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Abstract

A nanohydroxyapatite—silica powder was synthesized using an ethanol based sol—-gel technique. The synthesized powder was incorporated into
commercial glass ionomer powder (Fuji Il GC) and characterized using FTIR, *°Si CP/MAS NMR, EDX and XRD spectroscopy. 2°Si CP/MAS
NMR results showed the presence of higher degree of cross-linking of silyl species between silica and GIC, which makes the Nano-HA-Silica—
GIC composite much stronger. High-resolution transmission electron microscopy (TEM) and scanning electron microscopy (TEM) was employed
to investigate the morphology of the synthesized powder. Results revealed that higher content of nanosilica produced a denser and stronger GIC.
Thus, the application of nanohydroxyapatite—silica—GIC with improved properties are envisioned to be of great clinical importance, especially in

stress bearing areas.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Glass ionomer cement (GIC) first developed by Wilson and
Kent in the late 1960s is widely used in clinical dentistry [[—4].
GIC, classified as acid—base reaction cement, consists of an
aqueous solution of polyacrylic acid and an acid-decomposable
fluoro-aluminosilicate glass powder [5-9]. The increasing
interest for GIC is due to the biocompatibility and ability of
the material for regeneration of hard tissues including bones
and tooth structure. Other advantages of GIC include good
adhesion to the tooth or bone, releases fluoride that acts as an
anti cariogenic, and requires minimal cavity preparation.

In spite of these favorable properties, GIC exhibits some
limitations as dental restorative materials, mainly due to their
susceptibility to dehydration, poor physical properties as a
result of high solubility and slow setting rate, by which
the latter further lead to poor mechanical properties, namely
low fracture strength and toughness, low wear resistance [10].
A number of attempts have been made to overcome the
problems, which include the application of different fillers,
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such as silver-cermets, stainless steel powders, carbon and
alumino-silicate fibers and, incorporation of hydroxyapatite
into glass-polyalkenoate [6,7,11,12]. Hydroxyapatite
(Ca;9(PO4)s(OH),, HA) has an excellent biological behavior
and has played a vital role in orthopedics applications due to
its favorable osteo-conductive and bioactive properties
[8,9,13,14]. HA behaves as such due to its similar chemical
composition and crystal structure to apatite in the human
skeletal system and is therefore suitable for bone substitution
and reconstruction [15,16]. GIC with the incorporation of HA
have been found to improve the biocompatibility and physical
properties [17]. In recent years, HA has shown promising
advantages in restorative dentistry, including its biocompat-
ibility, hardness similar to that of natural tooth and intrinsic
radiopaque response [18,19]. Although it is a naturally
occurring mineral form of calcium apatite, technological
advances have enabled nanosized HA to be prepared by many
different methodologies, for instances, wet chemical prepara-
tion, sol-gel synthesis, co-precipitation, etc. [20]. Glass
ionomer cements (GICs) are a class of bioactive cements
that bond directly to bone. A new bioactive hydroxyapatite
(HA)/silica-filled GIC composite were developed to improve
the biocompatibility and bioactivity of the GICs with the
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surrounding bone and connective tissues. A number of
researchers have attempted to evaluate the effect of the
addition of HA powders GIC on mechanical properties. The
effect on addition of HA on the compressive strength,
diametral tensile strength [21], flexural strength [19], tough-
ness, bonding and fluoride-release properties of GIC has been
reported [22]. Recently, we have reported the methods of
producing nano-HA-silica composite by the one-pot sol-gel
technique [23], and in addition the nanocomposite has
increased the hardness of the GIC by ~73% [23]. It is
envisaged that the nanosilica particles may fill the void
between the hexagonal shaped HA particles, and form denser
and stronger nanohydroxyapatite-silica nanocomposite pow-
der. The present study aims to evaluate the chemical interac-
tion between filler and GIC, using different characterization
techniques including FTIR, *Si CP/MAS NMR, EDX and
XRD spectroscopy. In addition, the morphological-nature of
nano crystals was investigated using Transmisson Electron
Microscopy (TEM) and Scanning Electron Microscopy (SEM),
to provide more evidence to ascertain our previous findings.

2. Materials and methods

Nanohydroxyapatite—silica—GIC (nano-HA-silica—GIC) was
synthesized following a reported protocol [22]. A stiochio-
metric amount of 7.408 g of calcium hydroxide ( > 98%, RM
Chemicals) was mixed and stirred in 100 ml of distilled water
to produce a suspension. Phosphoric acid (4.104 ml > 99%,
Aldrich) was then added drop wise to the suspension and pH
was adjusted to the range of 11-12 using ammonia. The
suspension was then stirred for 48 h. 5ml of TEOS (99%,
Fluka) diluted in 10 ml of ethanol was added drop wise after
12 h of stirring. The sol was centrifuged, dried using a freeze
dryer and calcined at 600 and 700 °C for 1 h. Pure nanosilica
was prepared following a procedure reported elsewhere [24],
meanwhile pure HA was prepared by following the above
procedure without addition of TEOS.

Nano-HA-silica was mixed with a commercial GIC (Fuji IX
GP, GC International Japan). The nano-Ha—silica—GIC cement
was made by spatulation of the powder mixture into the liquid
at a powder/liquid ratio of 1:1 and mixed according to the
manufacturer's instructions. Following that, the cement was
covered with moisten gauze and left for 24 h to enable
complete setting reaction.

Morphology of the synthesized materials was studied using
Scanning Electron Microscopy (SEM, Leo Supra S0VP) and
Transmission electron microscopy (TEM) and the images were
taken using a Philips CM 12 system. 2°Si NMR was obtained
using a cross-polarization magic angle spinning (CP/MAS)
solid state nuclear magnetic resonance (NMR, Bruker AV
400WB). FTIR spectra were recorded using a Perkin-Elmer
2000 FT-IR spectrometer. The samples were analyzed qualita-
tively by XRD analysis. The scanning was done from 10° to
60° at a rate of 0.02°/min (Bruker, D2, PHASER) using Cu-Ka
radiation generated at 30kV and 10 mA. The crystalline
phases were determined from a comparison of the registered
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Fig. 1. FTIR spectra of (a) silica, (b) HA-Silica and (c) HA.

patterns with the International Center for Diffraction Data
(ICDD) powder diffraction file (PDF).

3. Results and discussion
3.1. FTIR analysis

Fig. 1(b) shows the FTIR spectrum of nano-HA-Silica
which is the combination of silica (a) and hyroxyapatite (c),
according to the observed stretching frequencies (968 cm™ ',
878 cm_l, 608 cm_l, 576 cm™~ ' and 565 cm_l) etc. and the
similarity of the FTIR spectra of the investigated samples, the
possible formation of crystalline hydroxyapatite—silica-nano-

composite by sol-gel synthesis route could be suggested [23].

3.2. Solid-state NMR analysis

Valuable structural information about the silica and nano-
HA-silica—GIC can be obtained by means of Solid-state NMR
spectroscopy. In solid state samples, due to the limited motion,
strong dipolar—dipolar and chemical shift anisotropy interac-
tions has occurred due to the limited motion. The line
broadening effects can be canceled using magic angle spinning
(MAS) technique. Other problems which arise in solid-state
NMR spectroscopy related to the strong hetero nuclear
interactions and the existence of very long spin-lattice relaxa-
tion times T of the order of minutes to hours are solved in the
cross polarization (CP) technique [25].

Silane functionality according to the used silane type,
bonding chemistry and the different surface species that result
can be distinguished by *°Si CP/MAS NMR measurements.
So, the monofunctional species (M) appear in the region from
13 to —1 ppm, difunctional species (Dn) from —7 to —20
ppm, trifunctional species (Tn) from —49 to —66 ppm and
signal from the starting silica from -91 to —110 ppm (Fig. 2).

A higher degree of cross-linking of silyl species and/or of
oxygen neighbors has led to an upfield shift in NMR spectra.
Fig. 3 presents the >’Si CP/MAS NMR spectra of silica and
nano-HA-silica—GIC. The spectrum of silica contains the
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Fig. 3. 2°Si CP/MAS NMR spectra (a) Unmodified silica and (b) Chemically
modified material HA-Silica—GIC.

signals assigned to the Q species, Q* (-91 ppm) and Q?
(=109 ppm) showed a high amount of free —OH groups
on the surface. In the spectrum of nano-HA-silica—GIC the
signals of trifunctional species (Tn) assigned to T> (=56 ppm)
and T? (-65 ppm) groups were observed. The shoulder at —
91 ppm was assigned to Q*-groups which were still available
on the surface. The signal of the Q’-groups has a high
intensity. This spectrum indicates a high cross linking on the
modified surface and a lower surface coverage. The high field

shifted signal at 10 ppm belongs to the C-1 closest to the
surface, in the neighborhood of the silicon [26].

3.3. X-ray diffraction (XRD) and EDX analysis

An XRD pattern of sol-gel prepared HA-silica composite
and silica powder that was sintered at 600 °C is shown in
Fig. 4(a and b) respectively. A single XRD peaks present in
Fig. 4(a) at 20°-22° 20 (scanning range) corresponds to the
presence of silica while as in Fig. 4(b) these peaks were shifted
to 26°-27° 260 and a new sharp peak observed at 32°-33° 26
that corresponds to the presence of hydroxyapatite. The
presence of these peaks elucidates the formation of HA—silica
composite. The sintering temperature plays an important role
in the formation of HA-silica composite. As the sintering
temperature is increased to 600 to 700 °C, several peaks of
XRD pattern which belongs to the HA—silica powder become
more distinct and also the width of the peaks become narrower,
which suggest an increase in the degree of powder crystal-
linity. It has been reported that HA decomposes within the
temperature range of 600-800 °C, and decomposition tem-
perature strongly depends to the characteristics and synthetic
technique of the HA powder [27]. In order to obtain pure HA—
silica in this study, the sintering temperature selected was
600 °C. The XRD patterns of the powders post heat treatment
also reveals that no other calcium phosphate phase are present
in the powders.

EDX results in Fig. 5 shows that the main elements present in
the HA-Silica composite powder are calcium, phosphorus,
carbon, oxygen and silicon. Hence the formation of HA-silica
composite by the presence of silicon in the EDX fig is confirmed.

3.4. Characterization of nano powders

3.4.1. TEM and SEM evaluation

Comparative morphologies of nanohydroxyapatite, nanohy-
droxyapatite—silica and nano hydroxyapatite-silica in GIC
matrix prepared by the sol-gel technique, as observed under
TEM are shown in Fig. 6. The images clearly show that the
elongated rod shaped structure is indeed hydroxyapatite (HA)
(Fig. 6a) and from the Fig. 6b apart from the rod shaped HA
structures, spherical powder like structures embedded within
elongated HA are the silica particles [28,29]. These images
reveal that all the powders are in nanosize range with the mean
size of the elongated HA and silica was approximately 95 nm
and 25 nm respectively. As a result, we can say that the
morphology of the hydroxyapatite—silica nanocomposite pow-
der consists of a mixture of spherical silica particles embedded
within the voids of elongated hydroxyapatite.

Fig. 6¢ shows the morphology of hydroxyapatite—silica
nanocomposite powder completely embedded in glass Ionomer
cement (GIC) matrix. By increasing the concentration of
nanosilica, the voids of HA were filled completely resulting
in denser cement and thus a stronger GIC.

A representative SEM micrograph of nanohydroxyapatite—
silica nanocomposite powder (Fig. 7(a)), clearly reveals that
nanocomposite powder is a mixture of elongated rod shaped
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Fig. 4. X-ray diffraction (XRD) pattern of: (a) Unmodified silica and (b) Chemically modified material HA-Silica—GIC.
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Fig. 5. EDX spectrum of HA-silica composite powder.

like structures which is hydroxyapatite and a spherical powder
shaped structure which is silica. It also confirms that silica has
occupied the voids present between HA structures and form a
denser and stronger nanohydroxyapatite—silica nanocomposite
powder.

Fig. 7(b) clearly shows the microstructure of the composite
and distribution of various components, packing density of
silica particle size of fillers within matrix of GIC, under dot
mapping SEM.

4. Conclusions

This paper investigates the detailed structural analysis of HA—
silica nanocomposite powder, synthesized successfully by the
sol-gel method. SEM, TEM, FTIR and *°Si CP/MAS NMR
tools were used to elucidate the atomic scale characterization.
29Si CP/MAS NMR clearly shows the presence of higher degree
of cross-linking of silyl species between silica and GIC, which
makes the Nano-HA-Silica—GIC composite much stronger. The
phase purity and information of various chemical species has
been characterized by XRD and EDX techniques. The nano
crystalline nature has been ascertained by XRD and high
resolution SEM micrographs. TEM and SEM characterization
revealed that the morphology of HA—silica nanocomposite was
a mixture of spherical silica particles embedded within
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Fig. 7. (a) SEM micrographs of HA-SiO, nanocomposite and (b) Dot mapping SEM micrograph of HA-SiO, nanocomposite.

elongated HA and also confirms the HA—silica nanocomposite
powder is completely embedded in GIC matrix. It can be
concluded that higher content of nanosilica, results in denser
cement and produces a stronger GIC. Application of HA—silica—
GIC with improved properties might lead to extended clinical
indications, especially in stress bearing areas.
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