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Abstract

Silica (SiO;) and the silicate-based biomaterials play an important role due to
their in vitro and in vivo biological response. The present study synthesized a novel
nano-structured amorphous silica doped hydroxyapatite (HA) via an aqueous
precipitation route. HA was prepared with 0, 1, 3 and 5 wt% silica, which are
comparable to the measured silicon content of natural bone. After spray drying into
micron sized powders, the silica doped HA (SiHA) powders were consolidated at
1000 <C with a dwell time of 3 min using a spark plasma sintering (SPS) technique.
X-ray diffraction analysis showed a main apatite phase with minor secondary
B-tricalcium phosphate (B-TCP) was observed in the as-consolidated SiHA compacts.
Substitution of PO,> by SiO,* in the apatite structure resulting in a small increase in
the lattice parameters in both a-axis and c-axis of the unit cell were identified by
X-ray photoelectron spectrometer (XPS) analysis and Raman spectrometer
investigation. The cell culture in vitro investigation demonstrated that the presence of
silicon in the SPS consolidated compacts contributed to the relatively high cell

proliferation ability when compared with phase pure HA.
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1. Introduction

Hydroxyapatite (Cajo(PO4)s(OH),, HA) has been introduced as a bone grafting
materials due to its chemical composition similar to those of natural bone. However,
its medical application has been limited because the low mechanical properties,
relatively long time for remodeling and slow rate of osseointegration [1]. Therefore it
is essential to improve the mechanical properties and bioactivity for the long-term
application.

Synthesis of chemically modified or ion-substituted HA [2] has drawn great
interest since the ions played an important role in developing artificial bone with
enhanced mechanical properties and bioactivities. Except for the appropriate
mechanical properties, biocompatibility was the most important feature of an implant.
It is reported that the silicate ions into HA structure improved its in vivo bioactivity [3]
and Si-substituted HA became an attractive alternative to conventional HA materials
for use as bone substitute compacts. Silicate ion substitution was also reported to
enhance the formation of a poorly crystalline surface apatite layer of HA after
immersing in simulated body fluids (SBF) [4]. Current ideas concerning the role of
silicon in biological functions were related to the ability of silicon in the form of
silicic acid (Si(OH),) [5].

Many approaches have been used to prepared silicon substituted HA (Si-HA) [2,6,7].
A popular method was postulated by Gibson et al. [7] by developing an aqueous
precipitation technique to prepare silicon-substituted HA. A co-substituted HA has
been prepared using high temperature solid-state methods which required the
substitution of a second ion such as lanthanum in addition to silicon [8].

A rapid consolidation process based on spark plasma activation has been widely
studied as energy source to consolidate samples to high densities from the powder
form [9,10]. Compared with conventional consolidation methods which need long
processing time at high temperature, the novel spark plasma sintering (SPS) enables
fast sintering within several minutes at relatively low temperature by Joule heat and
spark plasma generated by high-pulsed electric current through the compact. The most
important character of SPS is that the powder is heated by spark discharge between
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the particles. As a result, the sample would be sintered uniformly and rapidly from
both inside and outside. During SPS process, a strong electrical field is produced in
the small gaps of the particles to make the electrons, cations and anions strike the
surface of the opposite particle and activate the particles. Thus some chemical
reactions would occur during this process.

The aim of the present study was to prepare a new nano-structured
hydroxyapatite-based material by a spark plasma sintering process and study the
biological behavior of the consolidated materials. A small level of precipitated silica
(SiOy, 0, 1, 3 and 5 wt%) was introduced in an HA slurry which was subsequently
spray-dried into powder form. The spray dried powders were consolidated using SPS
method. The surface chemistry that would directly influence the cell proliferation was
characterized through advanced analysis methods. The mechanical properties of the
bulk compacts were evaluated with a micron hardness tester. An in vitro test is carried
to investigate the cell proliferation responses of osteoblast (bone forming cell) on

various silica doped biomaterial surfaces.

2. Experimental details

An HA slurry was prepared using a wet chemical approach by reacting 0.6 mol of
orthophosphoric acid (H3PO,4) with 1 mol of calcium hydroxide (Ca(OH),). The
precipitation reactants were carried out at 40 =5 <€ in house and terminated when the
pH was reached 9 through the addition of H3PO,4. After the complete mixing of the
reactants, the precipitate was stirred for two more hours and left overnight to settle.
Amorphous precipitated silica as preset weight was added into the HA slurry and the
slurry was stirred for four more hours before transportation into a spray dryer
(Ohkawara LT-8, Japan), where the atomization and drying processes took place.

A spark plasma sintering system (Sumitomo Coal Mining SPS system, Dr. Sinter
Modal 1050, Japan) was used to consolidate the various powder feedstock to get the
following ceramic samples: ceramic HA (from phase pure spray dried HA), ceramic
1SiHA (from the powder doped with 1 wt% of silica), ceramic 3SiHA (from the
powder doped with 3 wt% of silica) and ceramic 5SiHA (from the powder doped with
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5 wt% of silica). During the SPS system operation, one gram of loose powder
feedstock was loaded in a graphite die (13 mm in diameter) and punch unit. A
relatively low pressure of 7.5 MPa was initially applied. The sintering temperature
was 1000 °C with a dwell time of 3 min at a heating/cooling rate of 100 °C/min. The
consolidated ceramic samples were ground till Grit P 2400 for the following
characterization.

A field emission scanning electron microscope (FE SEM, JEOL 6340F) was used for
the powder surface morphology analysis. An SEM (JEOL 5600LV, Japan) was
employed for the fracture surface analysis for the consolidated samples. Phases and
lattice parameters were identified using X-ray diffraction (XRD) (Philips MPD 1880,
the Netherland) using Cu K, radiation at 30 kV and 20 mA. The XRD analysis was
carried through the 26 from 20°to 60<at a scan rate of 0.04° per second. Raman
spectra of the samples were recorded at room temperature and atmospheric pressure
on Renishaw Raman Imaging Microscope (United Kingdom). The excitation source
was formed by a 632 nm line of a HeNe laser that attached to the microscope to
provide a confocal illumination of the sample via a holographic beam splitter. The
chemical composition of the SPS compacts was determined by X-ray photoelectron
spectroscopy (XPS). XPS spectra were recorded on a Kratos spectrometer (Japan)
operated using Al Ka (1486.6 eV) monochromatic X-ray source. The XPS pressure
was about 10° Pa. Since apatites are insulators, the spectra were shifted towards
higher binding energies due to the accumulation of positive charge on the surface. In
the case of apatite, the calibration was done by referencing to P 2p (133.6 eV) because
the binding energy of this element did not change very much in apatite [11] due to the
screening of the P atom by oxygen atoms, and to a close crystalline potential.

The mechanical properties of these SPS compacts were studied in hardness (H) and
Young’s modulus (E) using a micro-hardness tester (CSEM® MHT, Switzerland) as
micro-indentation subjected very small materials volumes to mechanical forces. The
maximum load was 1N with a dwell time of 10 s at a loading/unloading rate of 2
N/min. During the test for E determination, every two points had a distance of 200 pm
to avoid the stress-strain influence caused by previous loading the preceding
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indentation. The average values were calculated from ten readings for each compacted
sample.

After the samples (ceramic HA, ceramic 1SiHA and 5SiHA) were sterilized via
autoclaving, confluent human limb-derived osteoblasts were passaged by

2 onto the

trypsin-EDTA and then seeded with an initial cell density of 2x10* /cm
samples that were placed in a 24-well culture tray and incubated at 37 °C in a 5% CO,
atmosphere. The culture medium used for each sample was 1 ml of Dulbecco’s
modified Eagle’s medium/F12 supplemented with 10 vol% of fetal bone bovine serum
and 5 vol% of antibiotics. The medium was replaced with an equal volume of fresh
medium every 2 days. A methyl thiazole tetrazodium (MTT) assay was employed to
examine the proliferation of the cells for 2 and 4 days. The plates were read using 490
nm wavelength on a micro-plate reader machine (Benchmark Plus, Bio-Rad
Laboratories Inc.). The cell attachment was observed under SEM (JEOL JSM-5600
LV, Japan) after cell culture for 24 h. The cells on the bioceramic surfaces were fixed
in 2.5% glutaraldehyde buffered in 0.1 M sodium cacodylate (pH 7.3-7.4) for 1 h at
4 T following by 30 min treatment in 1% tannic acid in 0.1 M sodium cacodylate at
4 <C. The post fixation was processed with 1% OsO4 buffered in 0.1 M sodium
cacodylate for 30 min at 4 <C. Following post fixation, the samples were rinsed with
distilled water for 10 min, and dehydrated in a graded series of ethanol for 5-10 min at
room temperature. Finally the samples were immersed in increasing concentrations of
hexamethyldisilazane (HMDS), which was a mixture of HMDS and ethanol, for
critical point drying. After removing the HMDS solution and drying the sample in the
dryer, they were gold sputtered for 120 s at 10 mA to allow observation under the

SEM.

3. Results and discussion
3.1 Powders characterization

The SEM micrograph of the received spray-dried HA powders without doping
silica (Figure 1a) showed that the HA powder contained nano-sized particles. Under
higher magnification as shown in Figure 1b, these nano-sized particles had actually
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needle shape with a length of ~100 nm and a width of ~30 nm. The amorphous silica
was made up of nano-sized granules as shown in Figure 1c. After spray-drying
process, the silica homogeneously distributed in the spray-dried SiHA powders
(Figure 1d).

Figure 2a presented the XRD patterns of spray dried powders doped with various
amount of amorphous silica. A single-phase apatite was observed in all these four
kinds of apatite powders; and no secondary phase, such as tricalcium phosphate (TCP,
Caz(PO,),) was detected by the XRD analysis. The broadening of the peaks indicated
that the spray dried (SD) powders were mainly made up of relatively fine particles as

observed in Figure 1.

3.2. Phase stability, silicon substitution and surface chemistry of SPS compacts

Fig. 3 showed the XRD patterns of the SPS consolidated HA with and without
doping amorphous silica. No any other peak than HA was traced in the ceramic HA as
observed. While, when silica-doped HA was densified at the same working conditions,
it was found that the apatite structure became less stable and a secondary phase of
B-TCP was detected in all the compacts doped with silica. This finding indicated that
the presence of silica enhanced the decomposition process of HA. Referred to the
relative intensities of B-TCP, it was found that its content increased with an increase in
the amount of doping silica. Ruys [12] reported similar detection that the introduction
of silica would lead to the decomposition of HA into secondary calcium phosphate
phases such as TCP. They also suggested the decomposition of HA was reduced from
the usual range of ~1300 to 1400 <€ down to ~750 to 1150 <€ in the presence of the
additives such as Al,O3, SiO; and C. The reduction in decomposition temperature
varied according to the composition of additives. In this study, the amorphous
precipitated silica resulted in the HA becoming less stable at the sintering temperature
of 1000 <C. In addition, the impact of spark plasma might cause a localized increase
in temperature and introduce some liquid phase of silica which did not form a strong
chemical bond with apatite, and the presence of liquid phase would reduce interfacial
energy and promote the transformation of apatite phase to 3-TCP phase that would
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lead to the poor biodegradation characteristics of HA compacts and induce the natural
bone ingrowth for extended periods.

Table 1 lists the lattice parameters (a and c) of the SPS compacts which were
determined through the (hkl) peaks positions of apatites from XRD patterns according
to the following formula [13]:

1/d? = 4/3-(W?+hk+k?) / a* + I%/c?

d was the lattice distance obtained from XRD results. Compared to the lattice
parameters of phase pure ceramic HA, those of SiHA compacts were relatively large.
Concerning the silicate and phosphate groups, the average lengths of the Si-O and
P-O bonds were 1.62 A [8] and 1.51A [8], respectively. The substitution of PO,* by
SiO,* was assumed to contribute to the increase in the lattice parameters of these
SiHA compacts.

Typical phosphate vibrations modes of apatite were shown in Raman spectra as
presented in Fig. 4. The positions of the peaks observed are listed in Table 2. The
strongest line situated at around 962 cm™ was attributed to the symmetric stretching
vi mode of PO,>. The peaks situated at about 1040-1090 cm™, 571-603 cm™ and
430-450 cm™ were assigned, respectively, to the antisymmetric stretching vs, the
antisymmetric bending v, modes and the bending v of the PO,> ions [14-16]. Since
the similar vibrational structure of silicate and phosphate, no special peaks assigned to
silicate were able to be directly differentiated from the present Raman spectra. It was
found that the intensities of hydroxyl absorption band at 3571 cm™ were slightly
lower than that of phase pure ceramic HA. It indicated that the presence of silica
might accelerate the breakdown process of the hydroxyl group in HA, and some
vacancies or oxygen ion may substitute the hydroxyl sites and lead to a distortion of
the hexagonal symmetry. The distortion of the hexagonal symmetry would lead the
decomposition of apatite into B-TCP as shown in Figure 3. The formation of OH
vacancies has been proven to be able to accelerate cation transport in the HA lattice
and thus accelerate the whole sintering process [17] as well as decomposition process.

As proposed by Sayer et al [18], there should be full charge compensation for the
loss of OH. Two possibilities were assumed to compensate the charged defects
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formed by the loss of OH". The first was the oxygen-deficient or O vacancies that
would lead to the formation of pores. The second was the presence of excess calcium
Ca®* and these positively charged defects would be charge-compensated by the
substitution of SiO4* substitution in PO,* in the consolidated specimen. A chemical

analysis technique, XPS, has been used to investigate the possible replacement of

PO,> by SiO,* in silicon-contained apatite by Balas et al. [19]. In the current study,

XPS was also applied to detect the replace possibility of silicate substitution. XPS
wide scan of the elements present in consolidated samples was shown in Figure 5. Ca
2p, Ca 2s, P 2s, P 2p, O 1s, C 1s and Si 2p were identified for all test conditions.
Typical narrow scan XPS spectra of ceramic 3SiHA were presented in Fig. 6. The P
2p peak was symmetric, which indicated its binding energy was quite stable in apatite.
It was referenced at 133.6 eV. The Ca 2p spectrum showed a doublet with Ca 2ps, at
347.5 eV and Ca 2py3 at 351.1 eV. The O 1s peak showed an asymmetry and was
fitted using the peak deconvolution approach. It was decomposed into three
components. The main component at 532.1 eV corresponded to the O linked only to a
phosphorous atom as in PO,> ions. The second at higher energy (534.0 eV) was
attributed to Si-O peak. The lowest peak at 535.2 eV corresponded to C-O peak. The
C 1s was deconvoluted to three peaks which corresponded to aliphatic carbon atoms
(284.5 eV), a-carbon atoms (285.6 eV) and carbonate (288.8 eV). The detection of
carbon should be due to the absorbance of CO, and the graphite die also contributed
to the presence of carbon. The Si 2p spectrum has decomposed into 103.5 and 102.3
eV, with an area intensity ratio of about 2:1. As reported by Mekki et al. [20], the
binding energy of SiO,* in sodium silicate was centered at 102.020.2 eV. According
to peak of SiO, was centered at 103.9 eV [21], the first component in the current
specimen was assigned to Si-O, and thus the higher oxidation peak was attributed to
silicon atoms belonging to isolated SiO4*. Table 3 listed the binding energies obtained
from the various compacts. The variations in binding energies reflected the
differences in the electronic environment of the Si element, the relatively low value of

the binding energies of silicon in 5SiHA sample may be due to the depolymerization



degree of the SiO4 units [19]. The silicate depolymerization might lead to increased
numbers of Ca-O-Si units and fewer Si-O-Si units, which might result in the
formation of calcium silicate. Thus it was assumed that HA decomposed into TCP and
CaO that could react with silica to form calcium silicate. However, no calcium silicate
could be observed from the XRD patterns, which was due to either too small amount
or silicate substituted into apatite structure.

The role of the silicon substitution that entered the crystal structure should be
clearly separated from those of sintering additives or aids [22] that were typically
discrete second phases in the compacts. Normally, the sintering additives or aids were
typically compounds with low melting points that promoted liquid-phase sintering to
enhance the densification. Silica as sintering aids [21] in the traditional sintering of
HA might form liquid phase by the melting of this sintering aid. The present XRD
results, Raman analysis and XPS results indicated that silicon was being partially
substituted into HA but no secondary phase such as calcium silicate which might
behave as a sintering aid was observed.

As discussed by Gibson [1], if silicate substituted for phosphate (B type) with the
concomitant loss of a hydroxyl group, vacancies would be introduced on the hydroxyl
site as the level of silicon substitution was increased, but no cation vacancies were
introduced. Under this case, the hydroxyl groups in the SiHA interacted more strongly
with the calcium or silicate groups compared with HA and thus high sintering
temperature was needed to improve the mobility of hydroxyl group for fully sintered
compacts. In contrast, however, where silicate substituted for only hydroxyl groups, A
type, the A type substitution did not generate the same number of vacancies as B type
or AB type and limit the mobility of OH groups that were instrumental in the

densification.

3.3. Densities and mechanical properties of SPS compacts

The average densities and relative densities of sintered specimen were listed in
Table 4. The theoretical density of stoichiometric HA was 3.156 g/cm®. It was found
after sintering at 1000 €€ for 3 min, the obtained densities of sintered samples
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decreased with the increase of doping levels of silica. Although the relatively density
of amorphous silica (2.2 g/cm® may contribute to the sintered density, the small
amounts should not be considered in this study. The formation of pores (as shown in
Fig. 7) and the phase transformation of HA into B-TCP mainly contributed to the
decreased densities. The SEM micrographs of the fracture surfaces presented in Fig. 7
indicated that the fracture modes were fully transgranular. Few pores were detected on
the phase pure ceramic HA compact while some intergranular porosity occurred in the
SiHA compacts. The presence of porosities were formed due to the release of
hydroxyl group from HA structure [23] and B-TCP would exist near the pores. As
shown in Fig. 7, the grain sizes (less than 1 um) of SiHA compacts were obviously
finer than that of phase pure ceramic HA compacts (around 5 um), showing that silica
could suppress the densification and effectively impede the grains coarse during SPS
processing.

Fig. 8 showed the dependence of Vickers hardness (H) and Young’s modulus (E) on
the amount of doping silica. The relatively low hardness obtained for the doped
samples was mainly attributed to the low bulk density of the material. It was believed
that the higher density has played a role in producing higher hardness values where an
increase in density could lead to an increase in hardness [24-25].

The E value of sintered SD HA without silica was around 89 GPa. With an increase
in the amount of doping silica from 1 to 5 wt %, the E values increased about 15%
from 84GPa to 100GPa. As the densities of SIHA compacts were all slightly less than
that of phase pure ceramic HA at the sintering temperature of 1000 <C, the relatively
higher E of these SIHA compacts might be mainly attributed to the relatively finer

grains caused by the presence of silica impeding the grain growth.

3.4. In vitro test

The typical osteoblast morphologies on ceramic 5SiHA under SEM were exhibited
in Figure 9 after fixation. It was found that the cells had attached on the sample
surface after 2 days of cell culture. The majority of the cells had a flattened
appearance with a predominantly polygonal morphology. A rough texture was
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observed due to the presence of numerous blebs on the surface of the cells. The cells
were attached to the biomaterials exhibiting filopodia-like with various lengths and
lamelliapodia-like extensions. Close contact between the cells and the substrate was
established through extending filopodia, which initiated the cellular anchorage on the
substrate. This result indicated that the SPS sample surfaces provided preferential
sites for cell attachment an in return, would recruit proteins and other growth factors
to enhance the cellular activity.

The data from MTT assay reflected the ability of cell proliferation and cytotoxicity
on the ceramic surfaces. The higher the MTT results, the more the viable cells. As
shown in Fig. 10, the culture of osteoblast cells on the biomaterials showed no big
differences in proliferation after culture for 2 days on ceramic HA and ceramic 5SiHA,
though relatively higher results were observed on ceramic 1SiHA. After 4 days of cell
culture, comparison between these ceramic samples revealed that the presence of
silicon enhanced the cell proliferation and the highest absorbance value of 0.10 was
obtained from the sample 5SiHA. Thian et al. [26] demonstrated that the
silicon-containing hydroxyapatite thin films promoted the growth of human
osteoblast-like cells and increased the number of focal adhesion points and the early
formation of extracellular matrix. It was suggested that was due to the enhanced
dissolution of silicon containing HA. Porter et al. [4] proposed that the incorporation
of silicate ions into HA led to an increased rate of dissolution of silicon substituted
HA by the formation of the increased number of defect structures compared to phase
pure HA. The Ca, P and Si ions subsequently diffuse through the ceramic grains to the
bone-HA interface, driven by a concentration gradient. They confirmed that defects,
in particular those involving grain boundaries, were the starting point of dissolution in
vivo. In vitro studies by Gibson et al. [27] also showed that the substitution of silicate
for phosphate ions into HA enhances osteoblast cell activity, compared to phase pure
HA. In the present study, both the soluble Si and the presence of the fast resorbing
phase TCP [28] present in the compacts were dissolved in the culture medium and
thus, were readily available to the osteoblast cells at early time points of culture which
might have stimulatory effect on the bone mineralization process.
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4. Conclusions

A novel nano-structured silicon doped hydroxyapatite prepared with various
amounts of amorphous silica (1, 3, and 5 wt%) was consolidated at 1000<€ for 3 min
using a spark plasma sintering technique. The XRD results, Raman spectra and XPS
analysis indicated the substitution possibility of silicate in the apatite structure during
the spark plasma processing. The presence of silica led to the decomposition of HA
into a secondary calcium phosphate phase (B-TCP) and enhanced mechanical
properties during spark plasma sintering processing. Enhance dissolution due to
silicon substitution and TCP phase content may contribute to the higher cell
proliferation ability when compared with phase pure HA, confirming a good level of

biocompatibility.
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Table 1

Lattice parameters of spark plasma sintered compacts

Samples a-axis | .-':'h} C=axis | r"'k} Unit cell volume { A 3
Sk 94182 6. 8810 3285889
15iHA G4235 6. BO00 32987601
ISiHA 04227 6. 8970 330.3244
3SIHA 94352 08084 331.8403
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Table 2
Peak positions (in cm ') and type of the generating vibration modes of the various spark plasma sintered compacts
Samples

Type of vibrations

HA ISiIHA 3ISiIHA SSIHA

357 35N 3571 O-H stretching in apatite

1090 1090 1090 1074 PO stretching in apatite (vs)

1077 1078 LO75 1046

1048 1049 1047

962 961 961 962 Symmetrical PO, stretching in apatite (v,)
603 607 6035 603 0-P-O and P-O in apatite (vs)

578 5T 376 389

430 450 449 450 O-P-0O in apatite (v2)

430 429 428 428
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Table 3

Binding energies (V) obtained from XPS of spark plasma sintered

compacts referred P 2p to 133 .6 eV

Samples Ca 2p 0 l1s Cls Si 2p
SD HA 3475 3313 285.1
510 3328 286.6
1SiHA 3474 331.1 2850 1023
3509 5327 2869
5298
ISiHA 475 5321 2845 1023
isla 3340 2856 103.5
3352 2888
581HA 472 3312 2823 101.4
3508 5327 2852 102.8
286.6
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Tahle 4

Densities and relative densities of spark plasma sintered compacts

Samples Densities (g/m’) Belative densities (%)
HA 3.09 979
1SiHA 3.05 96.6
ISiHA 3m 954
S5iHA 299 94.8
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