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Abstract: The synthesis of a new resorbable porous bioac-
tive silica-calcium phosphate composite (SCPC) that can be
used as a tissue-engineering scaffold for bone regeneration
is described. The effects of chemical composition and ther-
mal treatment on crystallization and the mechanism of
phase transformation in SCPC were evaluated. In the silica-
rich samples, B-rhenanite (B-NaCaPO,) and o-cristobalite
(Si0,) were the dominant phases after treatment at 800°C.
On the other hand, in the calcium phosphate-rich samples,
calcium pyrophosphate (Ca,P,0,) was formed in addition to
B-rhenanite and a-cristobalaite. X-ray diffraction analyses
showed a shift in the 26 value of the main peak(s) of all
phases indicating the formation of solid solutions. Phase
transformation reactions were accompanied by a loss of
water molecules that contributed to the formation of pores
in the size range 10-300 pm. All SCPC samples adsorbed a
significantly higher quantity of serum protein than bioactive
glass (p < 0.0001). In addition, the silica-rich SCPC adsorbed
a significantly higher amount of serum protein than the
calcium phosphate-rich samples (p < 0.003). While the crys-
tallization of amorphous silica into L-quartz significantly
inhibited serum protein adsorption, the transformation of
L-quartz into a-cristobalite solid solution (ss) significantly
enhanced protein adsorption. On the other hand, in conjunc-

tion with the transformation of brushite (CaHPO,) into
pyro- and tri-calcium phosphates, there was a significant
decrease in protein adsorption. However, as pyro- and tri-
calcium phosphates transformed into B-rhenanite, by ther-
mal treatment, protein adsorption increased markedly. Crit-
ical-size bone defects grafted with silica-rich SCPC were
filled with new bone and contained minimal residues of the
graft material. Bone defects grafted with bioactive glass
enhanced new bone formation, however, with very limited
resorption. The enhanced resorption of SCPC in vivo corre-
lates well with the higher rate of silica dissolution from
SCPC than bioactive glass. The facilitated Si dissolution was
associated with rapid bone regeneration in defects grafted
with SCPC. The enhanced bioactivity properties of the SCPC
are due to its chemical composition, modified crystalline
structure, and high porosity. The new SCPC may be used for
a wide variety of applications in the field of bone reconstruc-
tion including tissue-engineering scaffolds for cell and drug
delivery. © 2004 Wiley Periodicals, Inc. ] Biomed Mater Res
69A: 490-501, 2004
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INTRODUCTION

Tissue loss as a result of injury or disease, in an
aging population, provides reduced quality of life for
many at a significant socioeconomic cost." Annually,
there are approximately 6.5 million bone fractures in
the US.> Enhanced bone regeneration is essential for
healing large bone defects secondary to tumor or
trauma, and for treating fracture-delayed unions or
nonunions, which constitute 10-15% of the fractures.
Approaches to these difficult bone repair problems
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include utilization of autografts, allografts, and syn-
thetic grafts.* Although autograft material is currently
the material of choice, there are limitations associated
with its use, including donor site morbidity, limited
donor bone supply, anatomical and structural prob-
lems, and elevated levels of resorption during heal-
ing.> The use of allografts has the disadvantage of
eliciting an immunological response due to genetic
differences and the risk of inducing transmissible dis-
eases.”®

Calcium phosphate ceramics and bioactive glasses
were introduced more than 30 years ago as bone sub-
stitutes. These materials are considered bioactive be-
cause they bond to bone and enhance bone tissue
formation. The forms of calcium phosphate ceramics
most widely used are tricalcium phosphate (Caj
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[PO,],, TCP Whitlockite), and hydroxyapatite
[Ca;o(PO,),(OH),] (HA). These materials have a simi-
lar structure to the mineral phase of bone and have
been shown to be osteoconductive, i.e., enhance bone
cells growth and direct bone deposition on their sur-
faces. The availability of HA and TCP in porous
shapes has encouraged many investigators to evaluate
the ability of these biomaterials to serve as tissue
engineering scaffolds for cell and drug delivery. How-
ever, there are problems associated with inflammatory
and immunologic reactions and disease transmission
when used as carriers for osteoinductive factors.””
Moreover, although evidence of bone growth in po-
rous and dense HA particulates is widespread, the
bone conductive effect is limited.'® Often at a distance
away from the bone defect wall, these particulates are
encapsulated by fibrous tissue. TCP is more biode-
gradable than HA; however, its presence elicits a for-
eign body response. Bioactive glass (BG), which con-
tains (45 wt %) of silica in addition to calcium and
phosphorous, is known to have the most stimulatory
effect on bone cell function.'”*™"” When implanted in
bone, BG accelerated bone growth three times more
than HA.'® However, BG is a solid non-resorbable
material."” A suitable macro porous structure is nec-
essary to obtain good implant incorporation through
rapid vascularization and bone ingrowth.?°~** Unfor-
tunately, there is a limited opportunity to synthesize a
porous BG and improve its mechanical and physico-
chemical properties without decrements in bioactivity.

The rapid bone bonding to BG was associated with
the rapid formation of a calcium-deficient carbonate-
containing hydroxyapatite (HCA) layer on the mate-
rial surface. Immersion of BG in simulated body fluid
(SBF) (with ion concentrations similar to the interstitial
fluid) resulted in the formation of a surface HCA
similar to that observed in vivo. The mechanism of
formation of this layer includes a series of chemical
reactions that occur within a controlled sequence:
leaching, dissolution, and precipitation.”>* After
leaching and dissolution, the glass surface is covered
with a silica gel layer rich in silanol (Si-OH) groups.
The Si-OH groups nucleate the crystallization of a
HCA layer at the surface of BG.**™*” Accordingly, the
HCA layer, which is a prerequisite for bone bonding,
is still incorporating silica that could be an important
reason for the strong stimulatory effect on bone tissue
formation. However, a major drawback of the silica-
rich layer is that it slows down BG dissolution by
inhibiting ion diffusion from the glass bulk into the
surface. The implication for the slow rate of dissolu-
tion of BG is the slow rate of resorption in vivo. More-
over, in the presence of serum protein, the HCA layer
did not form on the BG surface most probably because
the protein molecules chelate the Ca ions necessary for
the HCA layer formation.'**?

Consequently, bone cells in vivo may interact with
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the silica-rich layer, which may contain calcium and
phosphorus either as substituted ions in the silica
network or as amorphous accumulates but not neces-
sary as an HCA layer. As such, we theorize that a
silica-based calcium phosphate composite would op-
timally enhance bone cell function. This study reports
on the synthesis and characterization of a new, resorb-
able, porous, bioactive silica-based calcium phosphate
composite (SCPC) that has the ability to stimulate
rapid bone generation and resorb when grafted in
large bone defects. To enhance bioactivity and resorb-
ability, ion substitution and formation of solid solu-
tion were induced in the crystalline phases. Thus, the
entire structure of SCPC contains unmodified silica,
ion substituted silica, unmodified calcium phosphate,
and calcium phosphate modified with Na and/or sil-
ica. These four different regions will synergistically
enhance bioactivity and resorbability of the material.
Figure 1 is a schematic that describes the morphology
of a cross-section of BG covered with HCA layer and
that of the new porous SCPC. While the resorption
and bioactivity of BG is limited by ion diffusion from
the glass bulk to the surface, the resorption and bio-
activity of the SCPC do not depend on the bulk com-
position. The modified calcium phosphate phases can
work as a weak binder for the modified silica phases
and offer sites for preferential dissolution. The role of
silica is threefold: silica substitution in the calcium
phosphate mineral regulates its resorption and en-
hances its bioactivity. Second, the silica surface, which
was not incorporated in the calcium phosphate, can
nucleate the precipitation of a carbonated hydroxyap-
atite bioactive layer on the composite surface. Third,
Ca and P can be incorporated in the silica network
itself, Ca as network modifier and P as network
former, and create a surface with activity superior to
that of BG. The aim of the present work is to evaluate
the effect of chemical composition and thermal treat-
ment on the crystallization behavior of the silica and
calcium phosphate phases. The composition and crys-
talline structure of the new graft material were corre-
lated to serum protein adsorption, Si corrosion, bone
tissue generation, and graft material resorption. The
bioactivity of the new SCPC was compared to that of
BG.

MATERIALS AND METHODS

Composite preparation

Table I shows the chemical composition of different silica-
containing calcium phosphate ceramics (C1S3, C1S1, and
C3651) used in this study. Appropriate ratios of dicalcium
phosphate CaHPO, + 2H,0O and silicon components were
placed in polyethylene bottles and mixed on a roller mixer
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Figure 1. (a) A schematic diagram of a cross-section of
bioactive glass showing the calcium phosphate-rich layer,
the silica-rich layer, and the interface between the two lay-
ers. The silica-rich layer slows down BG dissolution by
inhibiting ion diffusion from the glass bulk into the surface.
The implication for the slow rate of dissolution of BG is the
slow rate of resorption in vivo. (b) Schematic of the cross-
section of silica-calcium phosphate composite (SCPC) show-
ing that the entire structure is based on interconnected
phases of modified silica and calcium phosphate minerals.
The bioactivity and resorbability of these phases are induced
by enforcing ion substitution and formation of solid solu-
tions. The porosity of the new SCPC provides high surface
area for protein adsorption, cell adhesion, and new bone
formation. The unique chemical composition, modified crys-
talline structure, and the porosity of SCPC work out syner-
gistically to enhance material resorbability and bone bioac-
tivity.
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TABLE 1
Composition in Mol % of Silica-Calcium
Phosphate Composites

Sample notation CaO Si0O, P,04 Na,O
C153 10.1 63.7 5.0 21.2
C1S1 23.2 49.0 11.5 16.3
C3S1 40.6 29.2 20.5 9.7

for 24 h. Each batch was moistened with 0.1 NaOH and
placed in a teflon mold 10 mm diameter X 10 mm height.
The samples were left to dry at room temperatures and then
thermally treated at 130, 180, 355, 690, or 800°C. The sinter-
ing temperatures were selected based on the differential
thermal analysis results shown below.

Thermal analysis

Differential thermal analysis (DTA) was employed to de-
termine the temperatures at which crystallization and phase
transformation occurred. The weight losses associated with
crystal formation or phase transformation during heating
were analyzed by differential thermo-gravimetric analysis
(DTGA). Powdered samples of grain size range 90-250 um
from each composition were heated in the temperature
range 50-900°C with a heating rate 20°C/min using com-
puterized 7 series USA PerkinElmer thermal analysis sys-
tem. The material was analyzed using aluminum oxide pow-
der as a reference.

Heat treatment

To study the effect of chemical composition and temper-
ature on the mechanism of phase transformation, SCPC
samples were subjected to a single-step heat-treatment in air
at 130, 180, 355, 690, or 800°C for 2 h at a heating rate of
2°C/min. These temperatures were selected based on the
maxima of the peaks recorded in the DTA analyses.

X-ray diffraction analysis (XRD)

XRD was used to identify the crystalline phases formed in
SCPC after each heat-treatment. Samples of grain size <38
pm were analyzed using Philips diffractometer (type PW
1390, Philips Electronic Instruments, Eindhoven, The Neth-
erlands) employing Ni-filtered Cu Ka irradiation at 40 Kv
and 25 mA.

Scanning electron microscopy

To analyze the morphology and porosity, thermally
treated samples were coated with gold and were analyzed
using an electron microscope (Model XL30; Philips Elec-
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tronic Instruments) at 20 kV. In addition, the porosity per-
cent and pore size range were analyzed by mercury intru-
sion technique (Micromeretics Corporation, Norcross, GA).

Protein adsorption

To evaluate the effect of chemical composition and crystal-
line structure of SCPC on serum protein adsorption, particles
(90-250 um) from each composite were separately immersed
in simulated body fluid (tris buffer supplemented with ions in
concentration similar to the interstitial fluid, SBF) containing
10% fetal bovine serum for 1 h at 37°C. For comparison, protein
adsorption onto BG particles of the same size range was eval-
uated. After immersion, the samples were washed with tris
buffer solution (pH 7.2) to remove unattached protein. Ad-
sorbed protein was extracted using 1% sodium dodecyle sul-
fate solution (SDS), pH 7.4. Protein concentration in the extract
was determined using a gold staining dot blot technique. The
extracted protein was diluted with SDS (1:7) and micropipetted
onto a nitrocellulose sheet (NC) (BA-85, 0.45 pm pore size,
Schleicher and Schuell Inc., Keen, NH). The NC paper was
air-dried, blocked in 3% Tween-20 solution for 30 min, and
stained with gold staining. The protein dots were digitized and
their intensities were measured using Gel pro software. The
concentration of the adsorbed protein was calculated using a
bovine serum albumin calibration curve.

Corrosion analysis

To compare the rate of corrosion of SCPCs and BG, 0.3-g
particles (90-250 pm) of each material were immersed in
5 ml of tissue culture medium (a-MEM) containing 10%
serum, at 37°C, for 1, 2, 4, 6, or 8 days. After each time
period, the medium was collected and the ionic concen-
tration of Si was measured using Inductively Coupled
Plasma Optical Emission Spectrometer (Optima 3000 ICP-
EMS, PerkinElmer). Si corrosion was selected to represent
the degradation of the material because silica constitutes
the main component of C1S3 and BG. Three replications
per time period per each material were evaluated.

Animal study

In a pilot study, bone tissue response to the new SCPC
material was evaluated using the rabbit femur model. Nine
(9) rabbits 3-4 months weighing about 3 kg were divided
into three groups (n = 3). Each group was grafted with one
kind of graft material. A critical size bone defect (6 mm in
diameter) was created in the cortical bone of each femur.
Granules (150-600 um) of C1S3 and C3S1, both pretreated
at 690°C, as well as control BG of the same particle size were
used separately in sufficient amounts to fill the defects. The
animals were sacrificed after 3 weeks. Bone segments con-
taining the defects were fixed, dehydrated, decalcified,
sliced into thin sections (5-7 wm), and stained with H & E.
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Figure 2. Differential thermal analysis of various silica-cal-
cium phosphate composites. The samples were heated in the
temperature range 50-850°C with a heating rate of 20°C/min.
Al O; powder was used as a reference. All samples showed
three endothermic peaks around 125, 353, and 690°C. The area
under the peak centered at 125°C increased in the order C153 >
C1S1 > C3S1. Reversibly, the area under the peak centered at
353°C decreased in the order C153 < C1S1 < C3S1.

Statistical analysis

Statistical analyses of the protein adsorption and corro-
sion data were analyzed by one-way analysis of variance
(ANOVA) using a SigmaStat program (Student-Newman-
Kuels). The level of significance was defined at 95%.

RESULTS
Thermal analysis
DTA

Differential thermal analyses of C351, C1S1, and C1S3
samples are shown in Figure 2. All samples showed
three endothermic peaks around 125, 353, and 690°C.
The area under the peak centered at 125°C increased in
the order C1S3 > C1S1 > C3S1. Reversibly, the area
under the peak centered at 353°C decreased in the order
C1S3 < C1S1 < C3S1. The thermogram of the calcium
phosphate-rich composite (C351) showed an additional
small peak at 796°C. The area of that peak decreased to
a minimum and totally disappeared in the thermogram
of C151 and C1S3, respectively.
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Figure 3. Thermo-gravimetric analyses of samples C351, C1S1, and C1S3. A major weight loss, in the temperature range
50-200°C, is shown, which was increased as the percentage of the silica component was increased. Thus, C1S3, C1S1, and
C3S1 lost 11.73, 8.58, and 7.47% respectively. In the temperature range 200—-400°C; comparable weight losses among the
samples were recorded. However, while the weight loss took place in one step for C1S1 and C1S3, the weight loss in the C3S1

took place in two distinct steps centered at 315° and 375°C.

DTGA

Figure 3 shows the DTGA thermogram of C351, C1S1,
and C1S3. Upon heating all samples, a major weight loss
started at 50°C and continued up to 200°C. Comparison
among samples indicated that the total weight loss de-
creased in the order C1S3 > C1S1 > C3S1. Thus, C3S1,
C1S1, and C1S3 lost 7.47, 8.58, and 11.73%, respectively.
However, in the temperature range 200-400°C; C3S1,
C1S1, and C1S3 lost 3.95, 5.5, and 3.8%, respectively. It is
worthy to note that while the weight loss in this temper-
ature range took place in one-step for C151 and C1S3, the
weight loss in the C3S1 took place in two distinct steps
centered at 315 and 375°C. In the temperature range
400-850°C; C3651, C1S1, and C1S3 lost 1.37, 0.46, and 1.9
wt %, respectively.

X-ray diffraction analysis

C1S3

C1S3 treated at 130° or 180°C comprised mainly
brushite (CaHPO,), L-quartz (SiO,) (ss), and B-rhe-
nanite (B-NaCaPO,) (ss) (Fig. 4). There was a shift in
the position of the main characteristic peaks of L-
quartz and B-rhenanite, in all samples, indicating for-
mation of solid solution. The weak signals of these
phases indicate ill crystallization due to the presence
of a high content of amorphous silica. Raising the
treatment temperature to 355°C resulted in complete
transformation of CaHPO, into B-NaCaPO, ss and
L-quartz ss into a-cristobalite (5i0,) ss. The position of
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Figure 4. XRD analysis of C1S3 treated at 130° or 180°C
showed ill crystallization and comprised brushite
(CaHPO,), L-quartz (SiO2) ss and rhenanite (3-NaCaPO,) ss.
After treatment at 355°C, CaHPO, transformed into -Na-
CaPQ, ss, and low quartz ss transformed into a-cristobalite
ss. The intensity of the signal characteristic of B-NaCaPO, ss
and oa-cristobalite ss increased, after treatment at 690° and
800°C, indicating maturation of the crystallization of these
two phases.

the main characteristic peaks of a-cristobalite, in all
samples, was slightly shifted to a higher value indi-
cating formation of solid solution. The intensity of the
signal characteristic of B-NaCaPO, ss and a-cristob-
alite ss increased, after treatment at 690°C, indicating
maturation of the crystallization of these two phases.
In addition, a minor signal indicative of Na,5i,O5 was
evident. After treatment at 800°C, XRD analysis
showed increased crystallization of B-NaCaPO, ss and
a-cristobalite ss (Fig. 4).

C1s1

After treatment at 130°C for 2 h, XRD analysis (Fig.
5) showed that C1S1 samples were composed of
CaHPO, and L-quartz ss. The signals characteristic for
B-NaCaPO, ss were demonstrated after treatment at
180°C. Raising the treatment temperature to 355°C
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resulted in the decomposition of CaHPO, into
v-Ca,P,0; ss B-Caz(PO,), ss and B-NaCaPO, ss. In
addition, there was a small signal characteristic of
a-cristobalite ss. Samples treated at 690°C composed
mainly of B-NaCaPO, ss and a-cristobalite ss. The
crystallization of the latter two phases increased after
treatment at 800°C as indicated by the increase in the
intensity of their corresponding signals (Fig. 5).

C351

XRD analysis of C3S1 treated at 130°C (Fig. 6)
showed the characteristic signals of CaHPO, and L-
quartz ss. After treatment at 180°C, signals character-
istic of B-NaCaPOy, ss were detected. Raising the treat-
ment temperature to 355°C resulted in a complete

w a-Critobalitc

A Low quartz

e CaHPO..2H-O

o B-NaCaPO,

A A-Cax(POQua)a o

- v- CaP>0> v

CI1S1

40 35, 30 25 20

Figure 5. XRD analysis of C1S1 samples treated at
130°showed characteristic signals of CaHPO, and L-quartz
ss. After treatment at 180°C, the signals characteristic for
B-NaCaPO, ss were demonstrated. Raising the treatment
temperature to 355°C resulted in the decomposition of
CaHPO, into y- Ca,P,0, ss B-Caz(PO,),ss, and B-NaCaPO,
ss. In addition, there was a small signal characteristic of
a-cristobalite ss. Samples treated at 690°C composed mainly
of B-NaCaPO, ss and a-cristobalite ss. The latter two phases
increased after treatment at 800°C as indicated by the in-
crease in the intensity of their characteristic signals.



496

Cc3s1

A Low quartz

¥ o-Critobalite
o CaHPOL..2HO
© B-CazP20O-

o B-NaCaPO,

40 35 30 25 20

26

Figure 6. XRD analysis revealed that after treatment at
130°C, C3S1 comprised CaHPO, and L-quartz ss. As the
treatment temperature was raised to 180°C, signals charac-
teristics of B-NaCaPO, ss were detected. Raising the treat-
ment temperature to 355°C resulted in complete decompo-
sition of CaHPO, into B-Ca,P,0, ss, B-Caz(PO,),ss
(Whitlockite), and B-NaCaPO, ss. Whitlockite ss and L-
quartz ss decomposed after treatment at 690°and the sample
comprised mainly B- Ca,P,0, ss, B-NaCaPO, ss and a-cris-
tobalite ss. The intensity of the signals characteristic of B-Na-
CaPO, ss and a-cristobalite ss increased after treatment at
800°C indicating increased crystallization of these two
phases. However, the signals characteristic of B-Ca,P,0O; ss
were persistent.

decomposition of CaHPO, into B-Ca,P,O, ss,
B-Cas(PO,), ss (Whitlockite), and B-NaCaPO, ss.
Whitlockite ss and L-quartz ss decomposed after treat-
ment at 690°C and the sample comprised mainly
B-Ca,P,0; ss, B-NaCaPQO, ss, and a-cristobalite ss. The
intensity of the signals characteristic of 3-NaCaPOj, ss
and a-cristobalite ss increased after treatment at 800°C
indicating increased crystallization of these two
phases. However, the signals characteristic of B-
Ca,P,0, ss were persistent.

Scanning electron microscopy

Figure 7 is a SEM micrograph demonstrating the
porosity of the silica-calcium phosphate (C3S1) pre-
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treated at 355°C. The pore size ranged from 10-300
pm. Mercury intrusion analysis showed that the po-
rosity percent decreased in the order C1S3 (51%) >
C1S1 (47%) > C3S1 (43 %).

Quantitative protein analysis

Total protein analysis showed that all SCPC samples
adsorbed a significantly higher amount of serum protein
than BG (p < 0.0001) (Fig. 8). Comparison among the
SCPC samples revealed that protein adsorption was de-
pendent on the chemical composition and crystalline
structure. Silica-rich C1S3 adsorbed significantly higher
amounts of serum protein than calcium phosphate-rich
C351 (p < 0.003). Protein adsorption onto C351, C1S1,
and C1S3, pretreated at 130°C, was significantly higher
than that adsorbed onto corresponding samples pre-
treated at either 355 or 690°C. However, all SCPC pre-
treated at 800°C adsorbed a significantly higher amount
of protein than their equivalent samples treated at 690°C
(r < 0.003).

Corrosion

ICP analysis indicated a significantly higher corro-
sion rate of SCPC compared to BG (Fig. 9). The
amount of Si released from C1S3 into physiological
solution was significantly higher than that released
from BG at all time periods (n = 3, p < 0.001). More-
over, Si released from C1S3 increased in the period
0-4 day in the order 0-1 < 1-2 < 2-4 days (p < 0.05).
On the other hand, comparable Si concentrations were

12 0 kWA

Figure 7. SEM micrograph demonstrating the porosity of
the silica-calcium phosphate (C3S1) sample pretreated at
355°C. The material is highly porous with a pore size range
from 10-300 pm. Mercury intrusion analysis showed that
the porosity percent decreased in the order C1S3 (51%) >
C1S1 (47%) > C3S1 (43 %).
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Figure 8. Total protein analysis showed that SCPC ad-
sorbed significantly higher amount of serum protein than
bioactive glass (p < 0.00001). Silica-rich C1S3 adsorbed sig-
nificantly higher amounts of serum protein than calcium
phosphate-rich C351 (p < 0.003). Protein adsorption onto
(351, C1851, and C1S3, pretreated at 130°C, was significantly
higher than the corresponding adsorption onto samples pre-
treated at either 355° or 690°C. However, all SCPC pre-
treated at 800°C adsorbed significantly higher amount of
protein than their corresponding samples treated at 690°C
(p < 0.003).

measured in solutions incubated with C1S3 particles
for 4, 6, or 8 days. Si concentration released form BG
after 2 days was higher than that released after 1 day.
However, the difference was not statistically signifi-
cant. In addition, similar Si concentrations were mea-
sured in solutions incubated with BG particles for 2, 4,
6, or 8 days.

Histology

After 3 weeks, defects grafted with C1S3 were al-
most completely filled with new bone [Fig. 10(a)].
Bone formed in the internal side of the defect has been
completely remodeled and few vascular cavities re-
mained. These results indicate that SCPC containing a
high silica concentration not only stimulate bone cell
function and tissue formation but also resorb in har-
mony with the new bone tissue formation. New bone
is also present within the marrow cavity that was
initially filled with graft material. The architecture of
the remodeled cortical bone and marrow resembles
that of normal healthy bone. This indicates that C1S3
material has a strong stimulatory effect on stem cell
differentiation into osteoblasts. EDX analysis (data not
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shown) of non-decalcified sections of the new bone
that formed inside the defect indicates that it is min-
eralized bone with a Ca/P ratio of 1.65. In defects
grafted with C3S1, new bone tissues were seen filling
the inter-space between the particles [Fig. 10(b)]. In
addition, new bone filled the inner pores of the parti-
cles [arrows in Fig. 10(b)] indicating that bone cells
colonized the porous structure and deposited bone
tissue inside the material. Defects filled with BG were
filled with new bone tissue. However, a substantial
quantity of graft material was found unresorbed [Fig.
10(c)].

DISCUSSION

We have synthesized a new resorbable porous bio-
active silica-calcium phosphate composite that has the
ability to adsorb high quantities of serum protein and
stimulate rapid bone generation. The superior bioac-
tivity and resorbability of the new SCPC were induced
by enforcing ion substitution and development of
solid solutions employing thermal treatment. Forma-
tion of solid solutions lowered the crystallization tem-
perature of both silica and calcium phosphate and,
hence, enhanced their bioactivity. Thus, B-NaCaPO,
started to crystallize at 180°C and continued to grow
as the treatment temperature increased up to 800°C.
All SCPC samples were superior to BG in terms of
protein adsorption, enhancement of bone generation,
and graft material resorption. The excellent resorbabil-
ity of the SCPC compared to BG has been confirmed
by corrosion analysis in physiological solution. The
high porosity of the SCPC enhanced tissue ingrowth
and graft material resorption inside bone defect. The
new SCPC may be used for a wide variety of applica-
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Figure 9. ICP measurements of Si concentration released

from SCPC and BG into tissue culture medium containing
10% serum. The amount of Si released from C1S3 was sig-
nificantly higher than that released from BG at all time
periods (n = 3, p < 0.001), which indicates that the rate of
biodegradation of SCPC is significantly higher than that of
BG.
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tions in the field of bone reconstruction including
tissue engineering scaffolds for cell and drug delivery.

DTA, DTGA, and XRD analyses were employed to
study the effect of chemical composition and thermal
treatment on the crystalline structure and phase trans-
formation in the silica-calcium phosphate composite.
DTA-DTGA analyses showed that the endothermic
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peak at 130°C was accompanied by a major weight
loss indicating dehydration of the SCPC. Moreover, as
the silica component increased, the area under the
peak at 130°C (Fig. 2) was increased due to the loss of
water of hydration associated with the silica compo-
nent. In addition, XRD analyses suggested that, in the
silica-rich SCPC samples, the dehydration process was
accompanied by limited atomic rearrangements that
resulted in the formation of B-NaCaPO, ss and L-
quartz ss. In the calcium phosphate-rich samples, XRD
signals characteristic of B-NaCaPOj, ss started to ap-
pear only after thermal treatment at 180°C which in-
dicates that the initial phase transformation is highly
dependent on the chemical composition. The forma-
tion of B-NaCaPO, ss can be represented by the equa-
tion:

2CaHPO, + Na,O — 2 B-NaCaPO, (ss) + H,O (1)

The DTA peak recorded at 355°C is indicative of two
phase-transformation reactions that could be repre-
sented by the following equations:

4 CaHPO, — 2 Ca,P,0; (ss) + 2H,0O (2)

CaHPO, + Ca,P,0; (ss) =

B-Ca3(PO4)2 (SS) + P205 + ¥ Hzo (3)

It is interesting to note that while the characteristic
XRD signals for Ca,P,0; ss and B-Cas(PO,), ss were
evident for C351 and C1S51, these signals were greatly
diminished in the spectra of C1S3 due to the presence
of low content of calcium phosphate component in
this sample. It is for the same reason that the area
under the DTA peak at 355°C was minimal for C1S3
sample. These results suggest that the early transfor-
mation of CaHPO, into B-NaCaPO, ss (eq 1) in C1S3

Figure 10. Histology analysis of critical size bone defect
created in the rabbit femur and grafted with C351, C1S3, or
BG. After 3 weeks, defects grafted with C1S3 were almost
completely filled with new bone (a). Bone formed in the
internal side of the defect has been completely remodeled
and few vascular cavities (arrows) remained. New bone (*) is
also present within the marrow cavity that was initially
filled with graft material. The architecture of the remodeled
cortical bone and marrow resembles that of normal healthy
bone. In defects grafted with C3S1 (b), new bone tissues
were seen filling the inter-space between the particles as well
as inside the pores (arrows). Defects filled with BG were
filled with new bone tissue; however, a substantial quantity
of graft material (G) was found unresorbed (c) (H&E x40).
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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minimizes the amount of CaHPO, available for carry-
ing out the reaction represented by equations (2) and
(3). The phase transformation reactions (in eqs 2 and 3)
were accompanied by release of H,O and P,Os, which
could be responsible for the observed two-step weight
losses, noted in the DTGA thermogram of C3S1, in the
temperature range 206—489°C. Moreover, the release
of H,O and P,Os5 represented by equations 1, 2, and 3
contributes to the formation of pores inside the ce-
ramic matrix as shown in SEM analysis (Fig. 7).

It should be noted that B-Caz(PO,), ss and Ca,P,0,
ss were formed at a significantly lower temperature
than that reported in the literature. Boullé and Rabatin
et al. reported that the transformation of CaHPO, into
Ca,P,0, takes place at about 430°C.**>! Moreover, the
formation of B-Cas(PO,),by the reaction of CaHPO,
with CaCO; or the reaction of the Ca,P,0, with CaO
is usually carried out at 1,000°C.>? In the absence of
CaO, the transformation of Ca,P,O, into
B-Ca,(PO,),takes place at 1,800°C.** One possible rea-
son for the formation of B-Caz(PO,),ss at this low
temperature is the impurity of the system represented
by Na and Si ions. These impurities usually result in
the development of solid solutions and crystal defects.
Indeed, the development of solid solutions has been
confirmed by the slight shifts in the 26 values of the
characteristic signals of both silica and calcium phos-
phate crystalline phases. In addition, we speculate that
the heat evolved from the exothermic acid-base reac-
tions in the system would facilitate the formation of
B-Cas(PO,),ss and Ca,P,0; ss at a low temperature.
Likewise, XRD analysis of the Si-rich calcium phos-
phate composite C153 indicated that L-quartz ss trans-
formed into a-cristobalite ss at a significantly lower
temperature (355°C) than that reported in the litera-
ture (1,470°C).>* The direct transformation of L-quartz
ss into a-cristobalite ss could be enhanced by the
formation of solid solution and by the heat liberated
during the transformation of CaHPO, into B-Na-
CaPOy ss.

XRD signals characteristic of the B-NaCaPO, ss in-
creased in all samples after thermal treatment at 690 and
800°C. On the other hand, XRD signals characteristics
B-Cas(PO,),ss totally disappeared and those characteris-
tics of Ca,P,0, ss were significantly reduced. Therefore,
the two endothermic peaks appeared at 690°and 800°C
(Fig. 2) can be assigned to the interaction of Ca,P,O;ss
and B-Cas(PO,),ss with Na,O as follows,

Ca,P,0; (ss) + Na,O — 2 3-NaCaPO, (ss) (4)

B-Cas(POy), (ss) + Na,O — 2 B-NaCaPOj (ss) + CaO

()
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The stability of pyrophosphate in the calcium phos-
phate-rich composite C351 could be attributed to the
presence of insufficient Na,O to carry out the reaction
represented by equations (4 and 5).

In conjunction with the phase transformation of
both the silica and the calcium phosphate compo-
nents, there were significant changes in serum protein
adsorption. The transformation of CaHPO, into
Ca,P,0; ss and B-Cas(PO,),ss significantly inhibited
protein adsorption. The enhanced protein adsorption
on CaHPO, could be attributed to the high ratio of
Ca-to-P sites on the material surface.® On the other
hand, the inhibition of protein adsorption onto the
surface of pyrophosphates and tricalcium phosphate
is due to the low ratio of Ca-to-P and high surface
negativity of [P,O,]* and [(PO,),]®, respectively. The
increase in surface negativity of the material makes
adsorption of negatively charged glycoprotein mole-
cules a thermodynamically unfavorable reaction
(AG>0).%° On the other hand, as Ca,P,0O, ss trans-
formed into B-NaCaPO, ss serum protein adsorption
was enhanced. The affinity of B-NaCaPO, ss towards
serum protein would be higher than that of Ca,P,O;ss
due to the presence of labile Na atom in the former
compound. Protein adsorption was also significantly
controlled by the crystallization and phase transfor-
mation of the silica phase(s). In all composites, the
crystallization of amorphous silica inhibited protein
adsorption. However, the degree of inhibition varied
depending on the concentration and nature of the
crystalline silica phase. Composites that contained
a-cristobalite ss adsorbed a significantly higher
amount of serum protein than those contained
L-quartz ss. The enhancement of protein adsorption
correlates well with the fact that a-cristobalite ss has a
comparatively open atomic structure, whereas the at-
oms in quartz are more closely linked.** Moreover,
a-cristobalite ss is characterized by a tetragonal struc-
ture, with less degree of symmetry than the hexagonal
structure of low quartz ss. Therefore, in biological
solutions, a-cristobalite ss becomes more polar than
L-quartz ss and can easily bind to the active sites of the
protein molecule. In addition, the formation of crystal
defects and solid solutions is expected to increase after
treatment at high temperature (800°C), which further
activates the material by providing charged surface
sites favorable for protein binding. It is also possible
that the surface characteristics of SCPC dictate a fa-
vorable protein conformation that enhances cell-ma-
terial interaction and tissue integration. A more de-
tailed study is currently underway in order to
understand the actual submolecular level mechanisms
involved in adsorption behavior.

When implanted in bone, SCPC showed an osteo-
conductive effect superior to that of BG. After 3 weeks,
bone defects grafted with C1S3 were filled with bone
tissue incorporating minimal residues of graft mate-
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rial. These results indicate that SCPC containing high
silica concentrations not only have a strong stimula-
tory effect on bone cell function but also resorb in
harmony with the rate of new bone formation. New
bone was also present within the marrow cavity that
was initially filled with graft material. The architecture
of the remodeled cortical bone and marrow resembles
that of normal healthy bone. This indicates that C1S3
material has a strong stimulatory effect on stem cell
differentiation into bone-forming cells (osteoblasts).
The superior bioactivity and resorbability of the Si-
rich calcium phosphate ceramic are due to the physi-
cochemical properties of its mineral constituents.
B-NaCalPQ, ss contains Na ions that weaken the bond
between Ca®" and the PO, in the crystal surface and,
hence, facilitate dissolution. Previous studies reported
that B-NaCaPO, has improved bioactivity compared
to hydroxyapatite due to its higher rate of solubility in
the body.”””® In addition, because of its enhanced
solubility, B-NaCaPO, ss can act as a weak interphase
for a-cristobalite ss and provide an easy path for struc-
ture debonding, which facilitates silica dissolution as
demonstrated in (Fig. 9). In conjunction with the en-
hanced silica release, rapid bone regeneration was
observed, which suggests that SCPC promoted bone
generation by releasing a substantial concentration of
soluble silicon inside bone defects. Previous studies
reported that soluble silicon may be responsible for
the increased metabolic activity of bone cells.***" It
should be noted that BG enhanced bone formation but
showed very limited resorbability compared to SCPC
samples. In conjunction with the low restorability of
BG in vivo, we observed a restricted material dissolu-
tion in vitro. ICP analyses indicated that the rate of Si
dissol