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Tracking the Transformations of Mesoporous
Microspheres of Calcium Silicate Hydrate in
Nanoscale upon Ibuprofen Release: An XANES and
STXM Study’

Xiaoxuan Guo ?, Zhigiang Wang 2, Jin Wu®, Yongfeng Hu ¢, Jian Wang ¢, Ying-Jie
Zhu® *, Tsun-Kong Sham ® *

Drug release and the accompanying biomineralization of drug carrier, mesoporous calcium
silicate hydrate (CSH) microspheres, are monitored with X-ray absorption near edge
structures and scanning transmission X-ray microscopy (STXM). The in vitro
biomineralization of hydroxyapatite (HAp) on CSH microspheres is investigated by tracking
specimens soaked in simulated body fluid (SBF) for various time periods; the study is
complemented with X-ray powder diffraction. We clarified the presence of amorphous
CaCO; at the early stage of biomineralization with solid evidences, which is still
controversial from previous studies. What’s more important, the observations from the
STXM images and microscopy spectra directly demonstrated that amorphous SiO, which are
from the hydrolysis of silicate ions provide the preference sites for the aggregation of HAp.
These results demonstrate that XANES and STXM are sensitive techniques which can be
used to analyze various bioceramics for medical applications.

Introduction

Nanostructured bioceramics nanomaterials, such as calcium
phosphate (Cas(PQO,),, CaP) and calcium silicate (CS), have
been widely applied as implants for the restoration of bone and
tooth. The development of mesoporous bioceramics opens up
new possibilities for drug delivery and bone therapies.® Since
the discovery of Bioglass© by Hench and co-workers in 1971,2
various kinds of silicates, and glasses have been investigated
for hard tissue repair and replacement. Recently, CS material
was proved to be excellently bioactive and a potential candidate
for bone repair and therapies.>*® A common feature for all
bioactive CS is that they can bond to living bones by forming
hydroxyapatite (Ca;o(PO4)s(OH),, HAp) on their surface when
they are immersed into simulated body fluid (SBF) with ion
concentrations similar to human blood plasma.

In previous studies, many characterization methods have been
used in the study of the transformation mechanisms from CS to
HAp. Among them, X-ray diffraction (XRD), infrared
spectroscopy (IR), scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and energy-dispersive
X-ray spectrometry (EDX) are the most common techniques to
study the composition, structure and morphology of the
products. However, the mechanism of biomineralization of CS
is still not completely clear: one controversial issue is the
presence of CaCOj; Siriphannon et al. * and Wan et al. ©
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reported that CaCO3; were present during the HAp formation;
while Gou et al. ® reported that the final products would be
carbonate-containing HAp; Li et al. ° reported the absence of
CaCO; after the in vitro test; the other problem is about the
silica-rich layer during biomineralization. Although it is well
accepted that the silica-rich layer provides favorable sites for
HAp precipitation, there has been no direct evidence showing
the presence of silica-rich layer using the above mentioned
conventional techniques.

X-ray absorption near edge structures (XANES) spectroscopy
is an element specific technique, which probes the electronic
states intimately associated with the absorbing atom in the
vicinity of the X-ray absorption threshold (LUMO in molecules
and the conduction band in semiconductor for example via
dipole transitions).’* XANES provides information on the
oxidation state, coordination and symmetry of the element of
interest. Materials with different structures or compositions
have their unique XANES spectra at specific absorption edges
(e. g.: calcium silicate hydrate (CSH), amorphous calcium
phosphate, HAp and CaCO3; show different XANES features at
the Ca K-edge), by which qualitative analysis is very reliable
by “fingerprinting”.**® Under favourable conditions (high
quality data), quantitative information can be obtained by
fitting the XANES data to a linear combination of XANES of
standard components. Additionally, synchrotron source
provides collimated and high photon flux that allows for
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detecting the minor components (even less than 0.1 wt. % ) in
materials no matter they are crystalline, amorphous (XRD is
only suitable for crystals) or in solution. Scanning transmission
X-ray microscopy (STXM)®¥ 1° provides spectromicroscopic
information of nanomaterials; thus both electronic and spatial
features of a single nanostructure can be revealed at nanoscale
(=30 nm). Therefore, the combination of STXM and XANES
can monitor the spectral change and image the transformation
from CSH to HAp at nanoscale simultaneously, hence affords a
comprehensive understanding of the biomineralization
mechanism of CSH in connection with drug release.

Previous investigations reported the formation of HAp on CS in
SBF without drug loading.®® ° Few researches illustrated the
bioactivity of bioactive glasses (BG) and HAp when drug were
released in SBF.%?2 Here we investigated the drug (ibuprofen,
IBU) release from mesorporous CSH microspheres and the
biomineralization of CSH during drug release in SBF using
synchrotron based techniques (XANES and STXM). This study
provides insights into the mechanism of CSH
biomineralization.

Experimental

Preparation of mesoporous CSH microspheres.

CSH mesoporous microspheres were prepared by the self-
assembly of CSH nanosheets via a sonochemical method.? 5
mL of a 4 M NaOH aqueous solution and 2 mL of tetraethyl
orthosilicate (TEOS) were added into 500 mL of 0.03 M
Ca(NO3), aqueous solution under magnetic stirring at room
temperature. The resulting mixture was ultrasonically irradiated
for 1 hour under ambient conditions using a high-intensity
ultrasonic probe with the power of 200 W (Ti-horn, 27 kHz,
Hangzhou Success, China) immersed directly in the solution.
The product powder was collected after centrifugation and
washed with deionised water and absolute ethanol three times,
then dried in air at 60 °C overnight.

IBU drug loading.

The as-synthesized powder (1.0 g of mesoporous CSH
microspheres) was added into a 50 mL IBU hexane solution
(~40 mg-mL™) in a flask at room temperature. The flask was
immediately sealed to prevent hexane from evaporation, and
the mixture was treated by ultrasound for 2 minutes. Then the
flask was oscillated at a constant rate of 160 rpm at 37 °C for
24 hours. After that the product was separated by
centrifugation, washed with hexane, and dried in air at 60 °C
overnight.

In vitro test.

To investigate the kinetics of IBU release from CSH
microspheres and the biomineralization of CSH and to mimic
those processes in the human body, experiments were carried
out in a simulated body fluid (SBF). The ion concentrations of
the SBF, shown in Table 1, are similar to the physiological
concentrations in the human blood plasma.?* The pH of the
SBF solution was buffered at 7.40 + 0.02 with 1 mol/L HCI and
tris-(hydroxymethyl)-aminomethane [(CH,OH);CNH,]. 2 g of
the as-synthesized CSH-IBU powder was split equally into 10
specimens (0.2 g each), and then each of them was soaked in
200 mL of SBF solution at 36.5 °C for 1, 2, 3, 4, 5, 6, 12, 24,
36, 48 hours, respectively under constant shaking (120 rpm). A
portion of the IBU-release medium (2.0 mL) was extracted for
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UV-Vis absorption analysis (Techcomp, UV2300) at the
wavelength of 263 nm at given time intervals shown above.
The solid products were separated by centrifugation, rinsed
with absolute ethanol, and dried in air at 60 °C overnight for
XRD, SEM, TEM and XANES studies.

Table 1. lon concentrations of SBF and human blood plasma

(mmol/L)

lon SBF Human Blood Plasma

Na* 142.0 142.0
K* 5.0 5.0
Mg"* 15 1.5
Ca? 25 2.5

Cr 147.8 103.8
HCO> 4.2 27.0
HPO,> 1.0 1.0

Characterization.

The thermogravimetric (TG) curves were measured on a STA
409/PC simultaneous thermal analyzer (Netzsch, Germany)
with a heating rate of 10 °C min* in blowing air to measure the
drug loading capacities of mesoporous CSH microspheres. The
morphologies of the CSH microspheres before/after 1BU
loading, CSH/IBU microspheres after IBU releasing in SBF for
various time periods were obtained by TEM (Philips CM-10
TEM). The compositions of biomineralization products for
various time periods were characterized by XRD (Rigaku
D/max 2550 V, Cu Ka radiation, A = 1.54178 A). The
concentrations of Ca, P and Si of the SBF after IBU releasing
from CSH were determined using an inductively coupled
plasma (ICP) instrument (JY 2000-2, Horiba, France).

XANES measurements.

XANES measurements were conducted at the Canadian Light
Source (CLS) using the Soft X-ray Microcharacterization
Beamline (SXRMB), which is equipped with a double crystal
monochromator with two sets of interchangeable crystals
operating with an energy range of 1.7 to 10 keV. The InSb
(111) crystals were used for the Si K-edge XANES
measurements while the Si (111) crystals were used for the Ca
K-edge and P K-edge XANES. The detection modes are total
electron yield (TEY) and X-ray fluorescence yield (FLY),
tracking with surface and bulk sensitivities, respectively.
XANES data were analyzed using the Athena XAS analysis
software (http://cars9.uchicago.edu/ifeffit/Ifeffit), which is an
interactive program for XAFS analysis, combining high-quality
and well-tested XAFS analysis algorithms, tools for general
data manipulation, and graphical display of data.

STXM measurements.

STXM measurement was conducted at the Soft X-ray
Spectromicroscopy (SM) beamline at the CLS; SM is equipped
with a 25 nm outermost-zone zone plate (CXRO, Berkeley
Lab). The diffraction-limited spatial resolution for this zone
plate is about 30 nm with a spectral resolution of 0.05 eV at the
C K-edge. Image sequence (stack) scans over a range of photon
energies were acquired for the same sample region at the C K-
edge, Si K-edge and P K-edge. STXM data were analyzed
using the aXis2000 software package
(http://unicorn.chemistry.mcmaster.ca/aXis2000.html),  which
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allows for detailed interactive processing of the images and
fitting the image stacks with the reference X-ray absorption
spectra. More details about STXM measurement and data
analysis can be found elsewhere.?> 2

Results and discussion

The morphologies of the mesoporous CSH microspheres before
and after IBU loading were reported in our previous studies
(Figure S1).% 2" 28 Figure 1 shows the micrographs of the CSH
microspheres after soaking in the SBF solutions for various
time periods. In comparison with the microspheres before
soaking, most of the carriers remained intact after the samples
were soaked in the SBF for 1 hour. At 5 hours, some
microspheres were broken down; sheets-like products can be
found on the edge of microspheres. After longer soaking time
(24 hours and 48 hours), microspheres can be barely observed,
instead, most of the microspheres turned into the aggregation of
particles and flakes.

A lh

Con

Fig. 1. TEM micrographs of CSH-IBU microspheres soaked in
SBF solution for different time: (A) 1 hours, (B) 5 hours, (C) 24
hours, and (D) 48 hours.

To determine the compositions of the products having
immersed in SBF solution for various period of time, XRD data
of the CSH-IBU microspheres soaked in the SBF solution for
various time periods were obtained as shown in Figure 2. One
can see that starting from 4 h, the diffraction peaks (e.g. 20 =
26° and 32° PDF number: 09-0432) of HAp emerge clearly in
the XRD patterns. On the contrary, in the first 3 h, although
weak crystalline CSH diffraction patterns can be still observed
(206 = 29° PDF number: 33-0306), a broad peak is more
prominent, indicating that some amorphous components were
formed, however, no further information can be revealed from
XRD to illustrate the compositions of amorphous specimens.

This journal is © The Royal Society of Chemistry 2012
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Fig. 2. XRD patterns of CSH-IBU powder soaked in SBF
solution for different time.

In order to figure out the amorphous compositions of the
products formed in the first several hours, XANES
measurements at the Ca K-edge, P K-edge and Si K-edge were
conducted (Figure 3). We only show TEY XANES for the
discussions because both TEY and FLY are similar since the
specimens are homogeneous and optically thin and FLY shows
no detectable thickness effects. Figure 3A shows the Ca K-edge
XANES of CSH-1BU microspheres after having been immersed
in the SBF solution for different periods of time. There are four
discernible XANES features, labelled as “a”, “b”, “c”, and “d”
as increasing photon energy. The most intense peak (feature
“c”) is due to Ca 1s — 4p transition. The pre-edge peak (feature
“a”) can be ascribed to 1s — 3d transition; the shoulder “b” is
assigned to the 1s — 4s transition, both of which can be
observed are due to the hybridization of Ca with ligand states of
np-character, leading to the departure from perfect crystal
symmetry.2® The shoulder after the main resonance (feature
“d”) is mainly from multiple scattering processes.®*? By
comparing the spectra of CSH, amorphous calcium phosphate
and HAp standard samples, the main “fingerprint” differences
between CSH and Hap clearly identifiable are the white line “c”
and feature “d”. Starting from the spectrum of 3 h (dark cyan),
the spectra are almost the same as that of HAp, indicating the
formation of HAp on the surface of mesoporous CSH
microspheres. After a linear combination fitting procedure
using standard spectra of CSH, amorphous calcium phosphate,
HAp and CaCO; (Figure S2), the compositions of amorphous
samples in the first 4 hours can be clearly revealed, as shown in
Table 2. Combined with the results from XRD, we find that the
dominant composition is amorphous HAp at the early stage of
drug release, of which the percentage increase until the
spectrum of 4 h which is identical to that of HAp, and it
gradually becomes crystalline. Moreover, from the first several
spectra, the contribution of amorphous CaCO; and calcium
phosphate can also be observed, indicating that amorphous
calcium phosphate was first formed then transformed into
amorphous HAp rapidly, which is due to the stability of
amorphous calcium phosphate in aqueous media: HAp has a
lower solubility in water than other form of calcium phosphate,
and CaCO3 was formed during the biomineralization.
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Fig. 3. Ca (A), P (B) and Si (C) K-edge XANES spectra of CSH-IBU microspheres soaked in SBF solution for various time
periods.

Table 2. Ca K-edge linear combination fitting results of
samples after soaked in SBF solution in the first 4 hours.

Percentage (%)
CSH CaCOz; Amorphous CaP  HAp | R-factor*
1 hour 8 6 13 73 0.00298
2 hour 3 11 9 77 | 0.000984
3 hour 0 7 1 92 | 0.000809
4 hour 0 0 0 100 | 0.000864

* More LCF details can be found in the supporting information

The P K-edge XANES spectra also provide direct evidence for
the formation of HAp. As seen in Figure 3B, there is no P
signal before the samples were immersed in the SBF solution
(the curve labelled as 0 h); while a strong P signal was detected
after the powder was soaked in the SBF for 1 h. The principal
peak “a” results from P 1s — 3p transitions. For the HAp
minerals, there exhibits a distinctive post-edge shoulder “b” and
higher-energy peaks at around 2163 eV (“c”) and 2170 eV
(«d”).*> 3L 33 For the first 2 h, features b, ¢ and d are less
apparent, which are mixed with some amorphous Caz(POy),.
While all of the features are similar to those of HAp after the
CSH-IBU microspheres were soaked in the SBF solution for
more than 3 h. The result of linear combination fitting at the P
K-edge (Figure S3) is consistent with the Ca K-edge results
(Table 3).

Table 3. P K-edge linear combination fitting results of samples
after soaked in SBF solution in the first 3 hours.

Percentage (%)
Amorphous CaP  HAp | R-factor
1 hour 22 78 | 0.006551
2 hour 6 94 | 0.005300
3 hour 1 99 | 0.004686

The observation at the Si K-edge is interesting (Figure 3C).
During the IBU release process, there is only one prominent
peak (labelled as “a”) in the Si K-edge XANES spectra, which
is identified as the Si 1s to 3p transition for silicon (1V) in a
tetrahedral oxygen ligand environment.®! ** Comparing to the
spectrum of the CSH-1BU before IBU release (0 h), the peak at
lower photon energy labelled as “b”, is due to the interaction
between silanol groups (Si-OH) and carboxylic acid groups of
IBU 2" 28 (less prominent in the FLY spectra, O h in Figure S4);
it disappears nearly entirely in the spectra of CSH-IBU after
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IBU release. The disappearance of this peak once CSH-IBU
microspheres were immersed in the SBF is likely due to the fast
release of IBU from CSH carriers into SBF, resulting in the
rapid decrease of the interaction between IBU and CSH.
Compared to the standard sample SiO,, the spectra of CSH-1BU
microspheres after IBU release for different time periods are all
identical to that of SiO,, indicating that some mesoporous CSH
microspheres have been hydrolyzed into SiO, during IBU
release. 3 Interestingly, the feature “b” can be detected again
in the Si K-edge TEY spectra after 6 hours release although the
intensities are much weaker than before (0 h spectrum). The
IBU release profile of mesoporous CSH microspheres in SBF is
shown in Figure 4. Initially, there was a burst release effect at
the early stage; about 85 % IBU were released in the first hour,
and 97-98 % of loaded IBU were released after 4 hours. This
type of release profile is suitable for an acute infection or
inflammation, when an immediate high dosage is needed for a
short period of time. Hence, according to the IBU release
profile, the reappearance of feature “b” at the Si K-edge after
6h can be ascribed to the re-adsorption of IBU on the surface of
the release products (SiO,), since the equilibrium of IBU
release was reached during that period of time. Since no SiO,
phase was observed from XRD, all the SiO, components
detected from XANES are amorphous.
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Fig. 4. The cumulative IBU release of mesoporous CSH

microspheres in SBF.

Since it is shown that the CSH-IBU system starts to transform

into crystalline HAp after having been soaked in the SBF
solution for more than 4 h, it would be desirable if we could

This journal is © The Royal Society of Chemistry 2012
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identify and map the compositions of the in vitro samples after
biomineralization at nanoscale. Figure 5A shows the STXM
image of the CSH-IBU microspheres after having been soaked
in the SBF solution for 5 h. No microspheres could be observed
anymore; instead, an aggregation of flakes in several microns is
seen. In order to monitor the components of the
biomineralization product in details, we first obtain C K-edge
XANES spectra isolated from 6 different regions of interest
(ROIs) on the sample as shown in Figure 5B. All the ROIs were
selected randomly based on the optical densities (sample
thickness) to illustrate the uniformity/heterogeneity of various
components at different edges. Since STXM is a powerful
technique to study carbon nanomaterials and provides high
quality absorption spectra with submicron spatial resolution,*”
% C K-edge XANES from different ROIs could reveal the
presence of residual IBU and carbon related compounds. From
Figure 5C, compared with the spectrum of IBU powder (black
profile), there is no significant change or beam damage to the
residual IBU molecules on the drug release products: the sharp
peak “a” located at 285 eV is from the carbon 1s to =*
transition for the aryl rings of IBU molecules; the peak “b”
located at 288.3 eV is from the carbon 1s to @* transition for
carboxylic functional groups of IBU; the less apparent feature
“c” became more prominent after having been soaked in SBF
for 5h, and slightly shifted to higher photon energy, indicating
the presence of carbonate ions.****

€3

Optical Density

JEIN TLAR RSN NELEL TR TSR I N MO I
290 295 300 305 310
Energy (eV)
Fig. 5. (A) STXM optical density image of CSH-1BU sample
soaked in SBF for 5h (averaged from 280 to 2190 eV); (B)
ROIs taken from the CSH-IBU sample: Red: ROI-1, Magenta:
ROI-2, Orange: ROI-3, Green: ROI-4, Blue: ROI-5 and Cyan:
ROI-6; (C) XANES spectra taken from each ROI displayed in
(B) at the C K-edge.
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We have also compared the XANES spectra isolated from
different ROIs at the Si K-edge (Figure 6C) and the P K-edge
(Figure 6D); it is interesting to note that the strongest P signals

This journal is © The Royal Society of Chemistry 2012

CrystEngComm

were detected in ROI-1 and ROI-2 (red and magenta spectra of
Figure 5D), where show the highest Si optical densities as well.
Since STXM can determine the absolute thickness of the
sample, SiO, and HAp thickness distributions are shown in
Figure 6A and B, respectively.
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Fig. 6. Thickness distribution maps of CSH-IBU sample

soaked in SBF for 5h at (A) the Si K-edge and (B) the P K-
edge. The vertical bar illustrates the color code of the material
thickness; XANES spectra of CSH-IBU sample soaked in SBF
for 5h at the Si K-edge (C) and P K-edge (D) (ROI 1-6 are the
same regions as shown in Figure 4B).

For STXM thickness modelling procedure, XANES spectra
were obtained by converting the signal to optical density (OD)
based on Beer-Lambert Law:

1
0D ==y =wpt (D)

where Iy and | are the incident and transmitted X-ray photon
flux (photons), respectively. u is the energy dependent mass
absorption coefficient (cm?/g), p is the density (g/cm®) of the
material, and t is the sample thickness (nm). Then these spectra
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Fig. 8. lllustration of the proposed mechanisms for the IBU (black dots) release from mesoporous CSH microspheres and
biomineralization.

were converted to absolute linear absorbance scales (optical
density per nm thickness sample). The elemental linear X-ray
absorption, which neglects interactions such as bonding among
the atoms, is calculated by aXis2000 using equation (1) and (2):
N
u= M_j\; ), i Oai )
1

where Np is the Avogadro’s number, MM is the molecular
weight of a compound containing x; atoms of type i, o, is the
atomic photo absorption cross section (cm%atom) for type i
atom. Then, the thickness was obtained by comparing the OD
of each pixel in a STXM image and reference spectra. In this
study, silicon and carbon reference spectra were obtained by
fitting the original XANES spectra to match its calculated
elemental linear X-ray absorption profile: hydroxyapatite
(Cas(PO,)3(OH): density = 3.160 g/cm?®, and thickness = 1 nm,
silicon dioxide (SiO,: density = 2.650 g/cm?®, and thickness = 1
nm) in the pre-edge and continuum. The thickness was obtained
from stack fitting with the quantitatively scaled reference
spectra of 1 nm thickness (Figure 7).

6 | J. Name., 2012, 00, 1-3

0.0025

A

0.0020

—Si0, 1nm
—— Si K-edge ROI-1

0.0015 +

0.0010 +

Optical Density

0.0005

0.0000 -ﬂ[/

T
1840

A

TN~V

T T T
1860 1870 1880

Energy (eV)

T
1850 1890

0.0012

=

=~ HAp 1nm Ref
—— P K-edge ROI-1

0.0010 +

0.0008 -

0.0006

Optical Density

T T T T T T T
2145 2150 2155 2160 2165 2170 2175 2180 2185

Energy (eV)
Fig. 7. Reference spectra and elemental linear X-ray absorption
profiles of SiO, (a) (black profile: optical density spectrum of 1
nm thickness based on formula SiO,; red profile: elemental
linear X-ray absorption profile) and HAp (b) (black profile:
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optical density spectrum of 1 nm thickness based on formula
Cas(PO,)3(OH); red profile: elemental linear X-ray absorption
profile).

After 5 h in vitro test, most of the SiO, were located in the top
left area with the largest thickness around 200 nm (£ 10%).
Moreover, one can see that from Figure 6B, more HAp can be
detected around the red areas. The average SiO,, HAp thickness
of selected areas is given in Table 4 (the areas are shown in
circles with different colors in Figure 6A and B).

Table 4. Thickness of SiO, and HAp in different regions.

Average Thickness [nm]

SiO, Map  HAp Map
Circle 1 (Red) 173 36
Circle 2 (Navy) 91 86
Circle 3 (White) 73 27

There is £ 10% thickness deviation according to Figure 5

It is interesting to note that area 2 (navy circle) and 3 (white
circle) have the similar thickness of SiO,, however, the
thicknesses of HAp in those areas are quite different. This is
largely because area 2 is closer to area 1 (red circle) where most
SiO; are located. During the biomineralization processes, some
CSH microspheres (silanol abundant) *>*7 partially broke down
and some silicate hydrolyzed into SiO, (area 1); this
aggregation provides preferred further nucleation site for the
growth of HAp. ** 8 49 That explains why we observe more
HAp in area 2 rather than area 3.

Finally, based on all the above results, the processes of drug
release and CSH biomineralization emerge. As illustrated in
Figure 8, at the early stages of drug release, crystalline CSH
microspheres disassemble into amorphous flake-like sheets,
some silicate ions undergoes exchange into the SBF solution
while others becomes hydrolyzed into amorphous silica. Both
Ca (from CSH and SBF) and PO,* ions (from SBF) first form
amorphous calcium phosphate at first 2h, then quickly
transformed into amorphous HAp (Figure S5), and the finally
products were crystalline HAp after the samples were soaked in
the SBF solution for more than 3h. At the same time, some
bicarbonate ions (HCOj3") co-precipitate from SBF, generating
amorphous CaCOj;. Moreover, from STXM data, more P were
detected around the area where more Si were located;
indicating the abundant silanol groups and the following
hydrolyzed SiO, provided preference aggregation sites of HAp.

Conclusions

In this article we have illustrated that mesoporous CSH
microspheres have very large drug loading capacities, which
can reach as high as 1.80 g/g (Figure S6). The CSH-1BU
system has a rapid drug release profile, which is suitable for
acute disease (need of high drug dosage in a short period of
time). The biomineralization mechanism for mesoporous CSH
microspheres loaded with IBU in the SBF solution was
elucidated via XANES and STXM. What’s more important, we
have demonstrated that synchrotron radiation is a very sensitive
and powerful technique to study bioceramics: XANES has the
ability to identify the chemical form of products (Si, P and Ca
K-edge) even they are amorphous state. Using the highly-
collimated STXM beam (best resolution: 30 nm), we provided
spatial evidence of biomineralization formation (Si and P
particularly).
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The imaging of silica indicated that they provided aggregation site of HAp, and amorphous CaCO3 were
formed during CSH biomineraliztion.
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