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Abstract

There is increasing interest in biodegradable ceramic scaffolds for bone tissue engineering capable
of /n situ delivery of ionic species favoring bone formation. Strontium has been shown to be
osteogenic, but strontium-containing drugs such as strontium ranelate, used in Europe for the
treatment of osteoporosis, are now restricted due to clinical evidence of systemic effects. By
doping fluorapatite-based glasses with strontium, we developed ceramic scaffolds with fully
interconnected macroporosity and cell size similar to that of cancellous bone, that are also capable
of releasing strontium. The crystallization behavior, investigated by XRD and SEM, revealed the
formation of akermanite and fluorapatite at the surface of strontium-free glass-ceramic scaffolds,
and strontium-substituted fluorapatite at the surface of the strontium-doped scaffolds. At 8 weeks
after implantation in a rat calvarial critical size defect, scaffolds doped with the highest amount of
strontium led to the highest mineral apposition rate. A significantly higher amount of newly-
formed bone was found with the strontium-free glass-ceramic scaffold, and possibly linked to the
presence of akermanite at the scaffold surface. We demonstrate by energy dispersive XRF analyses
of skull sections that strontium was present in newly formed bone with the strontium-doped
scaffolds, while a significant amount of fluorine was incorporated in newly formed bone,
regardless of composition or crystallization state.
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1. Introduction

Calcium phosphate-based ceramic scaffolds for bone graft substitutes have long been the
focus of extensive research work [1,2]. Synthetic bone graft materials are attractive as they
can be produced on a large scale. Polymeric synthetic scaffolds for bone replacement are
easily produced by 3D printing or additives technologies and are therefore attractive,
however, they lack essential mineral species and trace elements necessary for bone
formation. Although these essential species can be included in a large palette of glass
systems, only a limited compositional range exhibits adequate degradability and
biosolubility. For example, bioglasses and glass-ceramics within the compositional range
identified by Hench [3] are both bioactive and biodegradable. Calcium-phosphate based
ceramic scaffolds therefore represent a logical choice for /in situ delivery of calcium and
phosphate during the early stages of mineralized bone formation [4-6]. In addition to
calcium and phosphate, silicon, magnesium and a wide panel of metallic trace elements that
are incorporated into bone structure have been shown to hold a key role in osteogenesis and
angiogenesis, enhancing bone remodeling and repair processes [7]. Amongst these trace
metallic elements, strontium has been extensively studied due to its similarity in charge and
size with calcium, linked to its ability to substitute for calcium in the apatite structure [8]. It
is now well established that strontium replaces calcium in osteoblast-mediated processes and
enhances osteogenesis via osteoblast formation while preventing osteoclastic resorption.
Moreover, strontium has been shown to enhance the differentiation of osteoblasts into
osteocytes [9]. Osteocytes influence the function of osteoblasts and osteoclasts by producing
paracrine signals triggered by mechanical load and assume an important role in uncoupling
bone turnover [10-12]. These properties have prompted the development of strontium
ranelate, a drug that has been used clinically for more than a decade in Europe, as an orally
administered agent for the prevention of fractures associated with osteoporosis [10,13].
Unfortunately, its use is now strictly restricted due to clinical evidence of systemic effects
including a higher incidence of cardio-vascular events [14]. This clearly points out the
interest of developing bioactive strontium-containing ceramic scaffolds capable of /n situ
strontium release, thereby avoiding the systemic adverse effects of strontium ranelate.
Several research groups have investigated the effect of strontium additions to bioactive
glasses and glass-ceramics and demonstrated enhancement in apatite forming ability and
osteoblast formation and differentiation, as well as controlled ion release [15,16], while /n
vivo studies demonstrated enhanced bone regeneration [17-20]. However, few of these
studies investigated whether strontium was incorporated into newly formed bone. Our recent
work investigated the thermal behavior and microstructure of fluorapatite glass-ceramics and
the effect of strontium additions on their bioactivity and strontium-release ability [21,22]. It
was shown that strontium additions in this glass system led to a finer microstructure,
increased solubility and promoted sustained strontium release [23].
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The aim of the present work was to investigate the surface microstructure, macrostructure,
compressive strength and /7 vivo performance of strontium-releasing fluorapatite glass-
ceramics scaffolds in the SiO,—Al,03—-P,05-MgO-Na,0-K,0—-(Ca, Sr)O-CaF, system.
The overall hypothesis was that partial replacement of strontium for calcium in the glass
composition and further strontium release from the glass-ceramic scaffold would promote /in
vivo bone formation in a murine critical size calvarial defect.

2. Materials and methods

2.1. Glass preparation

Fluorapatite-based glasses in the SiOy~Al,03-P,05-MgO-Na;O0-K;0—(Ca(1.-x)Srx)O-CaF;
system, with increasing amounts of strontium from 0 to 24 mol% were prepared by mixing
adequate amounts of reagent grade oxides and carbonates, as previously described [23].
Glasses were labeled GSr-0, GSr-12 and GSr-24 to reflect the amount of strontium in the
composition (Table 1). The glasses were twice melted at 1525 °C for 3 h in platinum
crucibles and cast into cylindrical ingots that were further powdered and sieved to a particle
size of 45 pym or less.

2.2. Scaffold fabrication

The well-established foam replica technique was used for the preparation of the glass
scaffolds [24]. Briefly, a glass slurry was first prepared by mixing the sieved glass powder
with an aqueous solution of polyvinyl alcohol (PVA) at a concentration of 0.5 wt%. A 45 ppi
reticulated polyurethane foam with a pore size of about 600 um and strut diameter of about
150 pm (Foam Mart) was chosen as sacrificial template. Scaffolds were produced by two
successive immersions of polyurethane (PU) foam (Foam Mart) cylinders (12 mm in
diameter, 6 mm in height) in the glass slurry. The excess slurry was removed by compression
of the impregnated foams, followed by gentle blowing with compressed air. Impregnated
foam cylinders were dried at room temperature for 90 min and sintered under vacuum using
a previously reported Rapid Vacuum Sintering technique [25]. This technique allows
burnout step and sintering step to take place successively in one rapid firing cycle. The
heating rate was 55 °C per minute, the second firing was performed without vacuum.
Scaffolds were sintered at 790 °C, leading to glass (GSr-0) or glass-ceramic scaffolds
(GCSr-12 and GCSr-24). One group of the GSr-0 composition was further subjected to a
heat treatment at 785 °C for 1 h to promote the crystallization of fluorapatite (GCSr-0).
Glass-ceramic pellets of each composition were also prepared to analyze and image surface
and in-depth crystalline phases.

2.3. Scaffold characterization

Scaffold macrostructural features were investigated by scanning electron microscopy
(Hitachi S-4800 field emission SEM) on sintered scaffolds. Specimens were sputter-coated
with gold prior to SEM examination. Mean pore diameter and strut thickness were measured
on digital micrographs (1= 4 per group) using publicly available image analysis software
(NIH Image J 1.48v [26]).
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The mean density of the porous scaffolds (osca#/) Was calculated from the measured mass
and volume of the sintered cylinders (n7= 10). The bulk density of the scaffold struts (oso/is)
(n=10) was determined by helium pycnometry (AccuPyc Il 1340, Micromeritics). The
porosity p of the scaffolds was calculated using the following equation:

P scaffold (1)

p=1-
Psolid

The crystalline phases present after sintering were analyzed by x-ray diffraction (XRD) on
powdered scaffolds. Scans were performed in the two-theta range 10-90° (40 kV; 44 mA) in
Bragg-Brentano configuration (SmartLab, Rigaku Americas). Peak position was calibrated
using silicon powder standard (NIST, 640d). XRD patterns were analyzed using PDXL-2
analysis software (Rigaku Corporation). Additional scans were performed in grazing
incidence (GIXRD) on bulk glass-ceramic pellets to determine the nature of surface
crystalline phases (omega incidence angle of 3 degrees in parallel beam optics
configuration).

2.4. Compressive strength

The mean compressive strength was determined on cylindrical samples (3 mm in height, 8
mm in diameter, 7= 10 per group) using a Universal Testing machine equipped with a 5kN
load cell, at a crosshead speed of 0.5 mm/min according to ASTM D1621-10 [27]. Due to
the step-wise failure mode characteristic of macroporous scaffolds, only the first five major
peaks corresponding to a displacement equal or lower than 30% of the height of the
specimen were averaged and used for the determination of the mean breaking load. Peaks
occurring beyond this point were discarded to eliminate bias due to scaffold crumbling and
densification.

2.5. In vivo bone formation in a murine critical size calvarial defect model

2.5.1. In vivo protocol—The /n vivo response to the scaffolds was assessed using a
critical size rat calvarial defect model. The experimental protocol was approved by the
Institutional Animal Care and Use Committee of the University of lowa (IACUC #
4041017). Surgery was performed under general anesthesia. The site was prepared
aseptically and an incision was made along the sagittal plane of the cranium. A full
thickness flap was reflected and a standardized transosseous bone defect (8 mm in diameter)
was trephined at the center of the parietal bone under constant saline irrigation. Animals (7=
10 per group) were randomly assigned to one of the four treatment groups, namely GSr-0,
GCSr-0, GCSr-12 and GCSr-24, or to a negative control group which received no graft.
Intraperitoneal injections of calcein (10 mg/kg) and alizarin red (30 mg/kg) bone labels
(Sigma Aldrich, St Louis, MO) were administered at 3 and 5 weeks to mark new forming
bone surfaces.

2.5.2. Histological observations—Skulls were harvested, dehydrated in ascending
concentrations of ethanol (from 75% to 100%) and embedded in polymethylmethacrylate
(PMMA). Two sagittal sections of the central area of each defect were cut to a final
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thickness of approximately 40 um. Fluorescent labeling was observed using excitation/
emission wavelengths of 488/500-550 nm (calcein, green), and 543/580-670 nm (alizarin
red, red) on an epifluorescence microscope (Zeiss Axioscope-Al). The mineral apposition
rate (MAR) was calculated by dividing the inter-labeling distance (ILD) between calcein
green and alizarin red by the time interval between labeling periods (ILT), which was 14
days between the two consecutive biomarkers [28]. Other sections were stained with
Stevenel’s blue, followed by van Gieson’s picrofuchsin for qualitative observation of new
bone formation.

2.5.3. Micro-computed tomography (micro-CT) and x-ray microscopy
evaluations—Bone formation within the defect was investigated by /n vivo micro-
computed tomography (micro-CT) under inhalation anesthesia at 4 weeks (Skyscan 1176).
The scanner was operated at a voltage of 50 kV and a 500 pA current with a nominal
resolution of 8.85 um/pixel. In addition, ex-vivo analyses were also performed after sacrifice
at 8 weeks using the above-listed conditions.

To provide higher resolution images and improve the rendering of the bone-scaffold
interface, hemi-sectioned epoxy-embedded skulls were scanned by high resolution 3D x-ray
microscopy (Zeiss Xradia 520 Versa) at 80 kV, 7W, and 0.4x magnification with no
additional filter. 1601 projections were acquired with an exposure time of 2 s per projection.
Dynamic ring removal software was enabled, and secondary references were collected to
reduce ring artifacts. Images were reconstructed using the Xradia’s reconstruction software,
with down sampling of 1, beam hardening correction of 0.5, and a final reconstructed image
pixel size of 8.5 um. Images were visualized using ORS Visual SI Version 1.8.0 (ORS,
Montreal, Canada).

2.5.4. SEM and energy dispersive x-ray fluorescence spectrometry of skull
sections—Skull sections were polished to a 1 um finish prior to SEM examination. Energy
dispersive x-ray fluorescence spectroscopy qualitative analyses were performed on both
scaffold strut sections and newly formed bone to assess elemental diffusion.

2.6. Statistical analyses

3. Results

Results were analyzed by ANOVA and Tukey’s test to detect statistically significant
differences between groups. A p-value of less than 0.05 was considered statistically
significant.

3.1. Scaffold characterization

As mentioned earlier, the crystallization behavior, density and solubility of these glass
compositions were recently reported [23]. The focus of the present manuscript was to assess
the suitability of strontium-releasing compositions for producing synthetic scaffolds for bone
graft substitutes.

3.1.1. Macrostructure—Scanning electron micrographs showing the macrostructure of
the scaffolds are displayed in Fig. 1 (A through D). The results from pore size, strut diameter
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and porosity measurements are listed in Table 2. The amount of porosity increased with
strontium content in the composition, while there were no significant differences in mean
pore diameter. There were no significant differences in macrostructural characteristics
between the strontium free glass scaffolds (GSr-0) (Fig. 1A) and strontium-free glass-
ceramic scaffolds (GCSr-0) (Fig. 1B).

3.1.2. Microstructure—Higher magnification images showing the surface microstructure
are displayed in Fig. 1 (E through H). The in-depth microstructure of corresponding pellets
after polishing and etching with diluted aqueous solution of hydrofluoric acid is shown in
Fig. 1 (I through L). The strontium-free glass scaffold surface (GSr-0) was characterized by
the presence of submicrometer flower-shaped fluorapatite crystals, about 500 nm in diameter
(arrow), as previously described for this composition (Fig. 1E) [21,22,29].). As expected for
a glass, the corresponding in-depth microstructure was featureless (Fig. 11). The strontium-
free glass-ceramic scaffold surface (GCSr-0; Fig. 1F) was characterized by the presence of
cuboid crystals, about 150 nm in size (arrow), resting on a primary microstructure consisting
of densely packed flower-shaped fluorapatite crystals, about 1 pm in diameter (Fig. 1J).
Strontium-containing glass-ceramic scaffolds (GCSr-12; Fig. 1G and GCSr-24; Fig. 1H)
exhibited a generally smooth surface with only a few dispersed submicrometer platelets of
hexagonal shape (arrows). These platelets were approximately 100 nm in diameter for
GCSr-12 and about half that size for GCSr-24. The underlying microstructure consisted of
sparse Sr-substituted flower-shaped crystals, about 0.8 pm in diameter, for GCSr-12, (Fig.
1K) and densely packed Sr-fluorapatite flower-shaped crystals (about 0.5 pm in diameter)
for GCSr-24 (Fig. 1L).

3.1.3. Crystalline phases—Results from x-ray powder diffraction analyzes are displayed
in Fig. 2 (A-D). The amount of crystallization increased with the amount of strontium in the
glass composition. Traces of fluorapatite (PDF 15-876) were found in the as-sintered
strontium-free scaffolds (GSr-0), while fully crystallized fluorapatite was present after
crystallization heat treatment (GCSr-0). Strontium-substituted fluorapatite crystallized in the
strontium-containing glasses, in agreement with our previous work [23]. The extent of
strontium substitution in the fluorapatite structure was in line with the amount of strontium
in the glass composition [23,30-32].

Grazing incidence x-ray diffraction patterns of glass and glass-ceramic pellets are shown in
Fig. 3. Surface crystallization of fluorapatite was observed for the strontium-free glass pellet
(GSr-0; Fig. 3A). Akermanite (CaMg,Si»O7) crystallized in addition to fluorapatite for the
strontium-free glass-ceramic (GCSr-0; Fig. 3B). Only strontium-substituted fluorapatite was
found for GCSr-12 (Fig. 3C) and GCSr-24 (Fig. 3D).

3.1.4. Compressive strength—The mean compressive strength for the various groups is
summarized in Table 2. Scaffolds produced from the strontium-free composition, whether in
the as-sintered stage (GSr-0) or after heat treatment (GCSr-0), exhibited significantly higher
mean compressive strength than all other groups. The mean compressive strength of the
strontium-containing groups decreased with the amount of strontium in the composition but
differences between these two groups were not statistically significant (o> 0.05).
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3.2. In vivo study

3.2.1. Histological observations—Representative histological sections stained with
Stevenel’s blue-van Gieson picrofuschin are shown in Fig. 4 (A5 through E5).

The amount of new bone formed at 8 weeks (r7=5 per group) is reported in Table 2. The
strontium-free glass-ceramic group GCSr-0 had the highest amount of new bone formed
(Fig. 4A5), followed by group GCSr-24 (Fig. 4C5) and GCSr-12 (Fig. 4B5). Group GSr-0
had the lowest amount of new bone formation (Fig. 4D5). However, due to the high
variability observed with groups GCSr-12 and GCSr-24, there were no statistically
significant differences between groups (p > 0.05).

3.2.2. Mineral apposition rate—Histological sections showing new bone formation after
bone labeling with calcein and alizarin red fluorochromes, with corresponding merged
images and bright field images, are shown in Fig. 4 (A1l through E1, A2 through E2, A3
through E3 and A4 through E4, respectively). The inter-labeling distance was calculated by
measuring the area stained in green and associated radius, followed by the area stained in red
and associated radius. The mean inter-labeling distance was obtained from the difference
between the two radii. The mineral apposition rate (MAR, 7= 8 per group) was calculated
by dividing the inter-labeling distance between calcein green and alizarin red labels by the
time interval between fluorochrome injections, which was 14 days [33]. Results are
summarized in Table 2. A representative micrograph at higher magnification, showing both
fluorochromes for GCSr-24 is shown in Fig. 5.

The mean MAR between weeks 3 and 5 was 2.3 + 0.4 um/day for the negative control
group, which was not statistically different from group GSr-0. The mean MAR for group
GCSr-24 (9.2 + 3.7 um/day) was significantly higher than that of the control group or GSr-0,
but not significantly different from that of the other groups (p > 0.05). Although relating
only three data points, the relationship between strontium content and MAR was linear

(R%=0.968).

3.3. Ex-vivo micro-CT X-ray analyses

Representative 3D images of hemi-sectioned scaffolds and corresponding 2D projections are
displayed in Fig. 6.

The amount of new bone formation was significantly higher for GCSr-0, followed by
GCSr-24, which was not significantly different from GCSr-12 or GSr-0. Results are
summarized in Table 2.

3.4. SEM and energy dispersive X-Ray fluorescence (XRF) analyses of skulls sections

Results from semi-quantitative energy dispersive XRF analyses of skull sections after 8
weeks /in vivo are shown in Fig. 7 (A through D). Mean relative proportions of the main
elements found are displayed for at least eight point analyses on both newly formed bone
and scaffold material for each group. A representative skull cross section is shown in Fig.
7E. Higher magnification is shown in Fig. 7F, arrows indicate dissolution zone around
scaffold struts. It is interesting to note that a significant amount of fluorine, together with
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smaller amounts of aluminum and magnesium were found in newly formed bone, regardless
of composition. Of interest, small amounts of strontium (1-2 at%) were also present in
newly formed bone for GCSr-12 and GCSr-24.

4. Discussion

The amount of interconnected porosity and pore size observed in all groups fit the
established criteria for bone graft substitutes. These characteristics, specifically pore
interconnectivity, are paramount for successful angiogenesis and osteoconduction
throughout the scaffold structure, by allowing free permeation and nutrient circulation.

SEM characterization revealed that the strontium-free scaffolds, whether as-sintered or heat
treated, were adequately sintered, with homogeneous strut surface, while groups GCSr-12
and GCSr-24 exhibited a more granular appearance, with coalesced rounded particles,
indicative of less complete sintering. This can be explained by the effect of strontium on the
thermal behavior of glass-ceramics in this system, lowering the crystallization temperature
and narrowing the temperature window for adequate sintering. The lower degree of sintering
led to a greater amount of porosity and larger pore size, as sintering is associated with
dimensional shrinkage. Crystallization was confirmed by XRD analyses, showing a
significant amount of Sr-fluorapatite in groups GCSr-12 and GCSr-24. The lower degree of
sintering of these compositions is likely responsible for the significantly lower mean
compressive strength, compared to the strontium-free groups. The slightly higher mean
compressive strength of the strontium-free glass ceramic group (GCSr-0; 1.72 + 0.61 MPa)
compared to the strontium-free glass group (GSr-0; 1.52 + 0.55 MPa) reflects the effect of
crystalline reinforcement provided by the core crystallization of fluorapatite. However,
compressive strength values all reflect the mechanical integrity of the scaffolds, which is
adequate for use in non-load-bearing situations.

New bone formation was significantly higher for group GCSr-0, followed by GCSr-24,
GCSr-12 and GSr-0. These results point out the importance of surface microstructure in
osseointegration processes. It is well established that implant surfaces are a critical factor
determining local tissue response immediately after implantation, as well as endosseous
healing [34,35]. The present study revealed a significantly higher bone formation associated
with glass-ceramic scaffolds (GCSr-0) compared to glass scaffolds (GSr-0) of same
chemical composition and similar macrostructure, including pore size and porosity as well
as comparable compressive strength. It is important to note that the only difference between
these two groups was the presence of akermanite crystals (Ca,MgSi»O7) in the
submicrometer range at the surface of the struts (Fig. 1F), thereby in direct contact with the
surrounding tissues. GIXRD confirmed surface crystallization of akermanite (Fig. 3B). We
hypothesize that this type of microstructure is highly efficient in promoting contact
osteogenesis, providing crystalline anchors with a topography reminiscent of a cement line
at both the micro and nanoscale, thereby triggering osteoblastic activity. Conversely,
akermanite glass-ceramics have been shown to be bioactive and promote osteogenesis
[36,37].
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The mineral apposition rate (MAR) was highest for the GCSr-24 group (9.2 + 3.7 um/day),
while there were no differences between the other groups and the negative control group.
This confirms the efficacy of strontium in promoting osteoblastic activity. Our previous
work showed sustained release of strontium from these compositions [23]. Although group
GCSr-12 was associated with the second highest MAR (6.9 + 2.3 um/day), the amount of
strontium released may not have been sufficient to lead to a significant difference from the
negative control group. The mean MAR value obtained for the strontium-free glass (5.7

+ 2.2 um/day) and glass-ceramic (6.3 + 2.2 um/day) compare well with previously published
data in the literature, for calcium-phosphate-based silicate ceramics (5-6 um/day) [38].

The results from standard micro-CT and high-resolution x-ray microscopy (XRM) confirm
findings from histomorphometric analyzes, with new bone formation extending to the center
of the scaffolds for all experimental groups and highest new bone formation for GCSr-0 and
GCSr-24. Both optical and 3D x-ray microscopy also revealed the presence of a zone of
darker contrast and lower radiographic density forming the outer shell of the scaffold struts,
regardless of chemical composition (Fig. 6B through E and Fig. 7F). This zone is tentatively
identified as a reaction zone indicative of scaffold biodegradation and interaction with
surrounding cells and nutrients. This finding was expected, as we already reported the
bioactivity of these compositions, and their solubility in TRIS-HCI at pH 7.4, together with
sustained strontium release for relevant compositions [23]. The release of strontium from the
scaffolds for groups GCSr-12 and GCSr-24 was indirectly confirmed by its identification by
x-ray fluorescence spectrometry within newly formed bone for these compositions (Fig. 7C
and 7D). The incorporation of fluoride into newly formed bone is in line with previous
studies showing that fluoride is readily incorporated into bone when available during bone
formation [39,40]. Although present in the glass compositions in modest amount (0.8 mol
%), aluminum was also found in newly formed bone. This is not desirable as aluminum has
been shown to have negative effects on osteoblastic activity. However, we postulate that
aluminum-free glass compositions would possess very similar chemical and physical
properties due to the small amount involved.

5. Conclusion

In situ delivery of key elements is an attractive route to promote both angiogenesis and
osteogenesis. We first demonstrated sustained /n vitro release of strontium from fluorapatite-
based glass compositions, the present work shows evidence of /n vivo release leading to a
higher mineral apposition rate compared to undoped compositions.

The second important finding from this study is that both surface microstructure and
chemistry also played a key role in promoting new bone formation. The presence of
magnesium and silicon-rich akermanite crystals at the undoped glass-ceramic scaffold
surface was associated with higher /n vivo bone formation compared to the corresponding
glass scaffold surface.
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Statement of Significance

The present work demonstrates the /7 vivo action of strontium-containing glass-ceramic
scaffolds. These bone graft substitutes are targeted at non load-bearing bone defects.
Results show that strontium is successfully incorporated in newly formed bone. This is
associated with a significantly higher Mineral Apposition Rate. The benefits of /n situ
release of strontium are demonstrated. The broader scientific impact of this works builds
on the concept of resorbable ceramic scaffolds as reservoirs of ionic species capable of
enhancing bone regeneration.
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Fig. 1.

Sc%nning electron micrographs of various scaffolds. A and E: GSr-0, arrow indicates
fluorapatite crystal; B and F: GCSr-0, arrow indicates akermanite crystal; C and G:
GCSr-12, arrow indicates Sr-fluorapatite platelet; D and H: GCSr-24, arrow indicates Sr-
fluorapatite platelet; | through L: scanning electron micrographs of polished and etched
specimens showing underlying microstructure (I: GSr-0; J: GCSr-0; K: GCSr-12; L.:
GCSr-24).
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Fig. 2.
X-ray diffraction patterns of powdered scaffolds (A: GSr-0; B: GCSr-0; C: GCSr-12; D:
GCSr-24).
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Fig. 3.

Grazing incidence x-ray diffraction patterns of sintered glass and glass-ceramic pellet
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Two theta degrees

surfaces (A: GSr-0; B: GCSr-0; C: GCSr-12; D: GCSr-24).
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Fig. 4.
Representative histological skull sections. Al through E1: calcein label; A2 through E2:

alizarin red label; A3 through E3: combined labeling; A4 through E4: bright field image; A5
through E5: Stevenel’s blue-van Gieson picrofuschin staining. (Bar: 1 mm).
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Scaffold

Fig. 5.
Representative micrograph of histological skull section showing both fluorochromes labels
for GCSr-24. (bar: 100 um).
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Control

GCSr-12

GCSr-24

Fig. 6.
Representative 3D (left) and 2D (right) x-ray microscopy images of hemisectioned scaffolds

after 8 weeks /n vivo. A: negative control; B: GSr-0; C: GCSr-0; D: GCSr-12; E: GCSr-24.
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XRF EDS analyses - skull sections 8 weeks

404 NB: new bone
D , 24 mol.% Sr glass-ceramic - GCSr-24 S: scaffold

F Na Mg Al Si P K Ca Sr

C 12 mol.% Sr glass-ceramic - GCSr-12

F Na Mg Al si P K ca Sr

B .| Strontium-free glass-ceramic - GCSr-0

F Na Mg Al Si P K Ca

Strontium-free glass - GSr-0

[Z] New bone (NB)

W scafold (s)

F Na Mg Al Si P K Ca

Fig. 7.
Summary of EDS XRF analyses of skull sections at 8 weeks. A: GSr-0; B: GCSr-0; C:

GCSr-12; D: GCSr-24; E: representative skull section showing scaffold (S) and new bone
(NB); F: higher magnification showing glass-ceramic scaffold strut surrounded by
biodegradation zone (arrows).
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Table 1

Chemical composition of the glasses prepared (mol%).

GS-0 GSr-12 GSr-24

Sio,
MgO
Nb,Ox
CaO
SO
Na,O
K,0
Al,O5
CaF,
P,0s

315
21.2
0.2
24.0
0.0
2.3
3.8
0.8
11.2
5.0

315
21.2
0.2

12.0
12.0
2.3
3.8
0.8
11.2
5.0

315
21.2
0.2
0.0
24.0
2.3
3.8
0.8
11.2
5.0
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