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Abstract

Structural alteration of synthetic implants aims to achieve better bioactivity, higher cellular response, and regulated degradability, all of which are
critical criteria for a biomaterial to serve as a graft in bone regeneration. The aim of this work was to synthesize silicon-substituted hydroxyap-
atite and test its bioactivity in simulated body fluid (SBF) by proving the use of sodium metasilicate (Na,Si03.9H,0) as an affordable precursor
of silica. Thus, the study evaluated the in vitro bone-bonding capacity of hydroxyapatite (Ca;o(PO4)s(OH),) (HA) substituted with silicate ion
(Cajp(PO4)6-x(Si04)(OH),_,; Si,HA). The Si,HA with x = 0.4 was synthesized by utilizing a wet precipitation method with sodium metasilicate
as a low-cost silica alternative for alkoxysilane precursors. The Si,HA was then examined for properties such as morphology, elemental compo-
sition, phase composition, and the nature of chemical bonds using scanning electron microscopy (SEM), energy dispersive X-ray analysis (EDX),
X-ray diffractometry (XRD), and Fourier transformed infrared spectroscopy (FTIR), respectively. An in vitro bioactivity experiment was also
carried out by incubating the Si,HA in simulated body fluid (SBF) at 36.5 °C for 7 and 14 days. The obtained results revealed the substitution of
Si04* for some PO,4*~ groups in the hydroxyapatite structure. The Si,HA nucleated more apatite crystals on its surface and demonstrated some
degradability during the periods of immersion in SBE. The characteristics of the Si,HA imply that it could be used as a graft in bone restoration
applications, thus signifying that sodium metasilicate could serve as an economic silica source for silicon-substituted hydroxyapatite production.
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1. Introduction surgery [2]. The ability of the crystalline structure of HA to
partially substitute calcium, orthophosphate, and hydroxyl ions
is a highly interesting characteristic. Furthermore, biological
apatite can undergo different substitution patterns, resulting in a
variety of compositions. As a result, a carbonate hydroxyapatite
that lacks calcium and hydroxyl (biological or bioapatite) con-
tains a range of ions, including Na*, K*, Mg?*, Zn>*, HPO4*",
Si04*, ClI~, and F~ [3-8].
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Hydroxyapatite (HA) (Ca;o(PO4)s(OH),) is the chemical
compound that is present in the mineral phase of bone [1]. Be-
cause HA has a comparable chemical composition to the in-
organic component of bone and is both biocompatible and os-
teoconductive, it is used as a graft material in reconstructive
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breaking animal study according to Refs. [9-12], revealed that
silicon plays an important role in bone tissue metabolism. Si
deposition rose in young rodents where fresh bone tissue was
actively mineralizing; however, as the bones aged, the amount
of this element reduced. Furthermore, a link between silicon
and calcium concentration was discovered. Carlisle’s experi-
ment further demonstrated the importance of silicon in the pro-
cess of skeletal growth by feeding chicks with high- and low-
silicon diets for a month [10]. Thus, when silicon (in the form
of Na,;SiO3) was added to meals, the animals gained weight
and showed normal growth; but, when silicon intake was inad-
equate, the animals’ skeletons formed improperly, with smaller
size and impaired bone mineralization. Hence, it was demon-
strated that silicon is a trace element essential for healthy skele-
tal growth, particularly during the early stages of bone forma-
tion.

Schwarz [13] also discovered that three mucopolysaccha-
rides include bonded forms of silicon: heparan sulfate, chon-
droitin 4-sulfate, and hyaluronic acid. Furthermore, silicon has
been shown to have physiological roles in bone tissue growth,
such as slowing bone resorption, as well as improving mechan-
ical strength and bone mineral density (BMD) [14, 15].

The ease of ion substitution in hydroxyapatite, particularly
partial substitution of PO,3~ with SiO4*~ has made it a popu-
lar technique in biomaterial engineering since the 1990s [3, 4].
The mechanism described by Gibson [16] states that hydroxyl
groups are released to form vacancies that balance the charge
difference when orthosilicate ions (SiO4*") replace phosphate
ions (PO4>7) as seen in equation 1.

Caio(PO4)s(OH), + xSi03— xPO~ + xOH™
+Ca10(PO4)6-x(S i04)x(OH)—x (1)

Based on this mechanism, the value of x must be in the range
of 0 <x<2.

Silicon-substituted hydroxyapatite (SiHA) can be made via
a number of methods, including the sol-gel approach [17-
19], solid-state reactions [20], hydrothermal method [21, 22],
and controlled crystallization (precipitation) processes [16-23].
Precipitation is one of the techniques that is most frequently
employed to produce medical-grade HA and SiHA powders
due to its benefits in terms of low temperature and reaction
time, low cost, ease of use, small particle sizes, high purity,
and comparatively good surface uniformity [24, 25]. In order
to enhance the appeal and advantages of the wet precipitation
method for industrial production, it would be excellent to re-
place alkoxysilane, the conventional silica precursor, with an
affordable silica source. The goal of this work was to produce
silicon-substituted hydroxyapatite and assess the bioactivity of
the substance in SBF by demonstrating the usage of sodium
metasilicate (NaySi03.9H,0) as an inexpensive precursor of
silica

2. Materials and methods

2.1. Materials
The materials acquired from Sigma-Aldrich (St. Louis,
MO, USA) were utilized to synthesize HA and SiHA. The

following were the reagents: ammonium hydroxide solu-
tion (NH4OH), calcium nitrate tetrahydrate (Ca(NOs3),.4H,0),
sodium metasilicate (Na;Si03.9H,0) and disodium hydrogen
phosphate dodecahydrate (Na, HPO4.12H,0).

2.2. Synthesis of hydroxyapatite and silicon-substituted hy-
droxyapatite

To synthesize the HA, a novel approach was adopted
whereby Na,HPO,4.12H,0 was used as the phosphate source
instead of traditional diammonium hydrogen phosphate
((NH4),HPO4). Na,HPO,4.12H,0 (9.10 g) was thoroughly dis-
solved in deionized water (200 mL). The solution was added
gradually under constant stirring with a magnetic stirrer/heating
device to a 334 mL solution containing (Ca(NO3),.4H,0) (10.0
g). The reaction temperature was maintained at 85 °C (x5 °C)
while the pH of the mixture was kept at 9 (+0.25) by adding
NH4OH solution [26]. After the final addition, the reaction
mixture was agitated for 15 min. The precipitate formed was
centrifuged, washed with deionized water to remove residual
Na ions and dried at 90 °C, then heated in a muffle furnace at
800 °C for 5 h for removal of nitrates and densification. This
sample was named HA,,. The equation of the reaction is pro-
posed in equation 2.

For the silicon-substituted HA synthesis, Na,HPO4.12H,0
(8.48 g) and Na,Si03.9H,0 (0.49 g) were initially dissolved in
200 mL of deionized water. This was then mixed with 334 mL
of Ca(NO3),.4H,0 (10.0 g) and the mixture was processed in a
manner akin to that used in the manufacture of HA,,. Equation
3 shows the suggested reaction equation to form the silicon-
substituted hydroxyapatite powder.

Based on the idea that one silicate ion would replace one
phosphate ion, as shown in equation 1, the weights of the chem-
icals to be used were calculated. As a result, the ratio Ca/(P+Si)
= 10/6 was kept constant. Table 1 lists the moles of each atom
(Ca, P, and Si) in the initial aqueous solutions together with the
anticipated silicon molar content per unit cell of apatite (x). The
silicon-substituted hydroxyapatite was manufactured based on
the value of x = 0.4, and referred to as Si, HA.

2.3. Characterzation

With the aid of a scanning electron microscope, the sam-
ples’ microstructures were evaluated (SEM: JEOL JSM 7660F;
Tokyo, Japan). In order to enable visual monitoring of the sam-
ples under a 15 kV accelerating voltage, they were first affixed
to a sample holder using carbon adhesives.

By obtaining the diffraction patterns from an X-ray diffrac-
tometer (XRD; Rigaku D/Max-IIIC, Tokyo, Japan) that used a
CuKa radiation source with a wavelength of 0.154060 nm at
40 kV and 40 mA in the 20 range from 10 to 70°, the min-
eral components and crystalline properties of the samples were
ascertained. Before being examined, the samples were first re-
duced to a uniformly fine powder.

Fourier transform infrared spectroscopy (FTIR: Cary 630,
Agilent Technologies; Santa Clara, CA, USA) was used on the
samples in the wavenumber range of 4000-650 cm™! in order
to determine the chemical bond characteristics in the samples.
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Table 1. Number of moles of atoms in the precursors and the anticipated Si content (x) in the samples

Sample Ca(mol) P (mol) Si(mol) X (mol) Ca/P mo-
lar ratio

HA, 0.64 0.384 0 0 1.667

Si, HA 0.64 0.358 0.026 04 1.788

Attenuated Total Reflectance (ATR) was the mode of operation
for the machine.

2.4. Bioactivity experiment in simulated body fluid (SBF)

By immersing the samples in SBF at physiological con-
ditions (pH of 7.4 and temperature of 36.5 °C), accord-
ing to a standard in vitro technique outlined by Kokubo
and Takadama [27], the bioactivity of the samples was as-
sessed. The following analytical grade reagents were used
to make the SBF: tris(hydroxymethyl) aminomethane (Tris-
buffer) (CH,OH)3;CNH;), KC1, NaCl, NaHCO3, MgCl,-6H,0,
CaCl,, Na;SOy4, and K,HPO4-3H, 0 (Sigma-Aldrich, St. Louis,
MO, USA). After the SBF was added to pristine screw-capped
plastic bottles holding the samples, the bottles were put in an
incubator and left for 7 or 14 days. 100 mL of SBF was used to
soak 1g of each sample. Following the completion of each SBF
incubation period, the sample was extracted from the super-
natant using a vacuum pump filtering method. Enough deion-
ized water was then added, and the mixture was gently spun
before being left to dry for five days at 36.5 °C in an incubator.

10Ca(NO3),.4H,0 + 6Na,HPO4.12H,0
+8NH40H - C(l]()(PO4)6(0H)2

+12NaNOs + SNH4NOs + 118H,0, 2)

3. Results and discussions

3.1. Microstructural properties

Figure 1 displays the images containing the microstructural
features of the as-sintered samples. The surface of the HA,, mi-
crograph (Figure 1a) showed HA beads with fragmented and
clumped parts, resulting in asymmetrical forms. Due to the
evenly distributed particles on the sample’ surface, it was found
that the surface appeared broad. Significant change was seen in
the microstructure of Si,HA (Figure 1b) following the replace-
ment of some PO,*~ with SiO4*" ions in the HA lattice. While
a very small percentage of the particles continued to exist as
beads and displayed a generally good particle distribution on
the surface of the prepared glass sample, the majority of the
particles took on a flaky morphology. The material now has
a comparatively rougher surface as a result of this microstruc-
ture evolution. As the result shows, there has been a dramatic
transformation of the surface chemistry through improvements
in topography and physical qualities, resulting in a vast surface
area with intrinsic surface roughness. The surface characteris-
tics exhibited by Si,HA are known to be associated with better
protein and cell adhesion, which in turn promotes bone bond-
ing through osteogenic differentiation and osteointegration of
the material if used in vivo bone grafting [28].

Figure 1. SEM micrographs (a) HA,, (b) Si,HA after sintering at 800
°C for 5 h.
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Figure 2. Diffraction patterns showing the phase composition of (a)
HA,, and (b) Si,HA.

3.2. Phase and elemental composition

Figure 2 displays the diffraction patterns of the as-sintered
HA,, and Si,HA. The successful synthesis of HA in the sam-
ple was shown by the diffraction peaks of HA,, (Figure 2a),
which matched the standard JCPDS file (card number 9-0432)
[29]. Based on their intensity and baseline appearance, the
peaks showed signs of semicrystalline glass-ceramic material.
As shown in the spectrum, they have the following angular loca-
tions and corresponding crystal plane indices: 26 16.8° (101),
25.8° (002), 28° (102), 28.9° (210), 32.9° (300), 39.8° (310),
42° (131), 46.6° (222), 49.4° (213), and 65° (111).

When 0.4 mole of SiO4*~ was added to replace PO,3~, there
was a little increase in crystallinity (Figure 2(b)). Not to men-
tion, at 26 22°, a little peak identified as quartz (SiO,) appeared,
confirming that SiO4*~ added to the HA structure.

The elemental composition of HA,, and Si,HA as shown
by the EDX analysis results, which are shown in Figure 3,
further indicated the successful synthesis of silicon-substituted
hydroxyapatite. The elemental composition of HA,, (Figure
3a) revealed the presence of all of the elements found in HA
(Cajp(PO4)6(OH),) in their appropriate ratios. The emergence
of a C peak in the spectrum is caused by the sample absorbing
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Figure 3. EDX spectra showing the elemental composition of (a) HA,,
and (b) Si HA.

CO; during the synthesis process. The emergence of the Si peak
in the spectrum of Si,HA (Figure 3b) supports the production
of silicon-substituted hydroxyapatite in the sample as indicated
earlier in the XRD result of Si,HA through the formation of
quartz (SiO,) phase (Figure 2b).

10Ca(NO3),.4H,0 + xS iOi_ + 6NayHPO4.12H,0
+8NH,OH — Caig(PO4)s-(Si0; ) (OH),
+12NaNOs + SNH4NOs + 118H,0, 3)

3.3. Chemical bonds

FTIR analysis was utilized to validate the nature of bonds
found in the as-prepared samples. HA,, (Figure 4a) exhib-
ited strong peaks at 3362, 1640, 1088, and 1021 cm~!. The
broad band at 3362 cm™! is attributed to the stretching vibra-
tion of OH in hydroxyapatite or water molecules absorbed by
the sample, while the weak band near 1640 cm™! represents the
bending mode of surface water hydroxyl [30]. The sample’s
modest peak at 1088 cm™! and the intense peak at 1021 cm™!
correspond to P-O asymmetric (v3) stretching vibrations of the
HPO,> and PO4*" groups, respectively [31].

(Figure 4b) shows the FTIR spectrum of Si,HA. As seen,
additional peaks appeared in the spectrum after SiO4*~ replaced
PO43~ in the sample equation 3. The band appearing around
1474 cm™! is attributed to the v vibration of the CO32~ group
found in the B site of apatite, also known as carbonated apatite
[31], which was earlier observed as a C peak in the EDX re-
sult (Figure 3). The PO4>~ group is responsible for the single
P-O vj stretching vibration observed in the spectrum at 1021
cm~!. Two new shoulder peaks appeared at 954 and 830 cm™',
considered to be the stretching vibration Si-O bonds in SiO4*~
tetrahedrons located in apatite [32, 33] and the bending mode
of CO3%, respectively, and hence, confirming the successful
incorporation of Si04*~ to form silicon-substituted hydroxya-
patite, as shown earlier in the XRD spectrum (Figure 2b) and
EDX spectrum (Figure 3b). Thus, the absence of the P-O v3
stretching vibrational mode for HPO4>~ could be ascribed to
the SiO4*" substitution for some PO,3~ in the HA structure re-
sulting in low concentration of PO4*~ in the Si,HA structure.

3.4. Bioactivity

The ability to undergo surface reactions to generate addi-
tional HA on the samples surfaces was examined after 7 and
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Figure 4. FTIR spectra of (a) HA,, and (b) Si,HA before incubation in
SBF showing the types of bonds present.

14 days of incubating in SBF. To evaluate HA production, the
samples were subjected to SEM, XRD, and FTIR spectroscopy
analysis after being removed from SBF. (Figure 5a) shows the
HA,, microstructure after 7 days of incubating in SBF. Apatite
crystals, which appear as thin flakes, dominate the sample’s
surface and are well distributed. After 14 days of immersion
(Figure 5c¢), the surface became heterogeneous, with numerous
microscopic HA crystallite balls embedded in larger flake-like
particles. However, the microstructure of Si,HA following in-
cubation in SBF over the same time period was significantly
different. After 7 days in SBF (Figure 5b), the sample surface
was enriched with agglomerated balls of HA particles. These
HA particles packed the sample’s surface to the point that voids
were rare when compared to HA,, (Figure 5a). After 14 days
of soaking, the HA on the sample’s surface thickened, as seen
from the positions of the microcracks (figure 5d). A silicate-
based bioactive glass had previously demonstrated a similar
shape [34]. HA production on a glass surface triggers a series
of biological responses that culminate in bone mineralization
on the synthetic scaffold [35].

Overall, the HA density on the surface of Si,HA looked
to be higher than that of HA,,, implying that Si,HA was more
bioactive than HA,,. This outcome is not entirely surprising,
given that the surface morphological architecture of Si,HA af-
ter sintering (Figure 1b) possessed better particle arrangement
which gave rise to a high surface area and associated roughness.
These properties enhanced the reactivity of the glass in SBF by
promoting ion-exchange reaction on the glass surface resulting
in higher bioactivity [36]. Figure 6 shows diffractograms that
provide additional evidence of the materials’ potential to pro-
duce HA nucleation after immersion in SBF. The diffractogram
of HA,, after 7 days of immersion in SBF (Figure 6a) shows
a reduction in HA peak intensities. The HA peak reduction is
also observed after 14 days of soaking HA,, in SBF (Figure
6¢). This pattern is maintained in Si,HA after 7 and 14 days
of incubation, as shown in (Figures 6b and 6d), respectively.
Notably, at the same period of immersion in SBF, Si,HA expe-
rienced a greater peak drop than HA,, did. The reduction in HA
peaks in the samples could be due to biodegradation. Bioactiv-
ity and biodegradability are two key characteristics for a bioac-
tive glass used as a temporary graft in bone regeneration [37].
Si,HA had a higher rate of biodegradability, thus corroborat-
ing the fact that it provided stronger ion-exchange interactions
between the sample and SBF, resulting in increased bioactivity
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Figure 5. SEM micrographs of the samples after immersion in SBF;
HA,, (a) 7 and (c) 14 days; Si,HA (b) 7 and (d) 14 days.
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Figure 6. XRD spectra of the samples after immersion in SBF; HA,, (a)
7 and (c) 14 days; Si,HA (b) 7 and (d) 14 days.

and degradation as suggested earlier. (Figure 7) depicts the
chemical bond assessment of samples that were soaked for 7
and 14 days. The spectrum of HA,, after 7 days of immersion
(Figure 7a) reveals a significant augmentation of the OH band
at 3362 cm™', indicating greater HA deposition on the sample’s
surface. This is supported by an increase in the sharpness and
intensity of the peak at 1640 cm™!, which represents the bend-
ing mode of OH [29]. Furthermore, it is important to note that
the asymmetric vibrational frequencies of P-O in HPO4>~ and
PO,43~ groups, which are 1088 and 1021 cm™', respectively, re-
main unchanged. This could be attributed to the lack of struc-
tural variation after immersing in SBF for 7 days. However,
after 14 days of immersion in SBF, a minor peak considered to
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Figure 7. FTIR spectra of the samples after immersion in SBF; HA,, (a)
7 and (c) 14 days; Si,HA (b) 7 and (d) 14 days.

be the asymmetric P-O bending of PO,>~ [38] in HA appeared
as a shoulder approximately at 719 cm~! due to enhanced HA
deposition caused by phosphate uptake from the SBF.

(Figure 7b) shows the vibrational mode of the bonds in
Si, HA after 7 days of immersing in SBF. There is a minor peak
near 3574 cm™! that corresponds to the OH stretching vibra-
tion of HA. The carbonate band, which was initially positioned
at 1474 cm™', divided into two modes at 1457 and 1412 cm™!,
which are asymmetric stretching (v3) doublets caused by CO;2~
incorporation into the produced apatite layer, yielding carbon-
ate hydroxyapatite (HCA) [39]. A minor peak at about 870
cm™! indicates out-of-plane bending (v,) of CO32~, often asso-
ciated with carbonate incorporation into the apatite layer [39].
This supports this notion.

The replacement of CO32~ for OH in the apatite structure
could explain the low intense nature of the OH stretching vi-
brational peak and the lack of a peak for its bending mode. The
development of a new phosphate peak at 1088 cm™!, in addi-
tion to the existing one at 1021 cm™!, suggests that the sample
contains more apatite layers, while the bond associated with
SiO4*~ substitution is observed at 955 cm~!. After 14 days of
immersing the sample in SBF (Figure 7d), the OH band broad-
ened at 3388 cm™! due to hydrogen bonding caused by sur-
face water absorption and the incorporation of more HA into
the sample, as evidenced by the emergence of a water hydroxyl
bending mode at 1636 cm™!. The twin CO3%~ peaks became
significantly more pronounced, shifting to 1454 and 1416 cm™!,
whereas the phosphate and silicate vibrational peak frequencies
remained constant.

These manifestations confirm the formation of additional
HA on the surface of the samples during the periods of incu-
bation in SBF as described earlier using the SEM and XRD
results. Additionally, the FTIR results validated the superior
ability of the silicon-substituted hydroxyapatite (Si,HA) to nu-
cleate more HA on its surface than the unsubstituted HA (HA,,)
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when immersed in SBF for a similar duration.

4. Conclusions

A hydroxyapatite  substituted with silicate ion
(Cajp(PO4)6-+(S104),(OH),-,) was successfully produced
with x = 0.4 by employing sodium metasilicate as the silicate
source. Analysis with SEM, EDX, XRD, and FTIR verified the
production of silicon-substituted hydroxyapatite. The in vitro
bioactivity test, which involved immersing the pristine hy-
droxyapatite and silicon-substituted hydroxyapatite in SBF for
7-14 days, demonstrated that the latter had a greater capability
for nucleating hydroxyapatite on its surface. Furthermore, the
silicon-substituted hydroxyapatite demonstrated biodegradable
characteristics after its immersion in SBF. These characteristics
of are critical for a material to function as a graft in bone
regeneration. Importantly, the synthetic technique used in
this work, which used sodium metasilicate as the silica source
instead of alkoxysilane, offers a significant advantage as a
low-cost replacement, which could allow the process to be
scaled up for commercial production.
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