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Abstract

There is a need for synthetic bone graft substitutes to repair large bone defects resulting from
trauma, malignancy, and congenital diseases. Bioactive glass has attractive properties as a scaffold
material but factors that influence its ability to regenerate bone in vivo are not well understood. In
the present work, the ability of strong porous scaffolds of 13-93 bioactive glass with an oriented
microstructure to regenerate bone was evaluated in vivo using a rat calvarial defect model.
Scaffolds with an oriented microstructure of columnar pores (porosity = 50%; pore diameter = 50—
150 pum) showed mostly osteoconductive bone regeneration, and new bone formation, normalized
to the available pore area (volume) of the scaffolds, increased from 37% at 12 weeks to 55% at 24
weeks. Scaffolds of the same glass with a trabecular microstructure (porosity = 80%; pore width =
100-500 um), used as the positive control, showed bone regeneration in the pores of 25% and
46% at 12 and 24 weeks, respectively. The brittle mechanical response of the as-fabricated
scaffolds changed markedly to an elasto-plastic response in vivo at both implantation times. These
results indicate that both groups of 13-93 bioactive glass scaffolds could potentially be used to
repair large bone defects, but scaffolds with the oriented microstructure could also be considered
for the repair of loaded bone.
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1. Introduction

There is a clinical need for the development of synthetic scaffolds to repair large bone
defects. In particular, the replacement of structural bone loss remains a challenging clinical
problem. Millions of patients in the United States alone suffer each year from considerable
bone loss resulting from trauma, malignancy, and congenital diseases, and this number is
expected to increase substantially with the doubling of the population over the age of 65
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years [1, 2]. Autogenous bone grafts, the gold standard for treatment, suffer from problems
such as limited supply and donor site morbidity. Bone allografts are alternatives but they are
expensive, and carry the risk of disease transmission and adverse host immune reaction. The
delivery of growth factors, such as bone morphogenetic protein-2 (BMP-2), from a
biodegradable carrier matrix, such as collagen, is used clinically for fracture and spinal
repair. However, growth factors are expensive, and concerns have been expressed about
possible links of high levels of growth factors to cancer and other complications [3, 4].
These problems have increased the need for synthetic bone graft substitutes.

Bioactive glasses are promising scaffold materials for bone regeneration because of their
ability to convert to hydroxyapatite (HA), the main mineral constituent of bone, as well as
their proven osteoconductivity and their ability to form a strong bond with bone and soft
tissues [5, 6]. However, three-dimensional (3D) scaffolds of bioactive glasses prepared by
many conventional methods often lack the requisite combination of porosity and mechanical
properties for the repair of load-bearing bones. The compressive strengths reported for
bioactive glass scaffolds prepared by many conventional methods are often lower than or
comparable to the values reported for human trabecular bone (2-12 MPa) [7-9].

In our previous work, a method based on unidirectional freezing of suspensions [10] was
used to form strong porous scaffolds of silicate 13-93 glass with an oriented microstructure
of columnar pores which might have potential application in loaded bone repair [11, 12].
Scaffolds (porosity = 50%; pore diameter = 50-150 um), created by unidirectional freezing
of organic (camphene)-based suspensions showed an elastic modulus of 11 + 3 GPa, in the
range of values reported for human cortical bone (5-15 GPa), and a compressive strength of
47 + 5 MPa, compared to a value of 100-150 MPa for human cortical bone. Bioactive glass
(13-93) scaffolds with a similar oriented microstructure have been shown to support the
proliferation and function of osteogenic MLO-A5 cells in vitro [13] and the infiltration of
soft (fibrous) tissue in a rat subcutaneous model [14]. However, the ability of those oriented
scaffolds to support bone regeneration in vivo was not evaluated.

It is known that bone regeneration in implants cannot be well predicted from their ability to
support soft tissue infiltration, and that the microstructure and mechanical properties of
porous scaffolds have a marked effect on host response [15]. Based on the promising
mechanical properties and favorable microstructure of the “oriented” 13-93 bioactive glass
scaffolds observed in our previous work, one objective of the present study was to evaluate
the ability of the scaffolds to support bone regeneration and integration in an animal model.
Another objective was to test the mechanical response of the scaffolds after implantation in
vivo. Implants were evaluated using histomorphometry, electron microscopy, and
mechanical testing techniques 12 and 24 weeks postimplantation. A rat calvarial defect
model was used because it is a standard, inexpensive assay to study new bone formation in
an osseous defect. Scaffolds of the same glass (13-93) with a microstructure similar to dry
human trabecular bone were selected as the positive control group in order to study
microstructural effects on bone regeneration; untreated defects served as the negative control

group.

2. Materials and Methods

2.1 Preparation of bioactive glass (13-93) scaffolds

Scaffolds of 13-93 bioactive glass (composition 53SiO,, 6Na,0, 12K,0, 5MgO, 20Ca0,
4P,05; wt %) with an oriented microstructure (referred to as “oriented” scaffolds) were
prepared by unidirectional freezing of organic (camphene)-based suspensions using a
method described in our previous work [11]. Scaffolds of the same bioactive glass with a
microstructure similar to dry human trabecular bone (referred to as “trabecular” scaffolds),
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the positive control group, were prepared using a polymer foam replication technique, as
described in detail elsewhere [14]. The open porosity and pore size distribution of the
scaffolds were measured using the Archimedes method and liquid extrusion porosimetry,
respectively, as described previously [11, 16]. Table | summarizes the characteristics of the
two groups of scaffolds. The as-fabricated constructs were sectioned and ground to form
thin discs (4.6 mm in diameter x 1.5 mm), washed twice with deionized water and ethanol,
dried, and dry-heat sterilized (12 h at 250 °C) prior to implantation.

2.2 Animals and surgical procedure

All animal experimental procedures were approved by the Animal Care and Use Committee,
Missouri University of Science and Technology. Twenty-six male Sprague Dawley rats (3
months old; weight = 350—400 g) were maintained in the animal facility for 2 weeks to
become acclimated to diet, water, and housing under a 12 hour/12 hour light/dark cycle. The
rats were anesthetized with a combination of ketamine (72 mg/kg) and xylazine (6 mg/kg)
and maintained under anesthesia with ether gas in oxygen. The surgical site was shaved and
scrubbed with iodine. Using sterile instruments and aseptic technique, a 2 cm cranial skin
incision was made in an anterior to posterior direction along the midline. The subcutaneous
tissue, musculature and periosteum were dissected and reflected to expose the calvaria. A
full-thickness defect (4.6 mm in diameter) was created in the central area of each parietal
bone using a saline-cooled trephine drill to prevent overheating of the bone margins and to
remove the bone debris. The dura mater was not disturbed. The bone defects were randomly
implanted with disc-shaped bioactive glass scaffolds (4.6 mm in diameter x 1.5 mm) from
each group (oriented or trabecular microstructure) or left empty. The periosteum and skin
were repositioned and closed using wound clips. All animals were intramuscularly given a
dose of ketoprofen (3 mg/kg), and allowed to recover. The condition of the surgical wound,
food intake, activity, and clinical signs of infection were monitored daily. After 12 and 24
weeks, the animals were sacrificed by CO, inhalation, and the calvarial defect sites with
surrounding bone and soft tissue were harvested for subsequent evaluation.

2.3 Synchrotron X-ray micro-computerized tomography analysis

Harvested samples from each group were analyzed using synchrotron X-ray micro-
computerized tomography (SR microCT) at the Advanced Light Source synchrotron facility
at the Lawrence Berkeley National Laboratory, Berkeley, CA. The samples were analyzed in
a monochromatic X-ray beam of 22 keV and a resolution size of 1.7 um voxels. The
transmitted X-rays were imaged via a scintillator, magnifying lens, and digital camera. The
samples were scanned in the absorption mode, and the images were obtained using a filtered
back-projection algorithm. In this mode, the gray scale values of the reconstructed image are
representative of the absorption coefficient.

2.4 Histology

The harvested samples were fixed in 10% buffered formaldehyde for 3 days, and then
transferred into 70% ethyl alcohol. Each sample was carefully cut in half using a diamond
wire saw (Model 850, South Bay Technology Inc., San Clement, CA) for paraffin-
embedding and poly(methylmethacrylate) (PMMA)-embedding respectively. Tissue samples
for paraffin sections were decalcified in 14 % ethylenediaminetetraacetic acid (EDTA)
solution for 8 weeks, dehydrated in a series of graded ethanol, and embedded in paraffin.
Longitudinal sections cut at 5 pm were used for hematoxylin and eosin (H&E) staining.

The undecalcified samples were embedded in PMMA. The fixed samples were dehydrated
using ethanol, infiltrated with MMA monomer and polymerized [17]. The samples were
affixed to acrylic slides and ground down to 40 pm using a surface grinder (EXAKT 400CS,
Norderstedt, Germany). The plastic sections were stained using the von Kossa technique

Acta Biomater. Author manuscript; available in PMC 2014 January 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Liuetal. Page 4

[18]. Transmitted light images of the stained sections were taken with an Olympus BX 50
microscope connected with a CCD camera (DP70, Olympus, Japan).

2.5 Histomorphometric analysis

Light micrographs of H&E stained sections were used for histomorphometric analysis of
bone regeneration within the defects. The entire defect area was measured, from one edge of
the original calvarial bone, including the glass scaffold and tissue within, to the other edge
of the host bone. Bone regeneration and the pore phase within this area were outlined and
measured using NIH Image J software. Total bone regeneration was determined using 2
methods: (1) by normalizing the area of new bone to the total defect area, and (2) by
normalizing the area of new bone to the available area of the pore phase in the scaffolds.
Von Kossa positive area was determined from light micrographs of von Kossa stained
sections. The dark area indicating mineralization was outlined and measured by NIH Image
J, and the percent mineralization was normalized to the total defect area. For each
implantation time, 5 samples for each group were evaluated, and the results are presented as
a mean * standard deviation.

2.6 Scanning electron microscopy and energy-dispersive X-ray analysis

Unstained sections of the implants in PMMA were coated with carbon and examined in a
field-emission scanning electron microscope, FE-SEM (S-4700; Hitachi, Tokyo, Japan)
equipped with an energy dispersive X-ray (EDS) spectrometer (Apollo X; EDAX, Inc.) to
analyze morphological and compaositional changes resulting from the bioactive glass
conversion. The observations were performed at an accelerating voltage 15 kV and a
working distance of 12 mm. The Ca/P atomic ratio was determined using the EDAX Genesis
program, with synthetic hydroxyapatite and 13-93 glass as standards. Three randomly
selected regions were analyzed, and the results are presented as a mean + standard deviation.

2.7 Mechanical testing

After the animals were sacrificed, the bioactive glass implants with a layer of surrounding
bone were removed using a trephine drill (inner diameter = 5 mm). The host bone
surrounding the implants was trimmed with dental burs, leaving a disc-shape sample ~4.6
mm in diameter and ~ 1.5 mm in thickness. The implants were wrapped in gauze previously
soaked in phosphate-buffered saline (PBS) to limit drying, kept at —20°C, and thawed to
room temperature before testing [19]. The mechanical response of the implants was
evaluated using a diametral compression test [20]. This test was used because of the small,
disc-shaped geometry of the implants. The test is valid for determining the tensile strength
of materials that show elastic deformation prior to failure. However, it has also been used to
compare the response of materials that deform plastically [21-23] by considering the load to
failure.

For each group, 5 samples were tested at each implantation time (deformation rate = 0.5
mm/min). After testing, the samples were freeze-dried (Freezezone 4.5, Labconco Corp.,
Kansas City, MO) to maintain the as-fractured morphology, mounted in epoxy resin,
sectioned, and polished. The polished cross sections were coated with carbon and examined
in an FE-SEM (Hitachi; S-4700) using the backscattered electron (BSE) mode at an
accelerating voltage of 15 kV and a working distance of 13 mm.

For comparison, as-fabricated bioactive glass scaffolds with the oriented microstructure and
dimensions similar to those of the implants (5 mm in diameter x 1.5 mm) were immersed in
simulated body fluid (SBF) [24] at 37°C for 12 and 24 weeks, and tested under the same
conditions. Five samples were tested for each immersion time.
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2.8 Statistical analysis

The results are presented as a mean + standard deviation. For each group of bioactive glass
implants, analysis for differences in total bone regeneration and von Kossa positive area
between implantation times was performed using one-way analysis of variance (ANOVA)
with Tukey’s post hoc test; differences were considered significant for p < 0.05.

3. Results

The microstructural and mechanical properties of the as-fabricated oriented and trabecular
scaffolds used in the present study were similar to those described in our previous work [11,
16]. They are summarized in Table I, and images of the cross sections are shown in Fig. 1
for reference.

3.1 Bone regeneration and integration

SR microCT images of the scaffolds in the rat calvarial defects 12 and 24 weeks
postimplantation (Fig. 2) allowed observation of bone regeneration and integration of the
scaffolds with host bone. The images shown are for a plane half-way along the thickness of
the implant. The differences in gray-scale in the images resulted from atomic mass and
density differences of the elements in the material [25]. The unconverted bioactive glass,
calcium phosphate material resulting from the glass conversion, and mineralized tissue have
a higher calcium concentration and they showed a light-gray color. In comparison, soft
tissue and calcium-depleted regions within the implants were dark-gray.

Twelve weeks postimplantation, new bone formation was found mainly within the oriented
scaffold, with little new bone ingrowth and integration at the periphery (edge) of the
implants (as revealed by the gaps at the interface between the implant and host bone) (Fig.
2a). Bone regeneration was higher at 24 weeks, and there was better integration between the
scaffold and host bone (Fig. 2b). In comparison, the trabecular scaffolds showed new bone
growth predominantly at the periphery of the scaffolds at 12 weeks, and there was good
integration of the scaffold with host bone (Fig. 2c). At 24 weeks, bone regeneration was
higher within the scaffolds and at the periphery (Fig. 2d).

Transmitted light images of H&E stained sections of the oriented and trabecular scaffolds
implanted for 12 and 24 weeks in the rat calvarial defects are shown in Fig. 3. Twelve weeks
postimplantation, new bone formation (B) and bridging of the defect occurred
predominantly on the bottom (dural side) of the oriented implant (Fig. 3a, c). Bone
regeneration in the implants and integration with host bone (O) was higher at 24 weeks (Fig.
3b, d). In comparison, the trabecular implants showed new bone growth (B) predominantly
at the periphery of the implants, with little new bone formation on the dural side at 12 weeks
(Fig. 3e). The amount of bone ingrowth was higher at 24 weeks, both at the periphery and
on the dural side of the implants, and bony “islands” were present within the implants (Fig.
3f). In general, bone regeneration and integration observed from the H&E stained sections
are compatible with the observations from the SR microCT images discussed previously. In
the untreated defects, a thin layer of new bone was found at the defect margin after 12
weeks, and most of the defect was filled with compressed fibrous connective tissue. A thin
layer of bone formed after 12 weeks failed to bridge the defect after 24 weeks (Fig. 3g, h).

Histomorphometric analysis showed that total bone regeneration in the implants increased
significantly from 12 to 24 weeks (Fig. 4). For the oriented implants, total bone regeneration
normalized to the total defect area was 18 = 3% at 12 weeks and 24 + 2% at 24 weeks.
When normalized to the available pore area in the scaffolds, total bone regeneration was 37
+ 8% and 55 + 5% at 12 and 24 weeks, respectively. Total bone regeneration in the
trabecular implants was 19 + 9% and 36 + 12% at 12 and 24 weeks, respectively, when
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normalized to the total defect area; when normalized to the area of the pore phase, the values
were 25 + 12% and 46 = 13% at 12 and 24 weeks, respectively.

3.2 Mineralization of bioactive glass implants

Conversion of the oriented bioactive glass implants to an HA-like material in the rat
calvarial defects was examined in an FE-SEM using BSE imaging for differences in phase
and EDS mapping for elemental distributions of Ca (K), P (K), and Si (K) (Fig. 5). Twelve
weeks postimplantation, BSE images of planar sections of the implants showed 3 regions: a
light-gray inner core, a darker transition region, and a light-gray outer layer (Fig. 5a). Based
on the EDS mapping (Figs. 5b—d), the inner core, rich in Ca and Si, was presumably an
unconverted glass core (denoted G). The transition layer was found to be a Si-rich layer with
low concentration of Ca and P (denoted S), while the outer layer, rich in Ca and P, was the
converted layer, presumably an HA-like material (denoted H). At 24 weeks, the unconverted
glass core had almost disappeared, leaving a Si-rich core (S), and the HA-like outer layer
(H) was thicker.

The Ca/P atomic ratios in the different regions of the implants are shown in Table Il. The
Ca/P ratios in the regions of newly formed bone and the converted (HA-like) layer at 12 and
24 weeks were comparable to the value for stoichiometric HA (1.67). The glass region had a
high Ca/P ratio (6.4 + 0.4), comparable to the theoretical value for 13-93 glass (6.5). At 12
weeks, the Ca/P ratio of the Si-rich layer (2.6 £ 0.2) was between the values for HA and the
glass. With an increase in the implantation time to 24 weeks, the Ca/P ratio of the Si-rich
region decreased to 1.9 = 0.1. For both implantation times, the tissue appeared to bond
directly to the outer converted layer (H) of the implant. The presence of microcracks in the
implant and the gap between the bone (B) and the surface of the implant (H) in Fig. 5a was
presumably caused by capillary stresses during drying of the implant and by shrinkage
stresses during embedding in PMMA.

Von Kossa stained images (Fig. 6) showed the mineralized phase in the defects. The positive
stained areas indicated the presence of phosphate material [26]. Both the newly formed bone
and the HA-like converted layer of the scaffold were stained dark whereas the unconverted
glass (low in phosphate content) transmitted light. The regions of new bone formation were
similar to those observed previously in the H&E stained sections. For both groups of
implants, the total mineralized area, normalized to the total defect area, increased
significantly with implantation time from 12 to 24 weeks (Fig. 7), as a result of the increase
in bone regeneration and conversion of the bioactive glass implant to an HA-like material.

3.3 Mechanical response of bioactive glass implants

The response of the bioactive glass scaffolds (applied force vs. displacement) determined in
the diametral compression test is shown in Fig. 8. The results are shown for the oriented
scaffolds as fabricated and after immersion in SBF for 12 and 24 weeks, and for the oriented
and trabecular scaffolds implanted in rat calvarial defects for 12 and 24 weeks. (The curves
were arbitrarily shifted along the x-axis to maintain clarity.) As fabricated, the oriented
scaffolds showed a typical elastic response followed by failure: the load increased almost
linearly with deformation before fracture at a load of 88 =+ 17 N. After immersion in SBF, an
elastic response was still observed but the load at fracture decreased markedly, to 38 = 5 N
at 12 weeks and 34 + 7 N at 24 weeks. As shown for trabecular scaffolds of 13-93 glass, the
decrease in compressive strength as a function of immersion time in SBF can be modeled in
terms of a reduction in the effective cross sectional area of the glass struts for load bearing
due to conversion of the surface layer of the glass to a mesoporous HA-like material [27].
However, additional factors, such as an increase in the critical flaw size resulting from
corrosion in SBF, could also contribute to the decrease in failure load.
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In comparison, the scaffolds showed a markedly different mechanical response after
implantation in vivo. An elasto-plastic response was observed, in which the load initially
increased approximately linearly with deformation (Region 1), followed by Region 2 in
which the deformation showed a large increase with a small change in load, and finally
Region 3 in which the load increased more steeply, presumably due to compaction of the
sample. For the oriented implants, the load at the yield point (taken as the load at
approximately the elastic limit) was ~11 N at 12 weeks, and it showed little increase (to ~13
N) at 24 weeks. The trabecular scaffolds implanted for 12 weeks were too weak to be tested
in the mechanical testing machine; 24 weeks postimplantation, the load at the yield point
was ~4 N.

The load vs. displacement response of the scaffolds after implantation in vivo showed a
large degree of scatter which is believed to result from two main sources. First, the size of
the implants used in the rat calvarial defect model was small (4.6 mm x 1.5 mm); as a result,
small variations in the overall geometry can have a marked effect on the mechanical
response. Second, the distribution of new bone within the implants was not homogeneous;
for the implantation times used, new bone infiltrated only the lower part of the oriented
scaffolds.

The energy absorbed during the deformation of the scaffolds was estimated from the area
under the force vs. displacement curve [28]. For the scaffolds implanted in vivo, the area
was determined up to a deformation of 40%, which corresponded approximately to the
deformation at which compaction of the sample started to occur. For the oriented scaffolds
implanted for 12 and 24 weeks, the energy absorbed during the deformation (20 mJ) was 2—
3 times the value of the as-fabricated scaffolds and ~20 times the values for the oriented
scaffolds immersed in SBF for similar periods.

4. Discussion

The results of the present work provided new information for the potential use of strong
porous bioactive glass (13-93) scaffolds with an oriented microstructure in bone repair. In
particular, the results provided information on the ability of the oriented implants to
regenerate bone and integrate with host bone, and on the mineralization and mechanical
response of the implants in a bone defect model. While the animal model used was a non-
loaded bone defect model, the results are useful for designing scaffolds to be used in the
more demanding application of loaded bone regeneration.

4.1 Bone regeneration and integration

While the oriented and trabecular scaffolds were both capable of supporting bone
regeneration in rat calvarial defects, the microstructure strongly influenced the way in which
new bone infiltrated the implant and the integration of the implant with host bone (Figs. 2,
3). Twelve weeks postimplantation, new bone formed mainly on the dural (bottom) side of
the oriented implants, with little bone ingrowth into the periphery (edge) of the implants. At
24 weeks, there was an improvement in total bone regeneration, bone infiltration into the
periphery of the implants, and integration with host bone were higher. In comparison, the
trabecular implants showed bone regeneration predominantly into the periphery of the
implants and better integration with host bone than the oriented implants at 12 weeks (Figs.
2, 3).

The difference in bone infiltration in the two groups of scaffolds (at the periphery versus the
dural side) may result from differences in the scaffold architecture. Previous studies have

shown that in addition to porosity and pore size, other factors such as pore interconnectivity,
the size of the opening between adjacent pores, permeability, and microstructural anisotropy
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of the scaffolds can have an important effect on bone infiltration [29—-30]. Whereas the
trabecular scaffolds had a larger porosity (~80%) and pore size (100-500 um), the more
tortuous pore channels could limit bone ingrowth to the periphery. In comparison, the
oriented scaffolds had a lower porosity (~50%), and the pore diameter (50-150 pm) was
comparable to the minimum pore size shown to be favorable for bone ingrowth [31, 32].
However, the oriented pores were connected at several positions along their length, and the
pore channels were less tortuous, which could facilitate bone ingrowth into the interior of
the scaffolds. Despite the larger pore size, new bone formation in the trabecular scaffolds
based on the available pore area (volume) was 46 + 13%, compared to 55 + 5% for the
oriented scaffolds (Fig. 4b). This might be a further indication that the tortuosity of the pore
channels played an important role in controlling bone infiltration in the scaffolds.

It has been observed that the dura mater, pericranium, and surrounding bone can each
influence osteogenesis differently in rabbit calvarial defects [33]. The dura was more
osteogenic than the pericardium, and it appeared to be the source of bone growth on the
dural side and in the interior of implants, whereas the pericranium appeared to enhance bone
growth into the periphery. Since the mechanism of bone growth at the periphery could be
different from that into the interior of the scaffolds, the architecture of the scaffolds could
also influence bone growth at the periphery relative to the interior. Apparently, the
trabecular microstructure was more conducive to bone growth from the pericranium and
surrounding bone, whereas the oriented microstructure was better at supporting bone
ingrowth from the dura mater.

In practice, the method used to create the oriented scaffolds used in this study (unidirectional
freezing of suspensions) has a limited ability for substantially increasing the pore diameter
of the scaffolds. Furthermore, an increase in the pore diameter is achieved mainly at the
expense of lowering the mechanical properties of the scaffolds [11]. Consequently, use of
these oriented bioactive glass implants for the repair of loaded bone may require additional
considerations for accelerating bone ingrowth and integration.

4.2 Mineralization of scaffolds in vivo

A distinctive property of bioactive glasses is their conversion to an HA-like material
(mineralization) in vivo [5, 6]. The HA-like layer grows as conversion of the bioactive glass
continues with time, leading to a continuous degradation of the scaffold mechanical
properties. Conversion of a bioactive glass in vitro (in SBF) is sometimes used as a guide to
its mineralization in vivo, but the in vitro kinetic data might not be very applicable to the in
vivo environment. The results of this study showed that 13-93 glass converted faster in rat
calvarial defects than in SBF in vitro. SEM showed that after immersion in SBF for 24
weeks, the oriented scaffolds consisted of a converted layer ~10 pm thick, an SiO,-rich layer
(~3 um), and a considerable amount of unconverted glass (results not shown). In
comparison, 24 weeks postimplantation, the oriented scaffolds were almost completely
converted to an HA-like material (~30 pum thick) surrounding a SiO»-rich core, with little
unconverted glass (Fig. 5). The faster conversion of 13-93 bioactive glass in vivo
presumably resulted from the more dynamic environment of the body (compared to the more
static in vitro system), and the presence of electrolytes, proteins, and biological polymers in
the body fluid [34, 35].

An interesting observation was that EDS analysis showed the presence of Si in the converted
layer of the bioactive glass, with a concentration gradient from the SiO-rich interior to the
surface of the implant (Fig. 5). Apart from a difference in rate, the conversion of 13-93
bioactive glass to HA appears to follow a mechanism similar to that of 45S5 bioactive glass
[5], resulting in the formation of an HA-like material surrounding an SiO,-rich core.
Previous studies have suggested that degradation of the SiO,-rich core occurred
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continuously by cellular resorption and Si transport through the HA-like material, followed
by Si dissolution [35, 36]. The solubility of silica in water is ~0.015 wt% at 37 °C [37], and
silicon substitution in HA is <2 wt% [38]. The observed Si concentration in the implants
may be due to degradation of the SiO,-rich core and transport from the high concentration at
the interface with the HA-like material to the low concentration at the surface of the implant.

4.3 Mechanical response of scaffolds in vitro and in vivo

Another interesting finding of the present study was the marked difference in mechanical
response between the scaffolds after immersion in SBF in vitro (elastic response in which
the load to failure decreased with immersion time) and after implantation in vivo for 12 and
24 weeks (elasto-plastic response) (Fig. 8). This difference presumably resulted mainly from
the infiltration of new bone and soft tissue into the scaffolds in vivo. A composite structure
was formed, consisting of unconverted glass, HA-like material formed by partial conversion
of the glass, and tissue (new bone and soft tissue) infiltrated into the pores of the scaffold
(Fig. 5a, e). The infiltrated tissue presumably provided a deformable matrix for the brittle
glass and HA-like material. Scaffolds implanted for 12 and 24 weeks in rat calvarial defects
returned to their original geometry following the diametral compression test. SEM
examination of the implants after testing (Fig. 9) showed that while the glass phase had
fractured into several pieces, it was held together by the matrix composed of new bone and
soft tissue.

The mechanical response of the bioactive glass scaffolds observed in this study is
compatible with the results of recent studies which showed that the brittle failure of porous
ceramics can be altered after implantation in vivo or after infiltration with polymers in vitro.
Porous HA scaffolds, with a brittle response as fabricated, showed an elasto-plastic response
in compression after implantation for 8 weeks in an rhBMP-2 driven ectopic bone model in
muscle [39]. Coating or infiltrating porous glass or ceramic scaffolds with a biodegradable
polymer resulted in an improvement in toughness and an elasto-plastic response in
compression [40-42]. The toughness of the scaffolds, determined from the energy absorbed
per unit volume during deformation, could be increased by 2—-20 times after incorporation of
the polymer phase [7, 40, 43]. Scaffolds with compressive strengths of ~0.1-0.5 MPa as
fabricated, had toughness values of ~40-250 kJ-m™3 after coating or infiltrating with a
polymer phase [43-45], while scaffolds with higher compressive strengths (~10 MPa) had
toughness values up to ~1000 kJ-m~3 [41]. In the present study, the energy absorbed during
deformation of the oriented scaffolds (implantation time = 12 or 24 weeks) was ~800
kJ-m~3, in the higher range of values reported for bioactive glass scaffolds coated or
infiltrated with a polymer phase.

The results of the present in vivo study showed the ability of oriented bioactive glass (13—
93) scaffolds to support bone regeneration, almost complete conversion within 24 weeks,
and development of a desirable elasto-plastic response. In general, upon implantation of a
bioactive glass scaffold in a bone defect, the strength of the scaffold decreases with time due
to conversion of the glass to an HA-like material, but this should be countered by an
increase in strength due to bone ingrowth. A key issue for application of these oriented
scaffolds in loaded bone repair is matching the conversion rate of the glass with the rate of
bone regeneration to provide the requisite mechanical properties. This issue is being
addressed in our current work.

5. Conclusion

Strong porous scaffolds of 13-93 bioactive glass with an oriented microstructure of
columnar pores (porosity = 50%; pores diameter = 50-150 um) showed the capacity to
regenerate bone in rat calvarial defects. Bone regeneration in the oriented implants
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normalized to the available pore area (volume) increased from 37% at 12 weeks to 55% at
24 weeks. Scaffolds with a trabecular microstructure (porosity = 80%; pore width = 100-
500 um), used as the positive control, showed bone regeneration in the pores of 25% and
46% at 12 and 24 weeks, respectively. Conversion of the bioactive glass implants in vivo
was more than 3 times faster than in vitro (immersion in simulated body fluid), resulting in
almost complete conversion of the glass 24 weeks postimplantation. The mechanical
response of the implants changed markedly from a brittle response in vitro (as fabricated or
after immersion in simulated body fluid) to an elasto-plastic response after implantation in
vivo for 12 or 24 weeks. Together, the results indicate promising potential for the use of
these oriented bioactive glass scaffolds in the repair of loaded or non-loaded bone.
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Fig. 1.

Optical images of disc-shaped bioactive glass (13-93) scaffolds with (a) an oriented
microstructure and (b) a trabecular microstructure (positive control). SEM images of cross
sections of the oriented and trabecular scaffolds are shown in (c) and (d), respectively. The
cross section in (c) is perpendicular to the pore orientation direction.
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Fig. 2.

Synchrotron micro-computerized X-ray tomography (SR microCT) images of oriented
scaffold after implantation for 12 weeks (a) and 24 weeks (b), and trabecular scaffold after
implantation for 12 weeks (c) and 24 weeks (d). The distribution of old bone (O), new bone
formation (B) and the bioactive glass scaffold (S) is shown.

Acta Biomater. Author manuscript; available in PMC 2014 January 01.



Liuetal.

Page 15

Fig. 3.
H&E stained sections of rat calvarial defects implanted with oriented scaffolds at 12 weeks

(a, ¢) and 24 weeks (b, d); defects implanted with trabecular scaffolds at 12 weeks (e) and 24
weeks (f), and untreated defects at 12 weeks (g) and 24 weeks (h). Stained sections at higher
magnification (c, d) show new bone (B) in the pores of the oriented scaffolds (S) at 12
weeks and 24 weeks. Arrows indicate the edges of the old bone. Scale bar = 1 mm for (a,b
and e-h), and 200 pm for (c, d).
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Histomophometric analysis of H&E stained sections showing total bone regeneration in rat
calvarial defects implanted with oriented and trabecular scaffolds at 12 and 24 weeks: ()
normalized to the total defect area; (b) normalized to the available pore area of the scaffolds
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Acta Biomater. Author manuscript; available in PMC 2014 January 01.




1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Liuetal.

Page 18

Fig. 5.

SEM backscattered electron images and X-ray maps for Ca (K), P(K) and Si(K) for oriented
bioactive glass scaffolds after implantation for 12 weeks (a—d) and 24 weeks (e-h) in rat
calvarial defects. Mineralized tissue (B) was formed adjacent to the hydroxyapatite (HA)-
like layer (H) formed on the surface of the glass. G denotes the unconverted glass, and S the
SiO-rich layer or SiO,-rich core.
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Fig. 6.

Von Kossa stained sections of rat calvarial defects implanted with oriented scaffolds at 12
weeks (a) and 24 weeks (b), defects implanted with trabecular scaffolds at 12 weeks (c) and
24 weeks (d), and empty defects at 12 weeks (e) and 24 weeks (f). Arrows indicate the edges
of the old bone.
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Fig. 7.

Histomophometric analysis of von Kossa positive area (total mineralized area of new bone
and HA-like layer of scaffold) in rat calvarial defects implanted with oriented and trabecular
scaffolds 12 weeks and 24 weeks postimplantation (*significant difference between
scaffolds: p<0.05).
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Fig. 8.

Force vs. displacement response for oriented scaffolds as fabricated, after immersion in SBF
for 12 and 24 weeks, and after implantation in rat calvarial defects for 12 and 24 weeks. The
response of trabecular scaffolds (positive control) after implantation for 24 weeks is also
shown. (The curves were arbitrarily shifted along the x-axis to maintain clarity.)
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Fig. 9.

SEM backscattered images showing the cross-sections of (a) oriented scaffolds and (b)
trabecular scaffolds after implantation in rat calvarial defects for 24 weeks and testing in the
diametral compression test. (S: converted bioactive glass scaffold; B: mineralized tissue)
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Table Il

EDS data for the Ca/P atomic ratio in different regions of 13-93 bioactive glass scaffold with an oriented
microstructure after implantation for 12 and 24 weeks in rat calvarial defects. (The regions of the scaffold
examined are shown in Fig. 5a, e).

Time (weeks)  Bone (B)  Ha-like Iayerl SiO,-rich layer/core (S)  Glass core (G)

(H)
12 1.72+£0.03 1.75+0.04 26+0.2 6.4+04
24 1.52 +0.06 1.68 +0.03 1.9+0.1 -

'ZCa/P atomic ratio for stoichiometric HA = 1.67
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