervals.
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TABLE 2 . Reagents for SBF preparation.
Tris 1.0mHCI | NaCl | NaHCO, KCl1 K,HPO,.3H,0 CaCl, Na, SO, | MgCl,6H,0
6.057 g 39 ml 8.006g | 0352¢g | 0223 ¢ 0228¢g 0277g |0.071g 0304 g

Elemental Analysis by Spectrophotometer

A 10 mL sample of SBF is taken from each
test tube after 0, 1, 3, 6, 10, 13, 22 and 33 days
from the beginning of the immersion. And stored
frozen until analyzed for determining the concen-
tration of Ca and P by using UV-Vis Spectropho-
tometer (Jenway 4600 UV/Vis. Spectrophotom-
eter, England), using biological kits. Calcium ions
were measured using (Biodiagnostic) at 585 nm.
Inorganic phosphorus was measured using (Bio
Adwic T29) at =700 nm. All the samples were
read three times and taken the average.

Results and Discussion

Thermal gravimetric analysis (TGA)

The knowing of the thermal behavior of
materials is of excessive importance, in determining
their preferable processing conditions. Thermal
gravimetric analysis (TGA) is a significant tool for
thermal stability studies of the materials. It permits
determining the temperature range at which a
heated specimen undergoes a main conformational
change by recording the thermal weight loss profile.

TGA analysis was used to estimate the thermal
stability of pure TEOS - CaCl, (sT) and Mixed TEOS-
MAPTMS-CaCl, (sMT) via sol-gel process (10 °C/
min in nitrogen atmosphere). It permits determining
the temperature range at which the heated sample
undergoes a main conformational change by means
of recording the thermal weight loss profile.

Figure (1): Shows TGA curves (25-800 °C
temperature range) pure TEOS - CaCl, (sT) and

Mixed TEOS-MAPTMS-CaCl, (sMT). In order to
follow up some considerable effects, the weight loss
was studied in three intervals: (I), (II) and (I1I).

The initial weight loss (Region I) in the two
samples is considered to be the consequence of
the removal of the condensation by-products,
ethanol and water (8.3% weight loss) [10]. It was
found that, sample contain hydrocarbon chain
(sample doped with MAPTMS) need higher tem-
perature to lose water and ethanol, i.e. more water
and ethanol being released when the system does
not contain MAPTMS.

The second weight loss (Region II), in sample
(sT) is due to the evaporation of the trapped etha-
nol and water molecules inside the small pores
(5.91% weight loss) [11]. But in sample (sMT) is
due to the partial thermal degradation of organic
matter in the hybrid [12]. It occurs from 370 up
to 560 °C (40% weight loss), this indicates that,
to avert the burning of the organic precursor from
the hybrid, the hybrid should be cured while being
prepared at a temperature which does not exceeds
370 °C. In other words, 120 °C is a appropriate
temperature for curing the hybrid.

The third weight loss stage (Region III) at 560-
800 °C in sample (sMT) (4.16% weight loss) is
due to the complete burning of organic precursor
in the hybrid [13]. From the TGA curve, it is
obvious that, the weight loss increase in the sample
which contain a carbon chain (organic precursor).
In addition, 120 °C is a suitable temperature for
curing these hybrids.
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Fig. 1. shows TGA curves of pure TEOS - CaCl, (sT) and Mixed TEOS-MAPTMS-CaCl, (sMT).
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Fourier transform infrared spectroscopy (FTIR)
FTIR spectra of pure TEOS - CaCl, (sT)
and Mixed TEOS-MAPTMS-CaCl, (sMT). are
shown in Fig (2). FTIR spectra of the two samples
showed the major specific bands of silica net-
work. the band found near 445 cm™! is ascribed to
Si-O-Si out of plane bending [14], while the peak
at 800 cm™! is because of the symmetric Si—O-Si
stretching vibrations [15]. The peak at 1080 cm
I, is attributed to Si-O-Si stretching vibration in
Si0, tetrahedra [16]. the Characteristic bands of
MAPTMS showed at (1721, 1640, 1465, 1320
and finally at 1150 cm™). The band at 1721 ¢cm™
is attributed to the stretching vibrations of C=0
(carbonyl groups) of MAPTMS [17], [18]. while
the band at 1640 cm™! is attributed to C=C group
of the methacrylate groups from the organic pre-
cursor [19], [20]. Band at 1320 cm™ is ascribed
to asymmetric stretching vibrations of C—O in
C-O-C bond. Bands at (1150 and 1465 cm™)
are ascribed to deformation vibrations of C—H
in CH, and CH, bonds, respectively [21] [22].
Band at 2960 cm™ attributed to stretching vibra-

HOH \

absorbance (a.u.)

tions of C—H bonds in alkyl [23]. The broad band
between 3100 and 3700 cm™! is attributed to the
OH stretching vibrations [24]. 6 C=0 is detected
at 600 cm™'. The band at 700 cm™ accredited to
Si-C. The grouping of these bonds exhibits the
wide band of Si-O-C at 1050 cm™ [25] which is
characteristic for —Si—~O—C bond that appeared in
the hybrid sample (sMT) while this band was not
observed in sample (sT) (MAPTMS /TEOS, 0/1
) [26] and these results indicated that, the organic
precursor still present in the hybrid sample which
confirms the same result obtained from the TGA
curve which is 120 °C is a suitable temperature for
curing these hybrids.

X-ray Diffraction (XRD)

Fig (3): presents XRD pattern of pure
TEOS - CaCl, (sT) and MAPTMS-TEOS-CaCl,
hybrid (sMT). The two samples in amorphous
state characterized by the wide diffraction bands
centered at and for sample (ST) and sample
(SMT) respectively indicating the internal
disorder of the prepared samples[27].

4000 3500 3000 2500

2000 1500 1000 500

wavenumber (cm™)

Fig. 2. Representative FTIR absorption spectra of pure TEOS - CaCl, (sT)
and Mixed TEOS-MAPTMS-CaCl, (sMT).

Intensity (a.u.)

sMT

sT
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Fig. 3. Powder XRD patterns of pure TEOS - CaCl, (sT) and Mixed TEOS-

MAPTMS-CaCl, (sMT).
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pH measurements

The pH measurement is very important to
study the dissolution process of the samples
soaked in physiological solutions. Two factors
lead to increase pH of SBF; the first is the ion
exchange between the protons H+ in SBF and the
modifying cations of sample, and the second is
the saturation of SBF by acid silica[28].

Figure (4), shows the variation in pH of
SBF solution through dissolution of pure TEOS
- CaCl, (sT) and Mixed TEOS-MAPTMS-CaCl,
(sMT). It is detected that, during the first day of
immersion in SBF, there is a fluctuation in pH
value of the two samples. After 1 day up to 20
days of immersion, the pH decreases, that may be
attributed to cations consumption from the SBF
solution. The cations consumption is the initial
step in the precipitation process of bone-like
apatite from SBF solution. The pH increased after
20 to 33 days in SBF immersed as a consequence
of partial dissolution that grants an idea about the
high reactivity of these samples. These facts agree
with the formation mechanisms of the hydroxyl
apatite layer on the surface of the samples, i.e., in
an exchange takes place between Ca** and H,O*
ions from the solution. Such exchanges provoke
an increase in pH that accordingly favors the
formation of apatite nuclei on the silanol groups
in the samples surface.

The fluctuation in pH value of the two samples
may be described when considering the result of
two opposite processes: the release of Ca?* from

the surface, and the consumption of Ca?* due to
the formation of hydroxyl apatite layer. Therefore,
when the releasing rate of Ca?" is higher than the
consumption rate, the pH will increase, or else,
the pH will decrease[29].

Calcium concentration

The alteration in concentration of Ca ions
can show the competition condition between the
rate of dissolution and precipitation processes.
The concentration of calcium in SBF solution
is almost 100 mg/l. The Ca concentration was
found to be increased more than 100 mg/l, this
means that the dissolution rate is faster than the
precipitation rate.

Fig (5) shows the change of concentration of
Ca ions after immersion the two samples in SBF
solution. The calcium concentration appears to
increase at the initial stage for the two samples.
This increase in calcium concentration is
induced by the release of calcium ions from the
samples. The decrease of calcium concentration
from 1 up to 6 days in sample (sMT) and from
1 up to 10 days in sample (sT) may be due
to the consumption of calcium ions through
apatite formation on their surfaces[30]a revised
simulated body fluid (R-SBF.

At the middle stage, the increase in the Ca
concentration observed for sample (sT) from 10-
13 day in SBF and for sample (sMT) from 6-22
day in SBF is attributed to dissolution of the
samples.

control
sMT

sT

o
»~

0 5 10

20 25 30 35

Time (day)

Fig.4. Change in pH of SBF solution during dissolution of pure TEOS -
CaCl, (sT) and Mixed TEOS-MAPTMS-CaCl, (sMT).
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Fig.5. The concentration of Ca** ions of pure TEOS - CaCl, (sT) and Mixed TEOS-MAPTMS-CaCl, (sMT) after

soaking in SBF solution for 33 days.

At the final stage, the decreasing in the Ca*
ions concentration in SBF is attributed to the rapid
growth of the apatite nuclei formed on the surface
of the samples that beat the release rate of calcium
ions to the solution. The pH varied according to
Ca®" concentration variations, because of Ca?*
ions in the samples exchanged with H" or H,O" in
the SBF[31]many aspects of this strategy remain
unknown. We investigated possible fitness costs
of hyperparasitism as influenced by host size.
Our study was conducted with the facultative
hyperparasitoid Pachycrepoideus dubius
Ashmead (Hymenoptera: Pteromalidae.

Phosphorus concentration

Fig (6) shows the concentration of P** ions
after 33 days soaking of the samples in SBF
solution. Before immersion phosphate ion
concentration in SBF is 30 ppm only. After
immersion of the samples in SBF for 33 days, at
24 h it is noted that phosphate concentration in
the two samples decreased to approximately 20
ppm indicating the consumption of phosphate in
the SBF due to precipitation of P>* ions on the
surface of the samples. From day 2 to day 10
phosphorus concentration decreased gradually in
sample (sMT) which contain organic precursor
while the phosphorus concentration in sample

Egypt. J. Biophys. Biomed. Eng., Vol. 21 (2020)

(sT) lightly increased from day 2 to day 6 then it
rapidly decreases from day 6 to day 10 since the
sample (sT) is pure TEOS - CaCl, phosphorus
concentration increased rapidly from 10 up to
12 days due to formation of a layer of HA on
the surface of the two samples. Then it showed
approximately a constant value from 12 up to 33
days. This decrease in phosphorus concentration
maybe due to the consumption of phosphate ions
through the formation of apatite on the surfaces of
the two samples [32].

Conclusion

e Pure TEOS - CaCl, and Mixed TEOS-
MAPTMS-CaCl, were synthesized
successfully via sol-gel method. The hybrid
networks combined (TEOS) as inorganic
material and MAPTMES as organic material.
The bioactivity of these samples was
investigated by in-vitro testing in (SBF) for 33
days, and characterized by TGA, DSC, XRD
and FTIR. Results showed that layers of HA
were deposited on the surfaces of samples.

*  From the TGA data, it is clear that, the weight
loss increases in the sample which contain
organic precursor. In addition, 120 °C is a
suitable temperature for curing these hybrids.
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Fig.6. The concentration of Ca* ions of pure TEOS - CaCl, (sT) and Mixed TEOS-MAPTMS-CaCl, (sMT) after

soaking in SBF solution for 33 days.
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