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Abstract

This study investigates the structural location of silicon present in ‘silicate-substituted’ apatite. It has been hypothesized that silicon is
present in the form of silicate groups site-specifically substituted in the hydroxyapatite lattice for phosphate groups, or that there may
be an amorphous silicon-rich phase in the vicinity of the grain boundaries. Solid-state nuclear magnetic resonance (SSNMR)
spectroscopy was carried out to view the elemental interactions using phosphorus (3'P) and silicon (29Si) probes to confirm or refute
the presence of silicate groups in relation to phosphate groups in the bulk material structure. The analysis was performed on
stoichiometric hydroxyapatite (HA) and silicate-substituted hydroxyapatite (SA) with a nominal silicon content of 0.8wt%, in as-
precipitated, calcined (700°C), and sintered (1,250 and 1,300°C, respectively) powder forms. XRD confirmed all forms of powder were
phase pure. FTIR confirmed both hydroxyl and phosphate group functionalities in all forms of HA and SA, while silicate group
functionality was only observed in all forms of SA. SSNMR using 3'P- and 29Si-coupled probes demonstrated that as the crystallinity of
the powders increased from the precipitate to the sintered form, the signal associated with the presence of a silicate group in the
phosphate environment developed as the crystal structure became more ordered. These results support the hypothesis that in SA
containing 0.8wt% silicon, silicate groups are site-specifically substituted in the hydroxyapatite lattice for phosphate groups. This
observation may be key to understanding the mechanisms by which the introduction of 0.8wt% silicon enhances bone regeneration in
apatitic bone graft substitute materials.
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1. Introduction

Phase-pure silicate-substituted hydroxyapatite (SA), containing
0.8wt% silicon, has been shown to be highly efficacious as a
biomaterial for synthetic bone graft substitutes (SBGs) in both
pre-clinical and clinical settings [1—4].

It has been proposed that, as compared to phase-pure stoichio-
metric hydroxyapatite (HA), which is silicon-free (Caio(PO4)s
(OH).), the enhanced bioactivity of SA may be linked to the
introduction of silicon as either a direct or an indirect conse-
quence of the change in chemistry. Building on the work of
Carlisle [5, 6] and Schwarz [7, 8], who identified silicon to be an
essential element for bone and connective tissue development
and health, combined with the development of Bioglass™ by
Hench [9] and subsequent studies that appeared to link en-
hanced bioactivity directly to the release of bioavailable silicon

and its action on the metabolism and development of bone form-
ing cells [10], silicon-substituted apatites were developed with
the anticipation that incorporation of silicon would enhance the
bioactivity of stoichiometric hydroxyapatite [11]. A number of
in vitro and in vivo studies not only confirmed this hypothesis
[12—15], but also identified a dose-dependent effect of silicon
incorporation with an optimum performance observed for SA
containing 0.8wt% silicon [1, 16—18]. Various hypotheses were
developed to explain this behavior, including that enhanced bio-
activity was linked to the direct action of bioavailable silicon ions
on bone [cell] metabolism [12, 16], and/or the effect of silicon
incorporation on dissolution and surface reactivity [12], and/or the
influence of silicon incorporation into the apatite lattice as silicate
groups substituted for phosphate groups on SA physiochemistry
and subsequent interaction with biological molecules [19—23].
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While various studies have performed basic chemical charac-
terization to confirm phase purity, elemental composition and
the impact of silicon incorporation on various parameters of dis-
solution, surface reactivity, and physiochemistry [1, 11, 12, 16—18,
24—-26], no study has directly confirmed whether the silicon is
incorporated in the apatite lattice via site-specific substitution of
silicate ions for phosphate ions, thus providing a mechanism for
control of surface physiochemistry, solubility, and reactivity, or
as an amorphous silicon-rich phase at the grain boundaries
providing a source of bioavailable silicon, potentially increasing
dissolution and surface reactivity. Positive identification of site-
specific substitution of silicate for phosphate would help clarify
that the enhanced bioactivity could be attributed directly to
changes in hydroxyapatite physiochemistry rather than the pres-
ence of bioavailable amorphous silicon.

In previous studies, conventional methods of polycrystalline ce-
ramic characterization such as powder X-ray diffraction (XRD),
Fourier transform infrared-photoacoustic spectroscopy (FTIR-
PAS), and X-ray fluorescence (XRF) were employed to confirm
phase purity, ionic group functionality, and elemental composi-
tion. XRD is the principle technique used to assess phase purity,
acknowledged to be able to resolve the presence of crystalline
second phases down to levels of 1wt%, and aside from the fact
that XRD is, by its nature, a technique suited to the analysis of
materials with a certain degree of crystalline order, it is accepted
that powder XRD sensitivity can be limited when determining the
presence of ‘impurity’ ions in apatites at low percentages
compared to single crystal XRD [27, 28]. In the case of silicate-
substituted apatites, the use of XRD data to assess changes in the
lattice and parameters may not be conclusive because of the
proximity of silicon (Si) to phosphorus (P) in the periodic table.
Moreover, any bulk analysis of the sample by XRD is limited by
the electron beam penetration depth and the incident beam
voltages used during the analysis, and thus XRD is often
associated with surface-only (up to ~1.7 um) determination [29].

Solid-state nuclear magnetic resonance (SSNMR) is an efficient
probing technique of local structures in both highly disordered
and crystalline materials. The disorder and chemical ambiguity
of substituted apatites make SSNMR a particularly attractive
analysis technique for solving the chemical environments in
these materials. This is related to the fact that SSNMR probes
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local structure and long-range order is not required, which is
particularly advantageous when studying apatites with low-level
substitutions, likely to give only local atomic site distributions in
relation to the presence of any substituting ions. For example, a
study completed by Isobe et al. [30] demonstrated that multiple
phosphorus sites were present in hydroxyapatite due to struc-
tural disorder caused by defects and ionic substitutions [30],
while Laurencin and co-workers [31, 32] used SSNMR to confirm
the existence of two calcium sites in the structure which have
been determined to be a nine co-ordinate site Ca(I) and seven
co-ordinate site Ca(II). Furthermore, the study of Gasqueres et
al. [33], exploring the use of *H/29Si cross-polarization magic
angle spinning (CPMAS) SSNMR to investigate the location of
silicon species in silicate-substituted multi-phase apatite-based
calcium-phosphates doped with 4.6wt% silicon, demonstrated
the technique’s ability to confirm whether the substituted silicate
species present were taken up inside or outside the apatite struc-
ture [33]. Additionally, Andreev et al. used a combination of
SSNMR techniques to gain insight into both the crystal structure
and phase composition of silicocarnotite (Cas(PO,4)-Si0,4)—based
bioceramics, including the nature of the silicon environment [34].

Here we utilize silicon-29 (29Si) and phosphorus-31 (3:P) CPMAS
SSNMR to corroborate the location of the silicon environments
in silicate-substituted apatite containing 0.8wt% silicon as
compared to stoichiometric apatite.

2. Materials and methods

2.1. Phase-pure stoichiometric hydroxyapatite (HA)
and silicate-substituted hydroxyapatite (SA) synthesis

Stoichiometric hydroxyapatite (HA) and silicate-substituted
hydroxyapatite (SA) with a silicon content of 0.8wt% Si were syn-
thesized using the aqueous precipitation route described by
Gibson et al. [11], based on the method for HA synthesis as
described by Akao et al. [35] where parity was maintained be-
tween the number of moles of orthophosphoric acid (H3;PO,)
required for the synthesis of stoichiometric hydroxyapatite (HA)
and the number of moles of [HsPO, + silicon acetate (Si(CHjs
C00)4)]in the SA precipitation while keeping the number of moles
of calcium hydroxide Ca(OH)- constant, thereby maintaining the
Ca/(Si+P) ratio as 1.67 (Figure 1).

Figure 1 » Schematic of HA & SA powder production for chemical structural analysis.
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2.2, Filtering, drying, calcining, and sintering powder

The precipitate was filtered using a horizontal filter press at a
pressure of 600 MPa (PALL, Portsmouth, UK, 600 mm horizon-
tal press). The filter cake was dried at 80°C and disk milled to a
nominal particle size of 300 um (Retsch, Haan, Germany,
DM150) to produce as-precipitated HA and SA powders. Samples
of the as-precipitated powders were then further heat treated
either at 700°C in a dry air atmosphere for four hours to produce
calcined HA and SA powder samples, or at 1,250°C in a dry air
atmosphere for two hours to produce sintered HA powder
samples, or at 1,300°C in a dry air atmosphere for two hours to
produce sintered SA powder samples, all in a Carbolite Muffle
RHF1600 furnace (Carbolite, Hope Valley, UK) (Figure 1).

2.3. X-ray fluorescence (XRF) spectroscopy

XRF analysis was performed at Lucideon (Stoke-on-Trent, UK)
using a Panalytical XRF spectrometer (Malvern Panalytical,
Malvern, UK).

2.4. X-ray diffraction (XRD)

XRD patterns were obtained using X'Pert Pro PW3064/60
(Panalytical, Almelo, Netherlands) with CuKa: (A = 1.5406 nm)
and CuKe= (A = 1.5444 nm) radiation operating at 45 kV and 40
mA. Data were collected by using an X’Celerator RTMS detector
continuously over a 26 range of 5° to 120°, with a step size of
0.0334° and a dwell time of 200 s. Crystallographic parameters
were obtained using the XRD diffractograms in conjunction with
the following three programs. (1) Xpert HighScore Plus software
v2.0 2008 along with the ICDD database was used to establish a
reference of the unit cell volume, and the values for the a, b, and
¢ axes using the peak list with the Miller indices of known
stoichiometric HA. (2) Pickpx2 software (developed in-house,
UK) enabled xrdml and uxd files of the XRD data to be converted
into corresponding 26 values and their d-spacing along with peak
intensities. (3) The UnitCellWin software 1997 (developed by
Holland and Redfern [36], UK) evaluated all information (Miller
indices and 20 data) and calculated the unit cell parameters
(a=b=#c and cell volume).

2.5. Fourier transform infrared-photoacoustic
spectroscopy (FTIR-PAS)

FTIR-photoacoustic spectroscopy (PAS) spectra were obtained
using a Thermo Nicolet 8700 spectrometer (Thermo Scientific,
Horsham, UK) in conjunction with a PA Cell-MTEC Model 200
with a KRS-5 sample chamber window (MTEC, Ames, US).
Spectra were obtained at a resolution of 4 cm™, averaging 128
scans, operating from 4,000 to 400 cm~1. The sample chamber of

the PAS cell was purged with helium gas prior to and during the
analysis.

2.6. Solid-state nuclear magnetic resonance (SSNMR)

All SSNMR experiments were performed on a Bruker Avance III
HD (Bruker, Coventry, UK) console with a magnet field of, Bo,
11.7 T (corresponding to a 'H frequency of 500.13 MHz) standard
bore Ascend magnet. The obtained data were processed using the
Topspin 3.2 software package. A 4 mm double air bearing stand-
ard bore magic angle spinning probe was used giving a maximum
spinning frequency of 15 kHz. 3P MAS spectra were achieved at
a spinning frequency of 10 kHz at a Larmor frequency of 202.56
MHz. All results were referenced to the secondary standard of
ammonium dihydrogen phosphate (6iso ADP, s = 0.9 ppm with
respect to &iso H3PO4, aq =0 ppm). A relaxation time of 30
seconds was found to be sufficient, and a 4 ps pulse width was
determined. Both CPMAS with proton decoupling (*H decoupling
at 100 kHz) and proton-decoupled one-pulse (HPDEC) experi-
ments were performed to give information on the proximity of
the phosphorus sites to the neighboring nuclei. 29Si CPMAS
(4 kHz) NMR data were obtained at a Larmor frequency of 99.99
MHz. All spectra were referenced to the mineral Kaolinite
(6iso = —93 ppm with respect to diso TMS, 1 = 0 ppm). A 4 ms 50%
ramped pulse was used during the contact time, and a 10-second
recycle delay was deduced to be sufficient for proton relaxation.

3. Results

3.1. X-ray fluorescence (XRF) spectroscopy

The results of the XRF analysis of sintered HA and SA powders
are shown in Table 1.

For the stoichiometric HA, the design Ca/P and Ca/(P + Si) molar
ratios were identical (1.67), as would be expected for silicon-free
samples and showed good agreement with the values measured
by XRF (1.68).

For the SA, the design Ca/P molar ratio of (1.76) was higher than
the design value for stoichiometric HA reflecting a decrease in the
phosphorus content to compensate for the addition of silicon,
such that the design Ca/(P + Si) molar ratio in the SA retained
parity with the Ca/P molar ratio of stoichiometric HA powders
(1.67). There was a good agreement between the design and XRF-
measured Ca/(P + Si) molar ratios of SA, and between the design
and XRF-measured Ca/P molar ratios. XRF analysis of the levels
of silicon in the samples also demonstrated only trace levels of
silicon to be found in the stoichiometric HA and a good agreement
between the design and measured values of silicon in the SA.

Table 1  Design and measured (by XRF) molar ratios and wt% silicon and silicate levels for HA and SA powders

Ca/P molar ratio Ca/(P+Si) molar ratio wt% Si
Design Measured Design Measured Design
HA 167 1.68 1.67 1.68 0
SA 176 1.76 1.67 1.68 0.80

3.2. X-ray diffraction (XRD)

XRD confirmed the phase purity of both the HA and SA powder
samples (Figure 2a, b), with all peaks corresponding to those of
the ICDD pattern for stoichiometric hydroxyapatite, and no
additional peaks were observed to indicate the presence of

wit% Si044-
Measured Design Measured
<0.01 o <0.01
0.81 2.62 2.64

second phases such as B-TCP or CaO [37, 38]. As expected, the
patterns obtained for the precipitate and calcined powders
showed broad peaks with relatively low intensity, suggesting that
these powders possessed a small crystallite size or reduced
stoichiometry resulting in a relatively low level of crystallinity,
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whereas the patterns obtained for the sintered powders were
significantly sharper, indicating a greater degree of crystallinity
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Figure 2 « XRD patterns of (a) HA and (b) SA powder samples.

The effect of the silicon substitution on the crystallographic
structure of hydroxyapatite was determined by Rietveld struc-
tural refinement of the XRD data, as shown in Table 2. In agree-
ment with Gibson et al. [11], sintered silicon substitution resulted
in a decrease in the a-axis and an increase in the c-axis of the unit
cell as compared to stoichiometric hydroxyapatite, with little
effect on the volume of the unit cell.

Table 2 « Unit cell parameters for sintered HA and SA powder
samples as determined by the analysis of XRD data

Samples a/A c/A Unit cell volume/A3
HA Sintered = 9.4215(4) 6.8829(5) 529.118(4)
SA Sintered  9.418(1) 6.888(1) 529.26(1)

3.3. Fourier transform infrared-photoacoustic
spectroscopy (FTIR-PAS)

FTIR spectroscopy was performed to study the powders in the
precipitated state and after sintering to evaluate the effect of sili-
cate substitution on the key functional groups of hydroxyapatite,
such as hydroxyl and phosphate. Figures 3 and 4 show the FTIR
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spectra of the HA and SA powders, respectively. The spectra of
the HA and SA precipitates were found to be quite similar, where
a weak OH band at 3,570 cm~ was partially obscured by a broad
band between 2,500 and 2,700 cm, which is characteristic of
adsorbed water in the sample. Characteristic phosphate bands
were also observed at around 1,090 and 1,030 cm™ for v, vibra-
tion modes, 960 cm~* for v; mode, and 600, 630, and 560 cm™!
for v4 modes [11]. In addition, bands associated with carbonate
groups at 1,650, 1,455, and 1,415 cm~! were also identified in both
precipitate powders with a band at 875 cm™ also being clearly
visible in the HA precipitate. The spectra of the sintered powders
showed some key differences from the precipitates, in both the
HA and SA sintered samples, the broad band due to moisture and
the bands attributed to carbonate disappeared, while bands ap-
peared in the 2,000-2,200 cm™ region for both sintered
samples, which may be attributed to the surface-adsorbed HPO,
groups. Comparing the spectra of the sintered HA and SA, nota-
ble differences were changes in the phosphate bands between
90074100 and 500-700 cm™; the spectra showed the same
bands, but the ratio and definition of the peak heights varied.
Moreover, additional bands were observed at 850 and 755 cm™
in the spectrum of the sintered SA.
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Figure 3 ¢ FTIR-PAS spectra of HA powders shown as (a) full and (b) short ranges, where bands marked with @ are attributed to

phosphate and O are attributed to carbonate.
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Figure 4 ¢ FTIR-PAS spectra of SA powders shown as (a) full and (b) short ranges, where bands marked with @ are attributed to

phosphate and O indicate new bands in the sintered SA powder.

3.4. Solid-state nuclear magnetic resonance
spectroscopy

Figure 5 shows the 3'P response spectra for HA as precipitate
(Figure 5a), calcined (Figure 5c¢), and sintered samples at
1,250°C (Figure 5e) as compared to SA precipitate (Figure 5b),
calcined (Figure 5d), and sintered samples at 1,300°C (Figure 5f).
There was no significant variation in the appearance of spectra

obtained between the HA and SA precipitate or calcined powders.
Both HA and SA precipitate and calcined powders exhibited a
single resonance at 2.8 ppm typical of a PO, environment;
however, in sintered SA powders, a split in the resonance at 4.58
ppm was observed, representative of a second phosphate
environment, whereas sintered HA powders continued to exhibit
only one resonance.
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Figure 5 « CPMAS and proton-decoupled (*H dec) one-pulse 3'P spectrum of (a) HA precipitate, (b) SA precipitate, (¢) HA calcined,
(d) SA calcined, (e) sintered HA, and (f) sintered SA. *Marks the split in the phosphate resonance observed only in sintered SA powders.

Figure 6 shows the resulting 29Si probe spectra obtained from
the as-precipitated (Figure 6a), calcined (Figure 6b) and sin-
tered SA powders (Figure 6c¢), demonstrating a single resonance
indicating the presence of a silicate environment. Additionally in
Figure 6c showing the spectra obtained from the sintered
sample, some side bands are observed.

Table 3 shows the chemical shifts observed by the powder
samples for both 29Si and 3P resonances depicted as numerical
values from that observed in Figures 5 and 6, respectively. Peak
widths were observed to decrease with increasing powder heat
treatment for both 29Si and 3'P resonances.
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Figure 6  The CPMAS 29Si spectra of (a) SA precipitate, (b) SA calcined, and (c) SA sintered; all are orthosilicate of the Qo

environment. *Denotes the spinning sidebands.

Table 3 ¢ Isotropic chemical shifts for 29Si and 3'P resonances

Sample Experiment 8iso(29Si)/ppm FWHM/Hz 8iso(3'P)/ppm FWHM/Hz
CP 2.93 290
HA as precipitated - -
H dec 2.91 280
CP 2.80 130
HA calcined - -
1H dec 2.79 150
CP 2.81 80
HA sintered - -
H dec 2.81 90
CP 2.86 200
SA as precipitated -74.302 920
'H dec 2.86 200
CP 2.88 190
SA calcined -66.00 440
H dec 2.87 190
CP 2.87(m), 4.75 150(m), 120
SA sintered -71.70 130
1H dec 2.83 160

FWHM, full width half maximum; m, major component.
aCenter of gravity taken due to dispersion of chemical sites.

4. Discussion

Adsorption of protein on apatite depends largely on the surface
area and physiochemical properties (such as surface charge and
hydrophobicity) of the apatite after the sintering processes [39].
Hydrophobicity is highly dependent on surface roughness and
intrinsic chemistry, which is why the impact of ionic substitution
on both the grain and crystallographic structures in any bioc-
eramic is of biological significance, as it is the composition and
conformation of the protein interlayer that directs the cell
response [40].

In HA, a Ca/P molar ratio of 1.67 is required for the formation of
a stoichiometric HA as a single-phase product. When the Ca/P
ratio is higher than 1.67, in the absence of any other ionic groups
capable of occupying the phosphate sites, the HA will decompose
when sintered to form a second phase of calcium oxide (CaO),
significantly altering the intrinsic chemistry of the material,
which has been shown to compromise the bioactivity [41].

A similar molar ratio on the design Ca/(P + Si) of 1.67 is also
required when forming phase-pure SA [11, 37]. This mirrors the
well-documented change in the molar ratio of Ca/P observed
when carbonate-substituted HA is produced where a Ca/(P + C)

of 1.67 is required for phase purity [42, 43]. Gibson et al. studied
the effect of sintering carbonated HA (CHA) as compared to HA
under a range of atmospheres and temperatures, and demon-
strated that in a dry air atmosphere as-precipitated phosphate-
deficient CHA begins to decompose into CaO and HA with the
loss of carbonate ions, between 750 and 900°C [44], as the apa-
tite transforms from being poorly crystalline to highly crystalline.
On the contrary, in a CO- atmosphere, this decomposition effect
was not observed for any of the phosphate-deficient CHAs
studied, thus validating that if the loss of carbonate ions can be
prevented during the sintering process, a phase-pure sintered
carbonate-substituted apatite was formed if the appropriate
molar ratios were retained.

4.1. Chemical interpretations through XRF, XRD, and
FTIR

Elemental analysis of the stoichiometric hydroxyapatite (HA)
and 0.8wt% Si containing silicate-substituted hydroxyapatite
(SA) powders produced via aqueous precipitation routes based
on the methods of Gibson et al. [11] confirmed a good agreement
between the design and measured values of the final products
(Table 1). The key difference between HA and SA being the
design Ca/P molar ratios of 1.67 and 1.76, respectively, calculated
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to retain the parity between the Ca/(P + Si) molar ratios of HA
and SA at 1.67 if a phase-pure apatitic chemistry is to be pre-
served in SA containing 0.8wt% Si. XRD analysis of the as-
precipitated, calcined, and sintered powders demonstrated that
the apatitic phase purity was maintained in precipitate and heat-
treated powders for both HA and SA (Figure 2). All peaks in the
HA and SA patterns corresponded to the ICDD pattern for
stoichiometric hydroxyapatite, despite the non-stoichiometric
Ca/P ratio of 1.76 in the SA as determined by XRF. Apatite
precipitates with a non-stoichiometric Ca/P ratio of 1.76 would
be expected upon heat treatment to decompose to yield 3.0wt%
CaO, where CaO is a more likely decomposition product than
CaOH at elevated temperatures in a dry air atmosphere [44]. A
quantity of 3.0wt% CaO is well within the detection limits of XRD
and should form a clear peak on the XRD pattern at 37° 20 [41].
This was not observed at a temperature of either 700°C or 1,300°C.

FTIR spectroscopy of the precipitate and sintered powders
demonstrated the presence of hydroxyl and phosphate groups
within both HA and SA, as expected, along with additional bands
in the SA spectra that could be attributed to silicate group vibra-
tions [45]. Again, considering the XRD patterns, where there is
no evidence of a second phase, the circumstantial evidence points
to the silicate groups from the FTIR spectra being incorporated
within the apatite lattice [1]. Until now, these three analyses
together have been used as evidence to support the theory that
the non-stoichiometric hydroxyapatite powder produced in the
presence of a balanced level of silicon via this route is silicate-
substituted hydroxyapatite, where the silicate is site-specifically
substituted for phosphate within the crystallographic structure of
the hydroxyapatite. This assumption was based on the fact that
an apatitic precipitate with a defective or non-stoichiometric
Ca/P molar ratio greater than 1.67 would, on sintering, normally
be expected to decompose to a biphasic mixture of hydroxyap-
atite and calcium oxide. The fact that on sintering, a non-
stoichiometric apatite with a Ca/P molar ratio greater than 1.67
but synthesized in the presence of sufficient silicon to yield a
molar Ca/(P + Si) ratio of 1.67 maintained phase purity, was
believed to demonstrate that decomposition was inhibited by the
site-specific substitution of silicate for phosphate groups into the
apatite lattice, stabilizing the apatitic structure in the absence of
sufficient phosphate. Gibson et al. also presented evidence
through analysis of hydroxyl occupancy that the number of hy-
droxyl groups was decreased when non-stoichiometric apatites
were synthesized in the presence of silicon, suggesting that the
OH- groups were lost so as to maintain the charge balance upon
substitution of SiO44- groups for PO43- groups [11]. Moreover, the
appearance of extra bands in the FTIR spectra of SA as compared
to HA [1, 11, 46, 47] at wavelengths associated with silicate vibra-
tions [45] provided further evidence that silicate groups were
present within SA. However, although compelling, all this evi-
dence remains circumstantial and are subject to dispute.

4.2. NMR interpretations: 3'P and 29Si analysis

The CPMAS and proton-decoupled phosphorus SSNMR results
show a single-pronounced resonance at 2.8 ppm for all the
samples, which is typical for hydroxyapatite. This peak is repre-
sentative of the PO, environment in hydroxyapatite. There is a
decrease in the peak width as you move from the precipitate
samples to the sintered samples; this indicates less dispersion of
the local POy sites, reflecting the increased levels of crystallinity
and order expected within the calcined and sintered powders.

However, in the sintered SA sample (Figure 5f), a split in the
phosphate resonance was observed at 4.58 ppm, which is repre-
sentative of the presence of a secondary phosphate environ-
ment, indicating the presence of an additional chemical
environment in close proximity. The ratio of the two resonances
was found to be 1:14.

The 29Si CPMAS results show a single resonance which appears
at —74.30 ppm for the SA precipitated sample, —66.00 ppm for
the SA calcined sample, and -71.70 ppm for the sintered SA
sample (as shown in Figure 6 and Table 3). As observed in the
31P results, the width of the peak decreases with increasing
sample processing, indicating that the silicon environments are
becoming less dispersed. Gasqueres and colleagues have ob-
served a resonance at —72.8 ppm throughout their tri-phase
mixtures of HA, TCP, and various wt% Si and attributed this to
be a Qo silicon environment [33, 48] within the HA phase.
Recently, MacDonald has shown that Qo silicon species in f3-
tricalcium phosphate (BTCP) form between —68 and —74 ppm
[49]. Although the calcined results appear outside this defined
region, we are confident to confirm that all three samples had Qo
silicate environments and indicate that the uptake of silicon was
successful during the SA synthesis and retained during
subsequent heat treatment. Moreover, the split in the phosphate
resonance, evident in the sintered SA as the sample crystallinity
increases, suggests that the silicate is in close proximity to the
phosphate environment. As NMR is an inherently surface-
insensitive technique, resulting from signal broadening due to
the limited translational symmetry at surfaces, the observed 29Si
resonance can be confirmed to be evidence of the uptake of
silicon into the bulk apatite structure.

5. Conclusions

Using SSNMR has enabled incorporation of low levels of silicon
element in a silicate-substituted hydroxyapatite to be success-
fully located in the bulk apatite structure. This analysis corrobo-
rates the circumstantial findings obtained through combined use
of elemental analysis via XRF, phase identification via XRD, and
ionic species analysis via FTIR spectroscopy to support the
premise that silicate is site-specifically substituted for phosphate
into the apatite lattice of silicate-substituted hydroxyapatite,
rather than being present as a second amorphous phase at grain
boundaries. This observation may be key to understanding the
mechanisms by which the introduction of 0.8wt% silicon enhanc-
es bone regeneration in apatitic bone graft substitute materials.
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