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PUBLICATION DISSERTATION OPTION

The body of this dissertation has been compiled in the format for publication in
peer-reviewed journals. Five papers have been included in the following order. The first
paper, “Oriented Bioactive Glass (13-93) Scaffolds with Controllable Pore Size by
Unidirectional Freezing of Camphene-based Suspensions: Microstructure and
Mechanical Response,” was published in Acta Biomaterialia in 2011, in Volume 7, Issue
1, pages 406-416. The second paper, “Porous and Strong Bioactive Glass (13-93)
Scaffolds Prepared by Unidirectional Freezing of Camphene-based Suspensions” was
published in Acta Biomaterialia in 2012, in Volume 8, Issue 1, pages 415-423. The third
paper “Bone Regeneration in Strong Porous Bioactive Glass (13-93) Scaffolds with an
Oriented Microstructure Implanted in Rat Calvarial Defects” was published in Acta
Biomaterialia in 2013, in Volume 9, Issue 1, pages 4889-4898. The forth paper,
“Mechanical Properties of Bioactive Glass (13-93) Scaffolds Fabricated by Robotic
Deposition for Structural Bone Repair “ was published in Acta Biomaterialia in 2013.
The fifth paper, “Enhanced Bone Regeneration in Rat Calvarial Defects Implanted with
Surface-modified and BMP-loaded Bioactive Glass (13-93) Scaffolds” was accepted for
publication in Acta Biomaterialia in 2013.

A sixth paper given in the appendix, titled “Conversion of Melt-derived
Microfibrous Borate (13-93B3) and Silicate (45S5) Bioactive Glass in a Simulated Body
Fluid”, was published in Journal of Materials Science: Materials in Medicine in 2013 in

Volume 24, Issue 3, pages 583-595.



ABSTRACT

Biocompatible scaffolds that replicate the structure and function of bone would be
ideal bone substitutes for structural bone loss, provided they have the requisite
mechanical properties for reliable long-term loading. In this dissertation, strong porous
scaffolds of silicate 13-93 bioactive glass, created with two different microstructures,
were evaluated to determine their mechanical properties and their capacity to regenerate
bone in a rat calvarial defect model. Scaffolds with an oriented microstructure of
columnar pores were prepared by unidirectional freezing of camphene-based suspensions,
followed by thermal annealing and sintering. By optimizing the freezing conditions,
annealing time, and sintering temperature, constructs (porosity = 50 +4%; average pore
diameter = 100 jum) were created with a compressive strength of 47 =5 MPa and an
elastic modulus of 11 +3 GPa (in the orientation direction). New bone formation in the
pore space of the scaffolds increased from 37% at 12 weeks to 55% at 24 weeks in vivo.
Scaffolds with grid-like microstructure (porosity= 47 £1%; pore width = 300 pm),
prepared by a robotic deposition (robocasting) technique, had a compressive strength (86
#+9 MPa) and an elastic modulus (13 2 GPa) comparable to human cortical bone, a
Weibull modulus of 12, and excellent fatigue resistance in compression. Bone
regeneration in the as-fabricated scaffolds in vivo (32% at 6 weeks) was significantly
enhanced (to ~60%) by a surface treatment in an aqueous phosphate solution or loading
the surface-treated scaffolds with bone morphogenetic protein-2 (1 pg/defect), prior to
implantation. Scaffolds of 13-93 bioactive glass with a grid-like microstructure prepared
by robocasting, showing better mechanical properties and a greater capacity to support

bone formation, are more promising in structural bone repair.
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1. PURPOSE OF THIS DISSERTATION

The main purpose of this Ph.D. research was to create and evaluate strong porous
scaffolds of bioactive glass with controlled architectures for potential applications in
loaded bone repair.

Bioactive glass and ceramics have been widely investigated for healing bone
defects, because of their ability to enhance bone formation and to bond with surrounding
tissue. The glass designated 13-93 (53 SiO,, 6 Na,0, 12 K,0; 5 MgO, 20 CaO and 4
P,0s, wt%) is a silicate-based bioactive glass with a modified 45S5 composition, which
has better processing characteristics by viscous flow sintering than the 45S5 bioactive
glass. When fabricated into 3D scaffolds, the 13-93 bioactive glass can be sintered to
high density without crystallization, which leads to optimum scaffold strength. Previous
research in our research group (Fu, Huang et al) showed that the 13-93 bioactive
scaffolds with an oriented microstructure, prepared by unidirectional freezing of
suspensions, and scaffolds with a grid-like microstructure, prepared by a solid freeform
fabrication (SFF) technique, had higher mechanical properties than scaffolds prepared by
more conventional methods, such as the polymer foam replication technique, which make
them potential candidates for loaded bone repair.

In this work, the oriented 13-93 bioactive glass scaffolds were fabricated by a
unidirectional freezing method and their ability to support bone regeneration were
evaluated in osseous defects. The 13-93 bioactive glass scaffolds with grid-like
microstructure were prepared by a robotic deposition method. The mechanical properties
and the ability to support bone regeneration of the scaffolds were studied and compared

with those of the oriented scaffolds.
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ABSTRACT

Scaffolds of 13-93 bioactive glass (composition 6.0 Na,O, 7.9 K,0, 7.7 MgO,
22.1 Ca0, 1.7 P,0s, 54.6 SiO, (mol.%)) containing oriented pores of controllable
diameter were prepared by unidirectional freezing of camphene-based suspensions (10
vol.% particles) on a cold substrate (-196 °C or 3 °C). By varying the annealing time (0—
72 h) to coarsen the camphene phase, constructs with the same porosity (86 £1%) but
with controllable pore diameters (15-160 jm) were obtained after sublimation of the
camphene. The pore diameters had a self-similar distribution that could be fitted by a
diffusion-controlled coalescence model. Sintering (1 h at 690 °C) was accompanied by a
decrease in porosity and pore diameter, the magnitude of which depended on the pore
size of the green constructs, giving scaffolds with a porosity of 20-60% and average pore
diameter of 6-120 pm. The compressive stress vs. deformation response of the sintered
scaffolds in the orientation direction was linear, followed by failure. The compressive
strength and elastic modulus in the orientation direction varied from 180 MPa and 25
GPa (porosity = 20%) to 16 MPa and 4 GPa (porosity = 60%), respectively, which were
2-3 times larger than the values in the direction perpendicular to the orientation. The
potential use of these 13-93 bioactive glass scaffolds for the repair of large defects in

load-bearing bones, such as segmental defects in long bones, is discussed.



1. Introduction

There is a need to develop new scaffolds to repair segmental defects in long
bones, using a method that is biocompatible and durable during the patient’s lifetime. At
present, bone allografts and custom metal augments are used to address segmental
skeletal deficiency, but treatments are limited by concerns related to high costs, limited
availability, unpredictable long-term durability, uncertain healing to host bone, and other
variables. Biocompatible scaffolds that replicate the structure and function of bone would
be ideal bone substitutes, provided they have the requisite mechanical properties for
reliable long-term cyclical loading during weight-bearing. Ideally, the scaffold should
have mechanical properties (e.g., elastic modulus and compressive strength) comparable
to those of the tissue to be replaced. The scaffolds should also have a microstructure
suitable for tissue growth into the porous scaffolds, to allow strong bonding and facile
integration with apposing host bone and surrounding soft tissues. A porosity of ~50% and
an interconnected pore size (diameter or width of the openings between adjoining pores)
of 100 pm are considered to be the minimum requirements to permit tissue ingrowth and
function [1].

The use of biodegradable polymers for replacing large defects in load-bearing
bones (such as segmental defects in long bones) is challenging because of their very low
mechanical strength and elastic modulus [2, 3]. Bioactive glasses and bioactive ceramics
are attractive materials for filling bone defects because of their widely recognized ability
to support the growth of bone cells [4, 5], and to bond strongly with hard and soft tissue
[6, 7]. However, porous three-dimensional scaffolds of these bioactive materials prepared
by conventional methods often lack the requisite mechanical properties for repairing
segmental defects in bone.

Unidirectional freezing of suspensions has been shown to provide a method for
preparing oriented scaffolds with far higher mechanical properties (in the orientation
direction) when compared to scaffolds prepared by more conventional methods [8].
Hydroxyapatite (HA) scaffolds prepared by unidirectional freezing of aqueous
suspensions were found to have a compressive strength of 65 MPa (porosity = 56%) [9].
However, the lamellar pores obtained after sublimation of the frozen liquid had pore

widths of only 10—40 pm, far smaller than the minimum pore size known to favor tissue



ingrowth. Fu et al. [10, 11] found that the use of binary mixtures of solvents, consisting
of water and dioxane (60 wt% dioxane), produced a marked change from the lamellar
microstructure, giving a columnar microstructure with far larger pore widths (pore
diameter = 90-110 pm). Columnar scaffolds of silicate bioactive glass (13-93) had a
compressive strength of 25 £3 MPa (porosity = 55-60%) in the orientation direction, and
provided a more favorable substrate than the lamellar scaffolds for supporting cell
proliferation and function, and cell infiltration into the interior pores of the scaffolds [8].
When implanted into subcutaneous pockets in the dorsum of rats, columnar scaffolds of
13-93 bioactive glass also showed the ability to support tissue infiltration into the interior
pores of the scaffold [12].

The use of aqueous-based suspensions is limited by concerns about the
degradation of the bioactive glass during processing, particularly for the more recently
developed bioactive glass compositions, such as borate and borosilicate bioactive glass,
which react faster than silicate bioactive glass [13, 14]. Furthermore, our previous work
showed that only a limited range of pore diameters (10—100 pm) were obtained in HA
and bioactive glass scaffolds prepared by unidirectional freezing of aqueous suspensions
[8, 10]. For the intended application of bioactive glass scaffolds in bone repair, it would
be useful to achieve a wider range of controllable pore diameters.

Camphene (C1oH16) has been shown to have favorable characteristics for use as a
sublimable vehicle in the preparation of constructs by freezing of suspensions [15].
Camphene-based suspensions can be frozen at room temperature, higher than the
temperatures used for freezing aqueous suspensions [15-17]. Examples of previous work
(summarized in Table 1) showed that constructs prepared by freeze casting of camphene-
based suspensions had pore sizes in the range 10—300 um, far larger than the pore size
range for scaffolds prepared from aqueous suspensions.

Recent work has shown that oriented constructs of Al,O3 with pore sizes >100 pm
can be prepared using a two-step process consisting of unidirectional freezing of
camphene-based suspensions, followed by annealing the frozen constructs for 24 hours at
35°C [18]. It was suggested that the larger pore sizes achieved using this two-step process

resulted from growth of the camphene crystals during the annealing step. However, a



clear understanding of the kinetics and mechanisms of the camphene growth process
during this annealing step is lacking.

The objective of the present work was to investigate the use of a two-step process,
involving unidirectional freezing and thermal annealing of camphene-based suspensions,
for creating oriented bioactive glass scaffolds with controllable pore sizes. The present
work has two major differences when compared to our previous work on the preparation
of oriented scaffolds by unidirectional freezing of agueous suspensions [8, 10, 11]. First,
organic (camphene)-based suspensions are used in this work, which are advantageous for
limiting the degradation of the bioactive glass, particularly for future work in which more
reactive glass compositions will be used. Second, a two-step process (freezing and
thermal annealing) is investigated in this work for the creation of scaffolds with a wider
range of pore diameters than those obtained from aqueous suspensions. In contrast to
previous work [18], the kinetics and mechanism of the camphene phase coarsening
during the annealing step were studied to provide a clearer understanding of the
microstructure development. Silicate 13-93 glass was used as the scaffold material in this
work because of its attractive bioactive properties and our extensive previous experience
with its preparation and evaluation. This glass is based on the well-researched 45S5
composition, but it has a higher SiO; content, plus additional network modifiers, such as
K,0 and MgO [7]. Products of 13-93 glass are also approved for in vivo use by the U.S.
Food and Drug Administration (FDA). Relationships among the processing conditions,

microstructure, and mechanical properties of the fabricated scaffolds were investigated.

2. Materials and methods
2.1. Preparation of oriented 13-93 bioactive glass scaffolds

Bioactive glass (13-93) scaffolds with oriented pores were prepared in a set of
sequential steps: preparation of camphene-based suspensions, unidirectional freezing of
the suspensions, thermal annealing of the frozen constructs at a temperature near the
solidification temperature of the suspension, sublimation of the camphene crystals, and
heat treatment (sintering) to densify the glass network.

Glass with the 13-93 (composition: 6Na,0, 7.9K;0, 7.7MgO0, 22.1Ca0, 1.7P,0s,
54.6Si0, (mol.%), 6Na,0, 12K,0, 5Mg0O, 20Ca0, 4P,0s, 53Si0, (wt.%)) was prepared



by melting a mixture of analytical grade Na,CO3, K,CO3, MgCQO3, CaCO3, SiO, and
NaH,PO4 2H,0 (Sigma-Aldrich, St. Louis, MO) in a platinum crucible for 1 h at 1300°C
and quenching between cold stainless steel plates. The glass (density = 2.50 g/cm®) was
crushed, ground in a hardened steel shatterbox (8500 Shatterbox®, Spex SamplePrep
LLC., Metuchen, NJ, USA), and attrition-milled for 2 h in water with ZrO, grinding
media. The size of the resulting glass particles was 1.0 £0.5 pm, as measured by a laser
diffraction particle size analyzer (Model LS 13 320, Beckman Coulter Inc., CA).
Camphene (C1oH16; CAS 5794-04-7; Alfa Aesar, Ward Hill, MA, USA), with a melting
temperature = 35 °C and a solid density = 0.85 g/cm® (according to manufacturer’s
specifications) was used as the dispersion medium. Isostearic acid (C1gH3602; MP
Biomedicals LLC, Solon, OH, USA) was selected as the dispersant because of its use in
previous work [26].

The optimum concentration of isostearic acid required for stabilizing the glass
particles in liquid camphene at 55°C was determined by measuring the viscosity of the
suspension (10 vol% particles) as a function of dispersant concentration using a rotating
cylinder viscometer (VT500; Haake Inc., Paramus NJ). Suspensions containing 5-40
vol% glass particles and the optimum concentration of isostearic acid (2 wt% based on
the dry mass of the glass particles) were prepared by ball milling for 24 h at 55°C in
sealed polyethylene bottles. The viscosity of each suspension was measured as a function
of shear rate at 55°C using a rotating cylinder viscometer (Haake VT500). The data were
used to determine the effect of particle concentration on the viscosity of the suspension.

Suspensions for unidirectional freezing, consisting of 10 vol% glass particles, 2
wit% isostearic acid, and camphene, were prepared by ball milling the mixture for 24 h at
55°C in a sealed polypropylene bottle. Suspensions containing 5 and 15 vol% particles
were also used but they resulted in weak constructs (5 vol% particles) or low porosity
constructs (15 vol% particles). The solidification of the slurry was monitored using
differential scanning calorimetry, DSC (Model 2010; TA Instruments, City, State, USA)
at a heating rate of 2 °C/min. Unidirectional freezing was performed by pouring the
slurry into cylindrical rubber molds (11 mm in diameter <20 mm, or 18 mm in diameter
x 15 mm) placed on a copper plate kept at 3°C using an ice—water mixture or at —196°C

using liquid nitrogen. In order to optimize the unidirectional solidification, the rubber



molds were warmed at 55°C prior to placing them on the cold copper plate and, after the
slurry was poured, the molds were covered with rubber caps previously warmed to 55°C.
For comparison, more randomly solidified samples were prepared by pouring the
suspension into a cylindrical copper mold, sealing the mold, and immersing it in an
ice—water mixture.

After solidification, the samples were transferred individually into polyvinyl
chloride (PVC) tubes, and sealed with PVVC caps to avoid camphene loss. The samples
were then annealed at 34°C for up to 72 h in an incubator (Model CCC 0.5d; Boekel
Industries Inc., Feasterville, PA, USA). This annealing temperature was chosen because
the DSC experiments described above showed a peak in the solidification profile of the
slurry at 36°C. After the annealing step, the samples were cooled to room temperature,
and the camphene was removed by sublimation (24 h at room temperature). The porous
constructs were sintered in air for 1 h at 690°C (heating and cooling rate = 5°C/min) to
densify the glass phase. The use of this sintering temperature was based on previous
work.

2.2. Microstructural characterization of porous constructs

After sublimation of the camphene (and before the sintering step), the porous
constructs were too weak to be manipulated and characterized by microscopy. In order to
develop adequate strength without significantly altering the pore characteristics, the
porous constructs were lightly pre-sintered for 5 h at 600°C, well below the sintering
temperature. The porosity of these pre-sintered constructs was determined from their
mass and external dimensions. The pre-sintered samples were mounted in epoxy resin,
sectioned in planes parallel and perpendicular to the freezing direction, polished, coated
with Au/Pd, and examined using scanning electron microscopy, SEM (S-4700; Hitachi,
Tokyo, Japan) at an accelerating voltage of 15 kV and a working distance of 18 mm. The
sintered constructs were prepared and examined in the SEM using a similar method. In
order to better characterize the pore network in three dimensions, the sintered scaffolds
were examined using synchrotron X-ray tomography. Scanning was carried out at the
Advanced Light Source (ALS, Lawrence Berkeley National Lab., Berkeley, CA) using

22 keV monochromatic X-rays and a resolution size of 1.7 pm voxel.



The porosity and pore diameters (or widths) in the cross-sections were analyzed
using imaging software (Image J). At least 150 pores per cross-section were analyzed for
each sample. Polished cross-sections of the constructs in the directions perpendicular and
parallel to the freezing direction were observed by optical microscopy (Optiphot-POL,
Nikon Corp., Tokyo, Japan) to confirm the microstructural homogeneity along the length
of the samples. The porosity of the sintered constructs was measured by the Archimedes
method and the values were compared with those obtained by image analysis.

2.3. Evaluation of pore connectivity of oriented scaffolds

The connectivity of the oriented pores in the sintered scaffolds was evaluated by a
capillary suction test using a blood-like solution which had a viscosity equal to that of
human blood. The blood-like solution consisted of 34 wt% glycerol, 65 wt% deionized
water and 1 wt% Alizarin red. The composition of the solution was based on the viscosity
data of water—glycerol mixtures [27] which had a viscosity equal to that of human blood
[28]. The flat surface and the circumferential surface of the porous constructs were
dipped slightly (to a depth of < 1mm) into the surface of the solution. After the liquid was
drawn up into the pores by capillary pressure, the constructs were allowed to dry. Both
the external surface and the cross-section of the constructs were visually examined to
assess the infiltration of the liquid.

2.4. Mechanical response of sintered scaffolds

The mechanical response of the sintered constructs in the directions parallel and
perpendicular to the freezing (orientation) direction was measured in compression using
an Instron testing machine (Model 5881; Norwood, MA, USA). Cylindrical constructs (7
mm in diameter <7 mm) and cubic constructs (7 mm>7 mmx>7 mm) were deformed in
the directions parallel and perpendicular to the orientation direction, respectively, at a rate
of 0.5 mm/min. The contact surfaces of the constructs were machined flat, to provide
parallel surfaces for the tests. At least 8 samples were tested for each group, and the
compressive strength and elastic modulus were determined as an average *standard
deviation. For comparison, cylindrical constructs (7 mm in diameter <7 mm) with a more
random microstructure prepared as described earlier were tested under the same

conditions.



3. Results
3.1. Viscosity of camphene-based suspensions

The viscosity of the camphene-based suspensions (10 vol% glass particles) as a
function of the dispersant (isostearic acid) concentration at a constant shear rate (100 s™)
(Fig. 1), showed that 1-2 wt% isostearic acid gave the lowest viscosity of the suspension,
presumably corresponding to the most stable suspension. These viscosity data confirmed
qualitative sedimentation tests which showed that suspensions containing ~2 wt%
isostearic acid had the slowest particle sedimentation rate. Henceforth, suspensions used
in the experiments were stabilized with 2 wt% isostearic acid.

For particle concentrations of 5-40 vol% used in these experiments, the viscosity
of the suspension initially decreased with increasing shear rate, but became almost
independent of shear rate above 50-100 s™*. The results are omitted for the sake of
brevity. Figure 2 shows results for the relative viscosity of the suspension (shear rate =
100 s as a function of the glass particle concentration. The data can be fitted by a

modified Krieger-Dougherty equation [29, 30]:

¢ -N
=11--2
e ( ¢mJ (1)

where 7, the relative viscosity, is defined as the viscosity of the suspension, #, divided

by the viscosity of the solvent (camphene) 7., ¢ is the volume fraction of particles, ¢n is
the volume fraction of particles at which the viscosity becomes practically infinite, and n
is a fitting parameter. The maximum solids loading predicted by this model is ¢y, = 43
vol%, with n = 3.2.
3.2. Microstructure of frozen constructs

After sublimation of the camphene, pre-sintering of the constructs resulted in a
linear shrinkage of <5% in the directions perpendicular and parallel to the freezing
direction, regardless of the freezing temperature and annealing time used in the freeze
casting process. Therefore, the microstructure of the pre-sintered constructs could be
taken as a good approximation to the microstructure of the constructs after sublimation of

the camphene. Furthermore, the morphology of the pores resulting from the sublimation
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of the camphene was well replicated by the epoxy resin used for mounting the samples
for microscopy.

SEM images of the cross-sections in the directions perpendicular and parallel to
the freezing direction are shown in Fig. 3 for the constructs prepared by freezing on
copper substrates at 3°C and —196°C (annealing time = 0 h). Apart from a size difference,
the overall pore morphology of the two groups of constructs frozen at the two different
temperatures was similar. The pores appeared to show an interconnected cellular
morphology in the cross-section perpendicular to the freezing direction (Figs. 3a, 3c).
The average diameter (or width) of the pores increased from ~15 pm for the constructs
frozen at —196°C to ~40 um for the constructs frozen at 3°C. The sections parallel to the
freezing direction (Figs. 3b, 3d) showed that while the pores were oriented, they did not
have a regular cylindrical shape. Instead, the pores appeared to have a dendritic-like
morphology.

3.3. Effect of thermal annealing on microstructure of frozen constructs

Figure 4 shows SEM images of the cross-sections of constructs frozen at 3°C and
annealed at 34°C for 6, 12, and 72 h. The annealing step resulted in a change of the pore
cross-section from a cellular morphology to a nearly circular shape within 6 h (Fig. 4a).
With increasing annealing time, the pore cross-section remained circular and the average
pore diameter increased (Figs. 4c, 4e). SEM images of the cross-section parallel to the
freezing direction (Figs. 4b, 4d, 4f) showed that after an annealing time of 6 h, the pores
still had a somewhat dendritic shape. However, the pores developed a nearly cylindrical
shape with smoother pore walls within an annealing time of 12 h. Furthermore, the pores
remained oriented during the annealing process. Despite the wide difference in the
average pore width of the constructs frozen at 3°C (40 pm) and at —196°C (15 pm), the
temperature of freezing had little effect on the average pore diameter after an annealing
time of 6 h. The microstructures of the annealed constructs for a freezing temperature of
—196°C are therefore omitted for brevity.

The average pore diameter of the constructs frozen at 3°C or —196°C and
annealed for 0—72 h at 34°C increased rapidly within the first 12 h of annealing, but then
increased more slowly thereafter (Fig. 5). Starting from a pore width of 40 m (freezing

temperature = 3°C) or 15 um (freezing temperature = —196°C), the average pore diameter
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increased to ~80 jum and ~125 pm after annealing times of 6 h and 12 h respectively.
Annealing for 72 h resulted in a further increase in the average pore diameter to ~160
pm.

Analysis of SEM images of the cross-sections of the constructs showed that the
fractional area of the porous region was 67 4% in the planes parallel and perpendicular
to the freezing direction, and that this value was independent of the annealing time.
Taken together with the results described above, this means that with increasing
annealing time, the number of pores decreased, the average pore diameter increased, the
thickness of the pore walls increased, but the overall pore volume remained almost
constant during the annealing process.

Based on the mass and dimensions of the frozen or annealed constructs, the
porosity of the constructs was found to be 86 +1 %, which is in good agreement with the
expected value of 90% for constructs formed from suspensions with 10 vol% particles.
On the other hand, as indicated above, the porosity determined from image analysis of
SEM micrographs was 67 4% in the planes perpendicular or parallel to the freezing
direction. This difference in porosity determined by the two methods is due to the
presence of fine pores between the glass particles in the walls of the construct.
Furthermore, the annealing process caused a coarsening of the camphene phase (and the
large pores resulting from the sublimation of the camphene), but apparently had little
effect on the packing of the glass particles in the walls of the construct.

3.4. Microstructure of sintered constructs

Optical images of the cross-sections of the sintered constructs (formed by freezing
at 3°C and annealing for 72 h at 34°C) showed no marked difference in microstructure
along the length of the sample (20 mm long) (data not included). Neglecting a thin
surface layer, the microstructure of the constructs can be taken as homogeneous and
independent of distance from the top and bottom of the construct. Figure 6 shows SEM
images of the cross-sections (perpendicular and parallel to the freezing direction) of the
sintered constructs which were formed by freezing at 3°C and annealing at 34°C for the
times indicated. The sections perpendicular to the freezing direction (Figs. 6a, 6¢, 6e)
showed a microstructure consisting of a dense glass matrix containing pores with a nearly

circular cross-section. The open porosity and average pore width (or diameter) of the
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sintered constructs increased markedly with the duration of the annealing step. When
compared to the microstructure of the constructs after the freezing and annealing steps,
the fine pores between the glass particles in the walls of the construct were essentially
eliminated by viscous flow sintering, giving a dense glass network. The larger oriented
pores resulting from the camphene sublimation also shrank (i.e. became smaller in
diameter) and, if below a certain diameter, were completely eliminated.

Since shorter annealing times resulted in pores with smaller diameters, the
porosity of the sintered constructs, in turn, decreased with decreasing annealing time.
Images of the sections parallel to the freezing direction showed that for the frozen
construct without the annealing treatment (Fig. 6b), the elongated pores resulting from
the camphene sublimation shrank during sintering, leading to fine, presumably isolated
pores. On the other hand, while the oriented pores in the annealed constructs became
smaller in diameter, they apparently remained continuous (Figs. 6d, 6f). Constructs
annealed for longer times, as outlined above, had larger pore diameters, so the
corresponding sintered constructs also had larger pore diameters.

X-ray tomography images of constructs prepared by annealing for 24 h and
sintering showed an oriented, columnar microstructure (Fig. 7). Although the pores are
not perfectly aligned along the direction of freezing, a high degree of orientation is
evident. The images also showed that the oriented pores were not discontinuous in the
direction perpendicular to the freezing direction. Neighboring pores appeared to be
connected at several positions along their length. In addition to showing microstructural
features that were compatible with those observed by SEM, the X-ray tomography
images provided a clearer view of the pore orientation.

The average pore diameter (or width) and porosity determined by image analysis
are shown in Fig. 8 for the sintered constructs formed by freezing at 3°C followed by
annealing at 34 °C for 0—72 h. Both the pore diameter and the porosity increased with
annealing time. Without annealing, the sintered construct had a porosity of 19 +4% and a
pore width of 6 &2 pm. The sintering shrinkage was approximately isotropic, equal to
46-48% in the axial direction (parallel to the freezing direction) and in the radial direction
(perpendicular to the freezing direction). For an annealing time of 24 h, the porosity and

pore diameter of the sintered constructs were 52 3% and 90 £30 m, respectively,
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while annealing for 72 h resulted in a porosity of 59 3 % and a pore diameter of 110 +
50 pm. The sintering shrinkage decreased with annealing time became more anisotropic;
for an annealing time of 72 h, the shrinkage was 31% and 38% in the axial and radial
direction, respectively.

As outlined earlier, to test the interconnectivity of the pores, the planar or
circumferential surface of the sintered constructs was dipped lightly (to a distance <1
mm) into a blood-like solution. All the constructs annealed for 6 h or longer were rapidly
filled with the blood-like solution (within 5 s) as a result of capillary pressure of the
pores, regardless of whether the planar or circumferential surface was dipped into the
solution. Figure 9 shows the cross-sections of the sintered constructs, prepared by
freezing at 3°C and annealing for 6 h or 72 h at 34°C, after the constructs were dipped in
the solution and dried. The infiltration of the solution completely throughout the
constructs indicated that pores were interconnected in both the axial and radial directions.
3.5. Mechanical response of sintered constructs

The stress vs. deformation response of the sintered constructs in compression, in
the freezing (orientation) direction, is shown in Fig. 10. The data are shown for the
sintered constructs formed by freezing at 3°C and annealing for varying times in the
range 0—72 h. The stress shown is the engineering stress, equal to the load divided by the
initial cross-sectional area of the construct, while the deformation is the change in length
divided by the initial length. The stress increased linearly with deformation, followed by
a sharp decrease due to failure. The constructs failed in a brittle manner, fracturing into
several pieces. However, the constructs annealed for 72 h (with the highest porosity)
showed some degree of compaction following failure, resulting in a series of small
decreases in stress with higher deformation. The compressive strength of the sintered
constructs, taken as the highest stress in the stress vs. deformation response, varied from
180 %70 MPa (0 h annealing; porosity = 20%) to 16 =2 MPa (72 h annealing; porosity =
60%) (Table 2). The elastic modulus, determined from the slope, varied from 25 +5 GPa
(0 h annealing) to 4 =1 GPa (72 h).

When tested in the direction perpendicular to the orientation direction, the
constructs showed a response which was qualitatively similar to that in the orientation

direction, but they were markedly weaker (Fig. 11). For the constructs prepared by
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annealing for 24 h and sintering, the compressive strength and elastic modulus in the
perpendicular direction (13 + 3 MPa and 2 + 1 GPa, respectively), were 2—3 times
smaller than those in the orientation direction (27 + 8 MPa and 7 + 3 GPa, respectively).
For comparison, constructs with a random microstructure showed mechanical response
that was somewhat intermediate between those for the oriented scaffolds in the directions

parallel and perpendicular to the freezing (orientation) direction (Fig. 11).

4. Discussion
4.1. Colloidal stability and viscosity of camphene-based suspensions

The viscosity of the suspension is an important processing parameter in the freeze
casting process. For a given particle size, it determines the sedimentation velocity of the
particles in the suspension [31], as well as the critical solidification front velocity for
particle engulfment in the growing camphene crystal front. In the freezing process, the
particles are rejected from the growing camphene crystals, and the interaction of the
particles with the growing camphene crystal front determines the engulfment or rejection
of the particles by the solidification front. For a given particle size, the critical
solidification front velocity has been shown to vary inversely as the viscosity of the
suspension [32, 33].

The colloid stability of the suspension is also important in that it determines the
flocculation rate of the suspension as well as the viscosity of the suspension. The use of 2
wit% isostearic acid as a dispersant resulted in the formation of suspensions with
approximately the lowest viscosity (Fig. 1). For this dispersant concentration, the
maximum particle loading ¢, in the suspension, predicted on the basis of the
Krieger—Dougherty equation (Fig. 2) was only 43%. In comparison, aqueous suspensions
of 13-93 glass, with a similar particle size, stabilized with 0.5 wt% EasySperse, were
found to have a ¢m of 55% [34]. The effectiveness of other dispersants for stabilizing
bioactive glass particles in liquid camphene will be investigated in future work.

4.2. Solidification of camphene-based suspensions

In comparison with the unidirectional freezing of aqueous suspensions where the

strongly anisotropic growth of hexagonal ice crystals leads to a lamellar structure [35],

the tendency of camphene to form dendrites when solidified under appropriate
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temperature conditions resulted in a more dendritic structure upon freezing camphene-
based suspensions [36]. While camphene has been reported to have a cubic crystal
structure, some studies indicated that the structure was tetragonal [36]. An anisotropy of
~3% was found in the (001) or c-direction, while the a- and b-directions are equivalent in
a tetragonal unit cell. Camphene dendrites therefore grow preferentially in the c-
direction, with side-branching or secondary dendritic growth in the orthogonal a- and b-
directions.

Unidirectional freezing of camphene-based suspensions on a cold substrate starts
with nucleation of camphene on the surface of the substrate. The imposed temperature
gradient favors the growth of camphene crystals whose (001) or c-direction coincides
with the temperature gradient, leading to growth of primary dendrites down the
temperature gradient. As illustrated in Fig. 12, as the primary dendrites grow, the
particles are expelled. This, coupled with side-branching or secondary dendritic growth,
leads to the accumulation of the particles between the secondary dendrites emanating
from the primary dendrites. Therefore, after sublimation of the camphene from the frozen
constructs, the oriented pores should have a rough surface, due to the camphene removed
from the side-branches or secondary dendrites, as observed in Fig. 3.

Camphene can be solidified at room temperature, and the solidification of
camphene-based suspensions at room temperature resulted in the formation of larger
camphene dendrites (larger pores upon sublimation of the camphene) because of low
dendrite velocity. However, the tendency for unidirectional growth of the primary
dendrites was reduced. Therefore, in the present work, freezing on a cold substrate at 3°C
or —196°C was used to provide a steep vertical temperature gradient, which favored
crystal growth preferentially down the temperature gradient. The size (width) of the
primary camphene dendrites (or the size of the pores resulting from their sublimation)
can be controlled by manipulating the freezing rate. In the case of unidirectional freezing
of aqueous suspensions of hydroxyapatite, an increase in the freezing rate from 2°C/min
to 10°C/min resulted in a decrease in the lamellar pore width from ~40 pm to ~10 pm
[9]. In the present system, the cooling rate cannot be accurately measured. However, a
decrease in the cold substrate temperature from 3°C to —196°C (the boiling point of

liquid nitrogen), which is equivalent to an increase in the cooling rate, resulted in a
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decrease in the pore widths from ~40 pm to ~15 pm. However, these pore widths
obtained by manipulating the freezing rate only are much smaller than the pore sizes
(>100 pm) found to be favorable for promoting tissue infiltration into the interior of
porous constructs [1].
4.3. Coarsening of camphene phase during thermal annealing

The thermodynamic driving force for the coarsening of the camphene phase and
the attainment of a nearly circular cross-section during annealing of the frozen constructs
at 34°C (Fig. 4) is the reduction of the high surface area of the camphene dendrites. The
microstructural observations and image analysis described earlier showed that the
diameter (width) of the camphene in the frozen constructs and, hence, the diameter of the
pores resulting from the camphene sublimation, increased with increasing annealing time
(Figs. 4, 5). In order to provide information on the mechanism of the camphene phase
coarsening, the growth kinetics of the pores resulting from sublimation of the camphene
were compared with the predictions of theoretical models.

The coarsening of a dilute concentration of spherical particles (or precipitates) in
a solid or liquid medium has been analyzed by Lifshitz and Slyozov [37], and by Wagner
[38], commonly referred to as the LSW theory. Coarsening is assumed to be controlled
by diffusion through the medium (diffusion control) or by the interface reaction
(dissolution of the particles in the medium or deposition of solute onto the particle
surfaces). For a time-invariant (self-similar) particle size distribution, the theoretical
distribution function for interface reaction-controlled coarsening has the form:

5
f(s,t)= %s(zi_s) exp(z_—f’ss) (0<s<2) (2)

where s =d/d", d = particle radius, d* = radius of particle that neither grows nor

shrinks, and d* is related to the average particle radius d by d = (8/9)d* . In the case of
diffusion-controlled coarsening, the distribution function has the form:

f(s,t)zfsz( 3 j ( 3/2 J exp( =S ] (0<s<3/2) 3)

9 3+s 3/2-5s 3/2-s

and d = d*. The average radius of the particles increases with time according to:

d"—d" =Kt @)
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where n = 2 for interface reaction-controlled coarsening, and n = 3 for diffusion-
controlled coarsening. While corrections have been made to the LSW theory to account
for the effect of more concentrated systems, in the present work the LSW theory for a
dilute concentration of particles is used.

Direct coalescence of particles has also been proposed as a mechanism for
coarsening [39]. In this case, two or more particles interconnected by solid necks are
assumed to coarsen by diffusive transport of matter occurring essentially in the neck
regions. A statistical theory [40] for particle coarsening by coalescence also predicts a
self-similar, time-invariant, particle size distribution function, but the distribution

function has the form:
F(s,t) =2.136s exp(—0.712s%) (5)

The average particle size,d , is predicted to increase with time, t, according to Equation
(4) with the exponent n = 3.

For the frozen constructs annealed for varying times at 34°C, Fig. 13a shows that
a plot of the cumulative fraction of pores with diameters smaller than a certain size vs.
the reduced pore size, s, falls on a single curve regardless of the annealing time,
indicating a self-similar distribution for all annealing times (6—72 h). Furthermore, a
comparison of the data for the pore size distribution with the predictions of the LSW
theory (diffusion or reaction control) and the coalescence model shows that the
coalescence model provides the best fit to the data (Fig. 13b), indicating that direct
coalescence of the interconnected camphene phase is the predominant mechanism of
coarsening. Figure 14 shows that after a threshold annealing time (6 h), the growth of the
pore diameters can be fitted by Equation (4), but a clear distinction betweenn =2 and n =
3 cannot be made from the present data.
4.4. Microstructure and mechanical response of sintered scaffolds

The porosity and average pore diameter of the sintered scaffolds prepared from
suspensions frozen at 3°C and annealed for 072 h at 34°C are summarized in Table 2.
Although all the constructs had a starting porosity of ~86% after the annealing step,
sintering resulted in a markedly lower porosity, in the range 20-60% for annealing times
of 0-72 h. The fine pores between the particles in the glass network sintered rapidly by

viscous flow sintering to produce a dense glass network. Later, viscous flow sintering
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also resulted in some reduction of the pore diameter of the large oriented pores and,
hence, to further shrinkage of the scaffold. Since the rate of viscous flow sintering varies
inversely as the pore radius, the constructs that were annealed for shorter times sintered
faster because of their smaller pores, so the porosity of the sintered scaffolds decreased
with shorter annealing time (Table 2).

When tested in the directions parallel and perpendicular to the freezing
(orientation) direction, the sintered scaffolds showed a brittle response characteristic of
dense ceramics and glass, in which the compressive stress increased linearly with
deformation, followed by catastrophic failure (Fig. 11). This response is markedly
different from that of oriented hydroxyapatite and 13-93 bioactive glass scaffolds
prepared by unidirectional freezing of aqueous-based suspensions which showed an
‘elastic-plastic’ response and a large strain for failure (>20%) [8, 11]. The response is
also qualitatively different from that of 13-93 bioactive glass scaffolds prepared by a
polymer foam replication technique, in which numerous peaks and valleys were observed
in the stress vs. deformation response after the initial elastic deformation [34].

4.5. Scaffolds for bone repair

The present study shows promising results for the potential use of these oriented
bioactive glass scaffolds in the repair of large defects in load-bearing bones, such as
segmental defects in long bones. Bone is generally composed of two types: cortical (or
compact) bone, and trabecular (cancellous or spongy) bone. Cortical bone, found
primarily in the shaft of long bones and as the outer shell around cancellous bone, has a
porosity of 5-10%; the compressive strength and elastic modulus in the direction parallel
to the orientation (long axis) has been reported in the range 120-150 MPa and 10-20
GPa, respectively. A wide range has been reported for the elastic modulus (0.1-5 GPa)
and compressive strength (2-12 MPa) of cancellous bone [41, 42]. In particular, sintered
constructs prepared in this work for annealing times of 12-24 h, with a porosity of ~50%
and an average pore diameter of 60-90 jum have a compressive strength of 25-50 MPa,
and elastic modulus of 7-10 GPa.

In another study [16], scaffolds of silicate 45S5 bioactive glass were prepared by
freezing camphene-bases suspensions in a random manner at room temperature. The

frozen constructs were not annealed, so pore sizes resulting from the camphene
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sublimation were <50 pm. Sintering for 3 h at 700 °C-1100 °C resulted in crystallization
of the glass, with the formation of a crystalline Na,O 2Ca0 3SiO, phase, and limited
densification of the resulting glass-ceramic phase below 1000 °C. While a devitrified
4555 glass is still bioactive, the rate of conversion to a hydroxyapatite-type material (i.e.,
its bioactive potential) is markedly reduced [7].

These constructs prepared in this work have the requisite pore characteristics for
supporting tissue infiltration, as well as adequate mechanical properties for replacing
load-bearing bones. A detailed study of the in vitro and in vivo biological performance of
these scaffolds is in progress, and the results will be described in a subsequent
publication.

5. Conclusion

Oriented bioactive glass (13-93) scaffolds with promising microstructure and
mechanical response for potential use in the repair of load-bearing bones were created
using a method based on unidirectional freezing of camphene-based suspensions.
Annealing the frozen constructs for 0-72 h at 34 °C (slightly below the solidification
temperature of the suspension) resulted in coarsening of the camphene crystals, which
provided a method for controlling the pore diameter of the constructs (in the range 15-
160 m after sublimation of the camphene). Coarsening of the camphene crystals during
the annealing step can be described by a diffusion-controlled coalescence model.
Sintering resulted in a decrease in the porosity and the pore diameter, giving scaffolds
with porosities of 20-60% and pore diameters of 6-120 pm for annealing times of 0—72
h. The sintered scaffolds had compressive strength and elastic modulus values in the
freezing (orientation) direction which varied from 180 MPa and 25 GPa (porosity =
20%), respectively, to 16 MPa and 4 GPa (porosity = 60 %) which were 2-3 times larger

than those measured in the direction perpendicular to the orientation direction.
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Table 1 Summary of porous constructs fabricated by freezing of camphene-based

suspensions

Material Particle Freezing/annealing Freezing Pore size  Porosity Ref.
size (pm)  conditions directionality (um) (%)
13-93 glass 1-2 3°C; 19eECrac Unidirectional ~ 10-160 20-60 Present
(0-72h) work
4555 glass — 20°C No 10-40 53 [16]
Al,O; 0.4 25°C;0°C No/Yes — 20-50 [15]
Al,O4 0.3 20°C No 50 >88 [17]
Al,O; 0.3 3°C/35°C (24 h) Unidirectional  102-210 57-83 [18]
CaP — 3°C/32°C (1-3 days) Unidirectional = 122-166 62—65 [19]
HA — 20°C No 20-40 56-75  [20]
HA — 0-35°C No 80-250 55-76 [21]
HA — 34°C No 141-324  71-73  [22]
HA/TCP — 4-30°C No 40-200 31-73 [23]
Ti 1-3 33°C No >100 49-63 [24]
ZrO, 0.4 0°C; -196°C Unidirectional ~ 15-30 65-83 [25]

24
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Table 2 Microstructural characteristics and mechanical properties in compression for 13-

93 bioactive glass scaffolds prepared by unidirectional freezing of camphene-based

suspensions at 3°C, annealing at 34°C for the times shown, and sintering for 1 h at

690°C.
Annealing Annealed construct Sintered construct

time (h) Porosity Pore Porosity Pore Compressive  Elastic
(%) diameter or %) diameter or strength modulus

width (pm) width (pm) (MPa) (GPa)

0 86 =1 40 =5 19 +4 6£2 180 =70 25 %5

6 86 =1 75 225 37 7 38 +£10 66 +32 10 £3

12 86 =1 130 +40 46 +6 60 +20 53 +10 9+3

24 861  150+50 52+3 9030 278! 73!
16+3° 3+1°

13+3° 2+1°

72 86 =1 160 %50 59 +3 11550 16 *2 4+1

parallel to the orientation direction; 2Scaffold with more random microstructure;

3perpendicular to the orientation direction.
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Fig. 1. Viscosity of camphene-based suspensions containing 10 vol% 13-93 bioactive

glass particles vs. isostearic acid (dispersant) concentration (shear rate = 100 s™).
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camphene-based suspensions stabilized with 2 wt% isostearic acid (shear rate = 100 s 7).
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Fig.3. SEM images of 13-93 bioactive glass constructs prepared by unidirectional
freezing of camphene-based suspensions (10 vol% particles) on a copper substrate at 3°C
(a, b), and at —196°C (c, d). The sections are perpendicular (a, ¢) and parallel (b, d) to the

freezing direction.
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Fig. 4. SEM images of the cross-sections perpendicular (a, c, e) and parallel (b, d, f) to
the freezing direction, for 13-93 bioactive glass constructs prepared by unidirectional

freezing of camphene-based suspensions (10 vol% particles) at 3°C, and thermal

annealing at 34°C for the times shown.
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Fig.5. Average pore size (diameter) vs. annealing time for 13-93 bioactive glass
constructs prepared by freezing camphene-based suspensions (10 vol% particles) at 3°C

and thermal annealing at 34°C.
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Fig. 6. SEM images of the cross-sections perpendicular (a, c, e) and parallel (b, d, f) to
the freezing direction, for 13-93 bioactive glass constructs prepared by unidirectional

freezing of camphene-based suspensions at 3°C, thermal annealing at 34°C for the times

shown, and sintering for 1 h at 690°C.
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Fig. 7.X-ray tomography images of sintered 13-93 bioactive glass constructs prepared by
unidirectional freezing camphene-based suspension at 3°C, annealing for 24 h (glass

phase in blue color; pore phase in red color).
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Fig. 8. Porosity and pore size vs. annealing time for sintered constructs of 13-93 bioactive
glass prepared by unidirectional freezing of camphene-based suspensions at 3°C, thermal

annealing at 34°C, and sintering for 1 h at 690°C.



34

b) 72 h

- '

Fig. 9. Optical images of the cross-sections of sintered 13-93 bioactive glass constructs,

showing the interconnectivity of the pores. The constructs were prepared by
unidirectional freezing of camphene-based suspensions at 3°C, annealing at 34°C for 6 h
or 72 h, and sintering for 1 h at 690°C. The flat surface (a, ¢) and the circumferential
surface (b, d) of cylindrical constructs were lightly dipped into a blood-like solution,

dried, and sectioned. (Inset: surface of the cylindrical constructs after drying).
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freezing) for sintered 13-93 bioactive glass constructs prepared by unidirectional freezing

of camphene-based suspensions (10 vol% particles) at 3°C, annealing at 34°C for the

times shown, and sintering for 1 h at 690°C.
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Fig. 11. Compressive stress vs. deformation for oriented scaffolds in the longitudinal
direction and transverse direction as well as non-oriented scaffold prepared by freezing

camphene-based suspension at 3°C, annealing for 24 h.
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prepared by freezing at 0°C and —196°C, and annealed at 34°C for 6, 12, 24, and 72 h. (b)

Pore size distribution data vs. normalized pore diameter for the constructs described in
(a), compared with the predictions of the LSW model for interface- and diffusion-

controlled coarsening and a coalescence model.
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Fig. 14. Data for the average pore diameter vs. annealing time at 34°C for constructs
prepared by freezing at 0°C and —196°C, and annealed at 34°C for 12, 24, and 72 h. The

data are fitted using Equation (3) forn=3 and n = 2.
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ABSTRACT

Scaffolds of 13-93 bioactive glass (6Na,O, 12K,0, 5Mg0O, 20Ca0O, 4P,0s,
53Si0,; wt.%) with an oriented pore architecture were formed by unidirectional freezing
of camphene-based suspensions, followed by thermal annealing of the frozen constructs
to grow the camphene crystals. After sublimation of the camphene, the constructs were
sintered (1 h at 700 °C) to produce a dense glass phase with oriented macropores. The
objective of this work was to study how constant freezing rates (1-7 °C min™) during the
freezing step influenced the pore orientation and mechanical response of the scaffolds.
When compared to scaffolds prepared by freezing the suspensions on a substrate kept at a
constant temperature of 3 °C (time-dependent freezing rate), higher freezing rates resulted
in better pore orientation, a more homogeneous microstructure and a marked
improvement in the mechanical response of the scaffolds in compression. Scaffolds
fabricated using a constant freezing rate of 7 °C min™ (porosity = 50 +4%:; average pore
diameter = 100 |m), had a compressive strength of 47 =5 MPa and an elastic modulus of
11 +3 GPa (in the orientation direction). In comparison, scaffolds prepared by freezing
on the constant-temperature substrate had strength and modulus values of 35 11 MPa
and 8 £3 GPa, respectively. These oriented bioactive glass scaffolds prepared by the
constant freezing rate route could potentially be used for the repair of defects in load-

bearing bones, such as segmental defects in the long bones.
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1. Introduction

There is a need to develop new scaffolds to repair large defects in load-bearing
bones using materials that are biocompatible and durable during the patient’s lifetime [1].
Treatment methods based on the use of bone autografts and allografts are effective for the
repair of contained defects in non-loaded bone which do not require a significant amount
of graft material. However, they suffer from limitations (e.g., donor site morbidity;
limited supply; possible transmission of diseases; high costs). Synthetic biocompatible
scaffolds that replicate the structure and function of bone would be ideal bone substitutes,
provided they have the requisite mechanical properties for reliable long-term cyclical
loading during weight bearing.

Scaffolds should have a porous microstructure suitable for supporting tissue
ingrowth, and mechanical properties comparable to those of the tissue to be replaced. An
interconnected pore size (diameter or width of the openings between adjoining pores) of
100 pm is considered to be the minimum requirement to permit tissue ingrowth and
function [2]. The repair of segmental defects in load-bearing bones such as the long
bones often involves the substitution of defects larger than a few centimeters [3].
Therefore it is essential that processing methods provide control of the microstructure
over the entire dimensions of the scaffold in order to achieve the requisite mechanical
reliability of the scaffold.

The mechanical response of porous materials with an anisotropic microstructure is
strongly dependent on the pore orientation [4-6]. Commonly, the mechanical response in
the pore orientation direction is often far superior to that in the perpendicular direction,
and superior to that for scaffolds with a random microstructure. For example, the
compressive strength and elastic modulus of human cortical bone in the orientation
direction are almost twice those in the perpendicular direction [7]. The formation of
scaffolds with oriented pore architectures could provide an approach for creating porous
and strong three-dimensional scaffolds for applications in the repair of loaded bone.

Unidirectional freezing of aqueous suspensions has been used recently to produce
oriented scaffolds of bioceramics and bioactive glass [8, 9]. The process commonly
results in the formation of porous constructs with a lamellar microstructure. However, the

width of the slot-like pores (10—40 pm) is considered to be too small to support tissue
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ingrowth. A variety of techniques has been used to control the width and morphology of
the pores, such as the use of different freezing rates [10], modification of the solvent
composition [11-13], patterning of the cold substrate [14], application of an electric field
[15], and coarsening of the crystals [16]. In addition, control of the freezing rate has been
shown to lower the variation in the pore width along the freezing direction [17, 18], and
to provide a homogenous lamellar microstructure over several centimeters [19].
However, in addition to the narrow pore width of the scaffolds mentioned above, another
limitation in the use of aqueous solvents is the chemical degradation of the bioactive
glass, particularly for more reactive borosilicate and borate bioactive glasses.

Our previous work showed that the use of organic (camphene)-based suspensions,
coupled with a two-step forming process, can alleviate the above-mentioned limitations
of aqueous suspensions [16]. Bioactive glass scaffolds prepared from camphene-based
suspensions had a columnar microstructure with average pore diameters larger than 100
m. The two-step process consisted of unidirectional freezing of the suspension on a
substrate kept at a constant temperature (3 °C) followed by thermal annealing, typically
for ~24 h at ~35 °C (near the softening point of the frozen mixture). In the freezing step,
solid camphene dendrites form in the suspension of bioactive glass particles in liquid
camphene, starting at the interface with the cold substrate and growing down the
temperature gradient (Fig. 1). The dendrites redistribute the particles, which are
concentrated in the inter-dendritic spaces. The result is a frozen construct consisting of
particle-free solid dendrites and inter-dendritic material of bioactive glass particles in
fine-scale frozen camphene. Upon sublimation of the camphene, the primary dendrites
become macropores which are separated by concentrated glass particulate regions in the
shape of the inter-dendritic spaces. Sintering results in the preferential removal of the fine
pores in the particulate regions, giving a cellular scaffold with dense glass struts
approximating the shape of the inter-dendritic regions and macropores in the shape of the
primary dendrites. Annealing the frozen construct near the solidification temperature of
the suspension leads to coarsening of the primary dendrites and removal of the secondary
dendrite arms. As a result, the annealed construct has uniaxially-aligned primary
dendrites with larger diameter than the frozen construct, which are better for long bone

scaffolds.
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In our previous work [16], unidirectional freezing on a constant-temperature
substrate did not provide a constant freezing rate. Instead, the freezing rate was time-
dependent, decreasing with time as the solidification front moved from the cold substrate
to the top of the sample. Because of this time-dependent freezing rate, the achievement of
uniaxially-aligned camphene dendrites and homogeneity of the dendrite diameter was
limited to only ~1 cm.

In the present work, an apparatus was assembled to study unidirectional freezing
of camphene-based suspensions at constant freezing rates. We hypothesized that the use
of constant freezing rates could create constructs with more spatially uniform dendrites,
resulting in the production of bioactive glass scaffolds with improved mechanical
properties (in the orientation direction). Constructs of silicate 13-93 glass were formed
using the two-step freezing and annealing process described previously. In the freezing
step, constant freezing rates in the range 1-7 °C/min were used. The effect of the freezing
rate on the pore orientation, microstructural homogeneity, and mechanical response of the
fabricated scaffolds was studied. For comparison, scaffolds were prepared using the same
process but with the freezing step carried out on a substrate held at a constant
temperature, as described in our previous work [16].

Silicate 13-93 bioactive glass was used in this work because of our previous
experience with forming scaffolds of this glass using other techniques [9, 20-22]. In
addition, 13-93 bioactive glass has better processing characteristics by viscous flow
sintering than the more widely researched 45S5 glass. While it is based on the 45S5
composition, 13-93 glass has a higher SiO, content, plus additional network modifiers,
such as K,0 and MgO [23], which provides a larger window between the glass transition
temperature and the onset of crystallization. As a result, the glass phase in porous
constructs formed from 13-93 glass particles can be sintered to high density without
crystallization, which often leads to an improvement in the mechanical strength of the
scaffolds. Furthermore, in vitro cell culture showed no marked difference between the
ability of 13-93 and 45S5 glass to support the proliferation and function of osteoblastic
cells [24].
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2. Materials and methods
2.1. Preparation of oriented 13-93 bioactive glass scaffolds

The fabrication of bioactive glass (13-93) scaffolds with oriented pores by
unidirectional freezing of camphene-based suspensions was performed using a sequence
of steps [16]: preparation of a homogeneous suspension; unidirectional freezing of the
suspension; isothermal annealing of the frozen constructs near the softening point of the
mixture to coarsen the camphene crystals; sublimation of the camphene crystals to
replicate the macropores; and sintering to densify the glass phase in the macropore walls.

The procedure for preparing camphene-based suspensions is described in detail
elsewhere [16]. Briefly, bioactive glass with the 13-93 composition (6Na,0, 12K,0,
5MgO, 20Ca0, 4P,0s, 53Si0,; wt %) (kindly provided by Mo-Sci Corp., Rolla,
Missouri), was ground to produce particles with an average size of ~1 pm. Suspensions
were prepared by ball milling a mixture of the glass particles (10 vol%), camphene
(C1oH16; CAS 5794-04-7; Alfa Aesar, Ward Hill, MA, USA), and 2 wt% of isostearic
acid (C1gH3602; MP Biomedicals LLC, Solon, OH, USA) for 24 h at 55 °C in a closed
polypropylene bottle.

Unidirectional freezing of the suspensions was performed at selected constant
freezing rates in the range 1-7 °C/min using a specially assembled apparatus, described
in detail elsewhere [25]. Briefly, the suspension was poured into a
polytetrafluoroethylene mold which was surrounded by a heating jacket and placed on a
cold copper rod (cold finger). Since camphene could freeze at room temperature, a
constant output was applied to the heating jacket which kept the mold temperature at
around 35 °C in order to minimize the heat transfer through the mold. The mold was also
covered with a rubber cap to prevent heat transfer from the top. The cold finger was
cooled by liquid nitrogen. The temperature of the cold finger was controlled by another
heating jacket, a thermocouple within the cold finger, and a proportional—integral—
derivative (PID) controller. Frozen constructs with a diameter of ~10 mm and a length of
~20 mm were prepared. For comparison, unidirectional freezing was also performed by
freezing the suspensions on a copper substrate kept at a constant temperature of 3 °C, as

described in our previous work [16].
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After freezing, each construct was placed in a closed poly (vinyl chloride) (PVC)
container to avoid camphene loss, and annealed for 24 h at 34 °C in an incubator to
coarsen the camphene dendrites. The samples were cooled to room temperature, removed
from the PVVC containers, and kept for 24 h at room temperature in a fume hood to
sublime the camphene phase. Finally, the porous constructs were sintered in air for 1 h at
700 °C (heating rate = 5°C/min) to remove the fine pores between the bioactive glass
particles in the walls of the oriented macropores.

2.2. Microstructural characterization of porous constructs

After sublimation of the camphene, the porous constructs were pre-sintered (5 h at
600 °C) in order to develop adequate strength for handling but to maintain the as-formed
porous microstructure. These pre-sintered constructs were sectioned in planes parallel
and perpendicular to the freezing direction, infiltrated with epoxy resin, ground and
polished. The polished sections were coated with Au/Pd, and examined by scanning
electron microscopy (SEM) using an S-4700 microscope (Hitachi, Tokyo, Japan) at an
accelerating voltage of 15 kV and a working distance of 18 mm. Sections of the sintered
constructs (1 h at 700 °C) were also prepared and examined using a similar procedure.

The line intercept method was used to determine the average pore diameter of the
constructs from sections perpendicular to the freezing direction. More than 100
intersections were counted. The open porosity of the sintered constructs was measured
using the Archimedes method. The pore size distribution was determined using a liquid
extrusion porosimeter (LEP-1100 AX, Porous Materials Inc., NY), with water used as the
wetting liquid.

2.3. Mechanical response of sintered scaffolds

The mechanical response of the sintered constructs in the direction of freezing
was measured in compression using an Instron testing machine (Model 4204; Norwood,
MA, USA). Cylindrical constructs (7 mm in diameter <7 mm) were deformed at a rate of
0.5 mm/min. Six samples were tested for each group, and the compressive strength and
elastic modulus were determined as an average *standard deviation. Statistical analysis
was performed using one-way analysis of variance. After testing, the fractured surfaces of

the scaffolds were examined using SEM.
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3. RESULTS
3.1. Freezing rate of suspensions

Figure 2 shows the temperature of the cold finger (copper rod) as a function of
time for the freezing process at three different freezing rates (1, 4, and 7 °C/min). Higher
cooling rates were limited by the conductivity and the lowest achievable temperature of
the copper rod. In order to maintain the required freezing rate, the temperature of the
copper rod was lowered continuously with the aid of the PID controller. The average
solidification rates, 4, 10, and 16 pm/s, for the freezing rates of 1, 4, and 7 °C/min,
respectively, were determined from the length of the frozen construct and the time
required to completely freeze the construct. For comparison, the time for complete
freezing is also shown for the suspensions frozen on the constant-temperature substrate (3
°C).

3.2. Microstructure of frozen constructs

Figure 3 shows SEM images of the cross-sections parallel to the freezing direction
for constructs prepared at constant freezing rates of 1 and 7 °C/min after sublimation of
the camphene; for comparison, SEM images of constructs prepared by freezing on a
constant-temperature substrate (3 °C) are also shown. Images for constructs frozen at 4
°C/min are not shown for the sake of brevity. The images were taken at the top, middle,
and bottom region along the length of the construct. Generally, the pores showed a
dendritic morphology, resulting from the growth of primary camphene dendrites down
the imposed temperature gradient, and side-branching or secondary camphene dendrites
emanating from the primary dendrites. However, the spatial homogeneity of the pore
diameter was dependent on the freezing method and the rate of freezing.

The constructs frozen on the constant-temperature substrate (Figs. 3A1-A3) had a
vastly different microstructure from bottom to top. Starting with fine oriented pores at the
bottom of the construct, the diameter of the pores increased with distance along the
freezing direction. For the constructs frozen at constant rates, the lowest rate (1 °C/min)
resulted in an improvement in the homogeneity of the pore diameter between the bottom
and top of the construct (Figs. 3B1-B3). The spatial homogeneity of the pore diameter

continued to increase with increasing freezing rate, until at the highest rate used (7
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°C/min), there was little difference in the homogeneity of the pore diameter from the
bottom to the top of the construct, a length of ~20 mm (Figs. 3C1-C3).

Using the cross-sections perpendicular to the freezing direction, the average pore
diameter was determined at the bottom, middle, and top regions of the constructs (Fig.
4a). As shown, there were significant differences in pore diameter between the three
regions for all the constructs except for those frozen at the highest rate of 7 °C/min, for
which there was a significant difference between the middle and top regions only. The
average pore diameter, normalized to the pore diameter at the bottom of the construct is
shown in Fig. 4b as a function of distance from the bottom of the construct. For the
construct frozen on the constant-temperature substrate (3 °C), the average pore diameter
at the top was ~3 times the value at the bottom. In comparison, for the construct prepared
by freezing at a constant rate of 7 °C/min, the difference in average pore size along the
length was markedly smaller.

3.3. Microstructure of constructs after annealing and sintering

SEM images of the cross-sections parallel to freezing direction are shown in Fig.
5 for the constructs after the freezing and thermal annealing (24 h at 34 °C) steps, and
after sublimation of the camphene. The images are shown for the bottom, middle, and top
regions of the samples frozen on the constant-temperature substrate (3 °C) and under
constant freezing rates of 7 °C/min. When compared to the microstructures of the
constructs after the freezing step only (no thermal annealing) (Fig. 3), the diameter of the
pores resulting from the primary camphene dendrites has increased markedly. There is
also an absence of pores from the secondary dendrite arms in the construct frozen at 7
°C/min (Fig. 5B1-B3). In the case of the constructs frozen on the constant-temperature
substrate, the absence of pores from the secondary dendrite arms is not clearly evident
(Fig. 5A1-5A3).

In general, the orientation of the pores was more evident after the annealing step,
and the average pore diameter showed little dependence on the freezing rates used in this
work. However, there was some difference in the pore morphology. The constructs
prepared by freezing on the constant-temperature substrate showed some difference in the
thickness of the macropore walls from the bottom to the top of the construct (Figs.

5A1-5A3). For this group, no clear orientation of the pores was observed at the top of the
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constructs. In comparison, the constructs frozen at constant rates showed better
homogeneity in the thickness of the struts (macropore walls) and the pore diameter along
the length of the construct. Constructs frozen under the fastest rate (7°C/min) showed
well-aligned pores along the freezing direction, and channel-like pores can be observed
along the freezing direction (Fig. 5B1-5B3).

After sintering, the scaffolds had approximately the same porosity of 50 + 4%,
regardless of the conditions used in the freezing step. For the scaffolds prepared by
freezing on the constant-temperature substrate (3 °C), SEM images of the cross-sections
parallel to the freezing direction showed differences in pore alignment along the length of
the construct (Fig. 6a). The pores were well oriented from the bottom to the middle of the
scaffolds, but were poorly aligned above the middle region. In comparison, the constructs
prepared by freezing at a constant rate of 7 °C/min showed good pore alignment and a
homogeneous microstructure from the bottom to the top of the construct (Fig. 6b). SEM
images of sections perpendicular to the freezing direction showed macropores with an
approximately circular cross-section (Fig. 6¢, d) and an almost fully dense glass struts
(Fig. 6e).

The distributions of pore diameters for the sintered constructs formed by freezing
on the constant-temperature substrate and under constant freezing rates of 1 °C/min and 7
°C/min are shown in Fig. 7. For all three groups, the pore sizes were mostly in the range
50-150 pm, with a peak value of ~100 pm. For the construct prepared by freezing at 7
°C/min, the pore size data followed an approximately bell-shaped curve, typical of a
normal distribution. However, the data for the constructs prepared by freezing on the
constant-temperature substrate or freezing at 1 °C/min showed a tail in the distribution
curve at pore sizes larger than ~150 pm.

3.4. Mechanical response of sintered constructs

Figure 8a shows examples of the stress vs. deformation response in compression
for the sintered constructs formed by freezing on the constant-temperature substrate (3
°C) and under a constant freezing rate of 7 °C/min. Both constructs showed an elastic
response, in which the stress increased approximately linearly with deformation, followed

by failure in which the samples fractured into several pieces, typical of dense brittle
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solids. The fracture planes were almost vertical, along the orientation direction; mirror
area and hackle lines were found on the fractured surfaces of the glass struts, which are
common features accompanying the failure of a dense glass. As shown in Fig. 8a, the
construct formed by freezing at a constant rate had a higher compressive strength (stress
at failure) than the construct formed by freezing on the constant-temperature substrate.

The compressive strength and elastic modulus (slope of the stress vs. deformation
response) of the sintered constructs are shown in Fig. 8b. Constructs formed by freezing
at the lowest rate (1 °C/min) had a compressive strength (37 =7 MPa) and an elastic
modulus (8 =3 GPa) (data not shown) that were not significantly different from those for
the construct formed by freezing on the constant-temperature substrate (strength = 35 +
11 MPa; elastic modulus = 8 3 GPa). In comparison, the construct formed by freezing
at the highest rate (7 °C/min) had a significantly higher compressive strength (47 &5
MPa) (p<0.05) and a higher elastic modulus (11 3 GPa) (p<0.08).

4. Discussion

The results of the present work show that controlled unidirectional freezing of
camphene-based suspensions, under an imposed constant freezing rate, resulted in the
formation of 13-93 bioactive glass constructs with a more homogeneous microstructure
and better pore alignment, when compared to constructs formed under a time-dependent
freezing rate (freezing on a constant-temperature substrate). The microstructural
improvement resulted in an enhancement of the compressive strength and elastic modulus
of the sintered constructs. Bioactive glass scaffolds (porosity = 50 + 4%; average pore
width ~ 100 m) formed by freezing at a constant rate of 7 °C/min (the highest freezing
rate available in this work) showed a compressive strength of 47 £5 MPa and an elastic
modulus of 11 +3 GPa. These scaffolds could have potential application in the repair of
load-bearing bones, such as segmental defects in the long bones.

The results showed that after the freezing step, the homogeneity of the primary
dendrite diameter over the length of the frozen construct was dependent on the method of
freezing and the freezing rate (Figs. 3 and 4). As described previously, freezing at
constant rates of 1, 4, and 7 °C/min resulted in average solidification rates of

approximately 4, 10, and 16 pm/s, respectively (Fig. 2). Therefore, the results also
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showed that the spatial homogeneity of the dendrite diameters improved with increasing
values of the solidification rate. In contrast, the solidification rate decreased with time for
the constructs frozen on the constant-temperature substrate, resulting in a reduction in the
homogeneity of the primary dendrite diameter over the length of the construct. In the
present work, homogeneity of the camphene dendrite diameter was achieved over a
sample length of ~30 mm for the highest solidification rate (16 pm/s) achievable with the
equipment. In contrast, for constructs prepared by freezing on the constant temperature
substrate (3 °C), homogeneity of the dendrite diameter was achieved over a distance of
only ~10 mm.

The results (Figs. 3 and 4) also showed a dependence of the diameter of the
primary camphene dendrite on the solidification rate. Based on previous studies [8, 11,
19, 25, 26], the dependence of the average dendrite diameter d on the average
solidification rate v was assumed to follow a power law relation

d=kv" Q)
where k is a constant and m is an exponent. A plot of the data for d (taken from Fig. 3a)
vs. v (taken from Fig. 2) showed that the exponent m varied from ~0.3 for the bottom
region of the construct to ~0.6 for the top region (Fig. 9).

The pore channel size (width or diameter) in constructs prepared by the
unidirectional freezing of suspensions has been found to depend on factors such as the
solidification rate, the solvent, and the particles in the suspension. For suspensions of
Al,O3 particles in camphene, Shanti et al. [26] did not measure the solidification rate
directly, but assumed that the rate varied inversely with distance from the cold substrate.
They plotted the pore channel size as a function of the relative solidification rate and
found that m = 0.33. In comparison, for aqueous Al,O3 suspensions, the results from
Deville et al. [25] and Waschkies et al. [19] for the average pore channel spacing as a
function of the solidification rate give m ~ 0.9 and m =~ 0.8, respectively. The data from
Zhang et al. [11] for the average pore spacing of constructs formed from aqueous
solutions of poly(vinyl alcohol) give m =~ 0.6. The m values in the present work fall
within the range of values described above for previous studies. The reason for the

increase in the m values (0.3—0.6) from the bottom to the top of the construct (Fig. 9) is
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not clear. However, a possible reason might be a decrease in the solidification velocity
with distance from the cold substrate.

As described previously, interconnected pores with a diameter or width between
neighboring pores of ~100 pm are considered to be the minimum requirement for
supporting tissue ingrowth and function [2]. Our previous work on unidirectional freezing
of camphene-based suspensions on a constant-temperature substrate showed that this
minimum pore diameter can be achieved or exceeded by using a two-step process
(freezing followed by thermal annealing) [16]. That study also showed that the annealing
step resulted in coarsening of the primary camphene dendrites, typical of an Ostwald
ripening process. As a consequence, despite large differences in the diameter of the
primary camphene dendrites formed after the freezing step, the annealing step resulted in
a self-similar distribution of dendrite diameters with approximately the same average
diameter. That trend was also observed in the present work. Constructs prepared by
freezing on a constant-temperature substrate and under constant freezing rates (1-7
°C/min) had approximately the same average primary dendrite diameter after the
annealing process (Fig. 5). After sintering, the constructs had approximately the same
average pore diameter, and the distribution of pore diameters approximated a bell-shaped
curve (Fig. 7). However, the construct formed by freezing at a constant rate of 7 °C/min
showed a narrower distribution of pore sizes, which could result from the better
homogeneity of the primary dendrite diameter achieved in the freezing step. In
comparison, for the sample frozen on a constant-temperature substrate (3 °C), differences
in the orientation and morphology of the pores (or crystals) resulting from the freezing
step remained after the annealing and sintering steps (Figs. 5 and 6).

The mechanical strength of the constructs is determined by their microstructure.
In the present work, the sintered constructs can be approximated by a uniaxial composite
consisting dense glass struts and channel voids. In this case, the compressive strength and
elastic modulus can be described by a rule of mixtures. However, off-axis pores will
reduce the strength and modulus. As discussed previously, higher freezing rates lead to
better alignment of the pores and to fewer off-axis void channels, resulting in a higher

strength and modulus (Fig. 8).
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The repair of defects in load-bearing bones is a challenging clinical problem.
Bioactive glass scaffolds with a more random microstructure, prepared by methods such
as sintering of particles or short fibers (porosity = 40—50%), as well as polymer foam
replication and sol-gel processing (porosity = 75—90%), often have compressive strength
and stiffness in the range of those reported for trabecular bone [20, 21, 27-29].
Consequently, they are limited to the repair of non-loaded bone. In comparison, bioactive
glass scaffolds with an oriented microstructure prepared recently by unidirectional
freezing of suspensions (porosity = 50%; average pore diameter = 100 pm) have shown
average compressive strength (25-35 MPa) and elastic modulus (5-10 GPa), values far
higher than those reported for trabecular bone [9, 16]. More recently, bioactive glass
scaffolds (13-93 or 6P53B) with a grid-like microstructure prepared by solid freeform
fabrication methods (porosity = 50—60%; pore width = 200—500 um) have shown a
compressive strength (~140 MPa), comparable to the values reported for cortical bone
[22, 30, 31]. Although the guidelines for the requisite mechanical properties of scaffolds
intended for loaded bone repair are currently unclear, the present method could provide
bioactive glass scaffolds with a favorable combination of mechanical strength and pore
characteristics for potential applications in the repair of loaded bone. The ability of these
oriented scaffolds to substitute for bone defects is currently being evaluated in vivo in

animal models.

5. Conclusion

Silicate 13-93 bioactive glass scaffolds with an oriented pore architecture were
formed using a two-step process consisting of unidirectional freezing of camphene-based
suspensions followed by thermal annealing near the softening point of the frozen mixture.
The pore orientation and homogeneity of the microstructure were dependent primarily on
the freezing conditions, whereas the pore diameter was controlled by the annealing step.
A higher freezing rate (7 °C/min) resulted in improved pore alignment and a more
homogeneous microstructure over a larger length of the sample. Constructs frozen on a
cold substrate or at constant freezing rates of 1-7 °C/min had approximately the same
average pore diameter after the annealing step. After sintering, constructs prepared by

freezing at 7 °C/min (porosity = 50%; pore diameter = 100 pm) had a compressive
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strength of 47 £5 MPa and an elastic modulus of 11 £3 GPa. These bioactive glass
scaffolds have a favorable combination of strength, stiffness, and pore characteristics for
potential application in the repair of loaded bone.
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Fig. 1. Schematic of the growth of camphene dendrites during unidirectional freezing of

camphene-based suspensions [16].
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Fig. 2. Data for the substrate (cold finger) temperature vs. time during unidirectional
freezing of camphene-based suspensions at constant rates (1-7 °C/min). The average
velocity of the camphene solidification front is shown for each freezing rate. For
comparison, suspensions were also frozen on a substrate kept at a constant temperature (3
°C). The solid lines show the time taken to completely freeze a construct 20 mm in height

under the conditions shown.
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Fig. 3. SEM images of the cross-sections parallel to the freezing direction for as-
solidified 13-93 bioactive glass constructs prepared by unidirectional freezing on a
constant-temperature substrate (3°C) (A1-A3), or at constant freezing rates of 1 °C/min
(B1-B3), and 7°C/min(C1-C3). Images are shown for the bottom, middle, and top

portions of the constructs along the freezing direction.
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Fig. 4. (a) Pore diameter at the bottom, middle, and top portion of the construct after the
freezing step and sublimation of the camphene, for constructs frozen unidirectionally on a
constant-temperature substrate (3 °C) or at constant rates (1, 4, and 7 °C/min) (*p< 0.05);
(b) Pore diameter (normalized to the pore diameter at the bottom portion of the construct)
vs. distance from the bottom of the construct plotted from the data in (a).
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Fig. 5. SEM images of cross-sections parallel to the freezing direction for constructs after
freezing, annealing for 24 h at 34 °C, and sublimation of the camphene. The freezing step
was performed on a constant-temperature substrate (3 °C) (A1-A3) or at a constant
freezing rate of 7 °C/min (B1-B3). Images are shown for the bottom, middle, and top

portions of the constructs along the freezing direction.
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Fig.6. SEM images of cross-sections parallel and perpendicular to the freezing direction
for sintered constructs prepared by freezing on a constant-temperature substrate (3 °C) (a,
c), or at a constant rate of 7 °C /min (b, d, €). Sections parallel to the freezing direction (a,
b) and perpendicular to the freezing direction (c, d, ) are shown.
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and 7 °C /min. The data points for each sample were fitted by polynomial function, and
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Fig. 8. (a) Examples of compressive stress vs. deformation response for sintered

constructs tested parallel to the orientation direction. The constructs were prepared by
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freezing on a constant-temperature substrate (3 °C) or at a constant rate of 7 °C /min. (b)

Compressive strength and elastic modulus determined from the stress vs. strain data. (*p<

0.05).
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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 um) 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 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
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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-AS 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,0s; 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), 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 1 summarizes
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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 = 350400 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 isoflurane 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 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 microcomputed tomography analysis

Harvested samples from each group were analyzed using synchrotron X-ray
microcomputed 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
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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 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 [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.
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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 compositional changes resulting from the
bioactive glass conversion. The observations were performed at an accelerating voltage
of 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
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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.
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 1, 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).
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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 implants (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 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
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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 different regions of the implants are shown in Table 2.
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 scaffold showed a typical elastic response followed by failure: the
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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.

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
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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
vs. 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 of the scaffolds can have an important effect on bone
infiltration [29, 30]. Whereas the trabecular scaffolds had a larger porosity (~80%) and
pore of larger 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 um) was just comparable to the minimum pore
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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
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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, a SiOy-rich layer (~3 pm), 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 pm 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
a SiO,-rich core. Previous studies have suggested that degradation of the SiO,-rich core
occurred 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
wit% at 37 °C [37], and silicon substitution in HA is < 2 wt% [38]. The observed Si
concentration in the implants may be due to the 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, €). The infiltrated tissue

presumably provided a deformable matrix for the brittle glass and HA-like material.
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Scaffolds implanted for 12 and 24 weeks in rat calvarial defects maintained their external
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 adsorbed 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 after coating or infiltrating with a polymer phase [43—45], while the
toughness of scaffolds with higher compressive strengths (~10 MPa) had toughness
values up to ~1000 kJ m™ [41]. In the present study, the energy absorbed during
deformation of the oriented scaffolds (implantation time = 12 or 24 weeks) was ~800
kJ m™, which is 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.
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5. Conclusion

Strong porous scaffolds of 13-93 bioactive glass with an oriented microstructure
of columnar pores (porosity = 50%; pores diameter = 50-150 jum) showed the capacity to
regenerate bone in rat calvarial defects. Bone regeneration in the oriented implants
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.

Acknowledgement

This work was supported by the National Institutes of Health, National Institute of
Arthritis, Musculoskeletal and Skin Diseases (NIAMS), Grant # 1R15AR056119-01, and
by the U.S. Army Medical Research Acquisition Activity, under Contract No.
W81 XWH-08-1-0765. The authors would like to thank Mo-Sci Corp., Rolla, MO for the
bioactive glass used in this work, Dr. R. F. Brown for assistance with animal surgeries,
and the Advanced Light Source, Lawrence Berkeley National Lab, for use of the
dedicated X-ray tomography beamline.

References

[1] U.S. Census Bureau. Interim State Population Projections 2005.

[2] U.S. Census Bureau. Health and nutrition. U.S. Census Bureau statistical abstracts
of the United States, Washington, DC, 2009; p. 117.



3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

81

Thawani JP, Wang AC, Than KD, Lin CY, La Marca F, Park P. Bone
morphogenetic proteins and cancer: review of the literature. Neurosurgery
2010;66:233-46.

Pasche B. Role of transforming growth factor beta in cancer. J Cell Physiol
2001;186:153-68.

Hench LL. Bioceramics. J Am Ceram Soc 1998;81:1705-28.

Rahaman MN, Day DE, Bal BS, Fu Q, Jung SB, Bonewald LF. Bioactive glass in
tissue engineering. Acta Biomater 2011;7:2355-73.

Fu Q, Saiz E, Rahaman MN, Tomsia AP. Bioactive glass scaffolds for bone tissue
engineering: state of the art and future perspectives. Mater Sci Eng C
2011;31:1245-56.

Baino F, Vitale-Brovarone C. Three-dimensional glass-derived scaffolds for bone
tissue engineering: Current trends and forecasts for the future. J Biomed Mater Res
A 2011;97:514-35.

Gerhardt L-C, Boccaccini AR. Bioactive glass and glass-ceramic scaffolds for bone
tissue engineering. Materials 2010;3:3867-910.

Deville S, Saiz E, Nalla RK, Tomsia AP. Freezing as a path to build complex
composites. Science 2006;311:515-8.

Liu X, Rahaman MN, Fu Q, Tomsia AP. Porous and strong bioactive glass (13-93)
scaffolds prepared by unidirectional freezing of camphene-based suspensions. Acta
Biomater 2012;8:415-23.

Liu X, Rahaman MN, Fu Q. Oriented bioactive glass (13-93) scaffolds with
controllable pore size by unidirectional freezing of camphene-based suspensions:
microstructure and mechanical response. Acta Biomater 2011;7:406-16.

Fu Q, Rahaman MN, Bal BS, Brown RF. Preparation and in vitro evaluation of
bioactive glass (13-93) scaffolds with oriented microstructures for repair and
regeneration of load-bearing bones. J Biomed Mater Res A 2010;93:1380-90.

[14] Fu Q, Rahaman MN, Bal BS, Kuroki K, Brown RF. In vivo evaluation of 13-
93 bioactive glass scaffolds with trabecular and oriented microstructures in a
subcutaneous rat implantation model. J Biomed Mater Res A 2010;95:235-44.



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

82

Place ES, Evans ND, Stevens MM. Complexity in biomaterials for tissue
engineering. Nat Mater 2009;8:457-70.

Fu Q, Rahaman MN, Sonny Bal B, Brown RF, Day DE. Mechanical and in vitro
performance of 13-93 bioactive glass scaffolds prepared by a polymer foam
replication technique. Acta Biomater 2008;4:1854-64.

Sanderson C, Kitabayashi LR. Parallel experience of two different laboratories with
the initiator Perkadox 16 for polymerization of methylmethacrylates. J
Histotechnology 1994;17:343-8.

Sheehan D, Hrapchak B. Theory and Practice of Histotechnology. 2nd ed. St. Louis:
CV Mosby Co.; 1980.

An YH, Draughn RA. Mechanical Testing of Bone and the Bone-Implant Interface.
Boca Raton, FL: CRC Press; 1999.

Thomas MB, Doremus RH, Jarcho M, Salsbury RL. Dense hydroxylapatite: fatigue
and fracture strength after various treatments, from diametral tests. J Mater Sci
1980;15:891-4.

Xie D, Brantley WA, Culbertson BM, Wang G. Mechanical properties and
microstructures of glass-ionomer cements. Dent Mater 2000;16:129-38.

Womack WJ, Santoni BG, Puttlitz CM. Diametral compression of non-circular
diaphyseal bone sections. J Biomech 2008;41:194-9.

Sinka IC, Cunningham JC, Zavaliangos A. Analysis of tablet compaction. Il. Finite
element analysis of density distributions in convex tablets. J Pharm Sci
2004;93:2040-53.

Kokubo T, Kushitani H, Sakka S, Kitsugi T, Yamamuro T. Solutions able to
reproduce in vivo surface-structure changes in bioactive glass-ceramic A-W. J
Biomed Mater Res 1990;24:721-34.

Fu Q, Huang W, Jia W, Rahaman MN, Liu X, Tomsia AP. Three-dimensional
visualization of bioactive glass-bone integration in a rabbit tibia model using
synchrotron X-ray microcomputed tomography. Tissue Eng Part A 2011;17:3077-
84.



[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

83

Bonewald LF, Harris SE, Rosser J, Dallas MR, Dallas SL, Camacho NP, Boyan B,
Boskey A. Von Kossa staining alone is not sufficient to confirm that mineralization
in vitro represents bone formation. Calcified Tissue Int 2003;72:537-47.

Fu Q, Rahaman MN, Fu H, Liu X. Silicate, borosilicate, and borate bioactive glass
scaffolds with controllable degradation rate for bone tissue engineering
applications. I. Preparation and in vitro degradation. J Biomed Mater Res A
2010;95:164-71.

Gibson LJ, Ashby MF. Cellular Solids: Structure and Properties. 2nd ed.
Cambridge: Cambridge University Press; 1997.

Jones AC, Arns CH, Hutmacher DW, Milthorpe BK, Sheppard AP, Knackstedt
MA. The correlation of pore morphology, interconnectivity and physical properties
of 3D ceramic scaffolds with bone ingrowth. Biomaterials 2009;30:1440-51.
Otsuki B, Takemoto M, Fujibayashi S, Neo M, Kokubo T, Nakamura T. Pore throat
size and connectivity determine bone and tissue ingrowth into porous implants:
Three-dimensional micro-CT based structural analyses of porous bioactive titanium
implants. Biomaterials 2006;27:5892-900.

Hulbert SF, Young FA, Matthews RS, Klawitter JJ, Talbert CD. Potential of
ceramic materials as permanently implantable skeletal prostheses. J Biomed Mater
Res 1970;4:433-56.

Karageorgiou V, Kaplan D. Porosity of 3D biomaterial scaffolds and osteogenesis.
Biomaterials 2005;26:5474-91.

Gosain AK, Santoro TD, Song LS, Capel CC, Sudhakar PV, Matloub HS.
Osteogenesis in calvarial defects: contribution of the dura, the pericranium, and the
surrounding bone in adult versus infant animals. Plast Reconst Surg 2003;112:515-
27.

Fu Q, Rahaman MN, Day DE. Accelerated conversion of silicate bioactive glass
(13-93) to hydroxyapatite in aqueous phosphate solution containing polyanions. J
Am Ceram Soc 2009;92:2870-6.

Radin S, Ducheyne P, Falaize S, Hammond A. In vitro transformation of bioactive
glass granules into Ca-P shells. J Biomed Mater Res 2000;49:264-72.



84

[36] Schepers EJ, Ducheyne P. Bioactive glass particles of narrow size range for the
treatment of oral bone defects: a 1-24 month experiment with several materials and
particle sizes and size ranges. J Oral Rehabil 1997;24:171-81.

[37] Alexander GB, Heston WM, ller RK. The solubility of amorphous silica in water.
The J Phys Chem 1954;58:453-5.

[38] Kim SR, Lee JH, Kim YT, Riu DH, Jung SJ, Lee YJ, Chung SC, Kim YH.
Synthesis of Si, Mg substituted hydroxyapatites and their sintering behaviors.
Biomaterials 2003;24:1389-98.

[39] Woodard JR, Hilldore AJ, Lan SK, Park CJ, Morgan AW, Eurell JA, Clark SG,
Wheeler MB, Jamison RD, Wagoner Johnson AJ. The mechanical properties and
osteoconductivity of hydroxyapatite bone scaffolds with multi-scale porosity.
Biomaterials 2007;28:45-54.

[40] Chen QZ, Boccaccini AR. Poly(D,L-lactic acid) coated 45S5 Bioglass®-based
scaffolds: processing and characterization. J Biomed Mater Res A 2006;77:445-57.

[41] Peroglio M, Gremillard L, Gauthier C, Chazeau L, Verrier S, Alini M, Chevalier J.
Mechanical properties and cytocompatibility of poly(e-caprolactone)-infiltrated
biphasic calcium phosphate scaffolds with bimodal pore distribution. Acta Biomater
2010;6:4369-79.

[42] Martinez-Vazquez FJ, Perera FH, Miranda P, Pajares A, Guiberteau F. Improving
the compressive strength of bioceramic robocast scaffolds by polymer infiltration.
Acta Biomater 2010;6:4361-8.

[43] Bretcanu O, Misra S, Roy I, Renghini C, Fiori F, Boccaccini AR, Salih V. In vitro
biocompatibility of 45S5 Bioglass®-derived glass—ceramic scaffolds coated with
poly(3-hydroxybutyrate). J Tissue Eng Regen Med 2009;3:139-48.

[44] Kim HW, Knowles JC, Kim HE. Hydroxyapatite porous scaffold engineered with
biological polymer hybrid coating for antibiotic vancomycin release. J Mater Sci
Mater Med 2005;16:189-95.

[45] Baino F, Verne E, Vitale-Brovarone C. Feasibility, tailoring and properties of
polyurethane/bioactive glass composite scaffolds for tissue engineering. J Mater Sci
Mater Med 2009;20:2189-95.



Table 1 Characteristics of silicate 13-93 bioactive glass scaffolds with oriented and

trabecular microstructure
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_ ) Compressive  Elastic o
Porosity Pore size Fabrication
Scaffold strength modulus
(%) (pm) method
(MPa) (GPa)

Unidirectional
Oriented 50 +4 50-150 47 x5 11 +3 freezing of

suspensions

Polymer foam
Trabecular 80 £5 100-500 11=*1 3+05 o
replication
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Table 2 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 HA-like layer®  SiO,-rich layer/core  Glass core
Bone (B)
(weeks) (H) (S) (©))
12 1.72 £0.03 1.75 +£0.04 2.6 0.2 6.4 +0.4
24 1.52 +0.06 1.68 +0.03 1.9+0.1 —

ca/P atomic ratio for stoichiometric HA = 1.67



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.



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.
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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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Fig. 4. 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: (a) normalized to the total defect area; (b) normalized to the available pore
area of the scaffolds (*significant difference between scaffolds: p<0.05).
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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)



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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ABSTRACT

There is a need to develop synthetic scaffolds for repairing large defects in load-
bearing bones. Bioactive glasses have attractive properties as a scaffold material for bone
repair, but data on their mechanical properties are limited. The objective of the present
study was to comprehensively evaluate the mechanical properties of strong porous
scaffolds of silicate 13-93 bioactive glass fabricated by robocasting. As-fabricated
scaffolds with a grid-like microstructure (porosity = 47%; filament diameter = 330 pm;
pore width = 300) were tested in compressive and flexural loading to determine their
strength, elastic modulus, Weibull modulus, fatigue resistance, and fracture toughness.
Scaffolds were also tested in compression after they were immersed in simulated body
fluid (SBF) in vitro or implanted in a rat subcutaneous model in vivo. As fabricated, the
scaffolds had a strength = 86 =9 MPa, elastic modulus = 13 =2 GPa, and a Weibull
modulus = 12 when tested in compression. In flexural loading, the strength, elastic
modulus, and Weibull modulus were 11 + 3 MPa, 13 2 GPa, and 6, respectively. In
compression, the as-fabricated scaffolds had a mean fatigue life of ~10° cycles when
tested in air at room temperature or in phosphate-buffered saline at 37 °C under cyclic
stresses of 1-10 MPa or 2—20 MPa. The compressive strength of the scaffolds decreased
markedly during the first 2 weeks of immersion in SBF or implantation in vivo, but more
slowly thereafter. The brittle mechanical response of the scaffolds in vitro changed to an

elasto-plastic response after implantation for longer than 2—4 weeks in vivo. In addition
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to providing critically needed data for designing bioactive glass scaffolds, the results are
promising for the application of these strong porous scaffolds in loaded bone repair.

1. Introduction

Contained bone defects are repairable with commercially-available,
osteoconductive and osteoinductive filler materials [1, 2]. However, no ideal biological
solution exists to reconstitute structural bone loss, such as segmental defects in the limbs.
The available treatments used to repair large bone defects, such as bone allografts,
autografts, porous metals, and bone cement, have limitations related to costs, availability,
longevity, donor site morbidity, and uncertain healing to host bone. Consequently, there
is a great need for porous biocompatible implants that can replicate the strength,
morphology, porosity, bioactivity, and load-bearing ability of living bone.

Scaffolds made of synthetic and natural polymers such as poly(lactic acid),
poly(glycolic acid), polycaprolactone, and collagen degrade in vivo, and are replaced by
new bone matrix synthesized by tissue-forming cells [3, 4]. These materials have proven
useful for filling contained bone defects, but their use in structural bone repair is
challenging because of their inherently low strength [5, 6]. Calcium phosphate
bioceramics such as hydroxyapatite (HA), beta-tricalcium phosphate (-TCP), and
biphasic calcium phosphate (BCP) are logical bone repair materials since they are
composed of the same ions as the mineral constituent of bone. However, synthetic HA
degrades too slowly to allow osseous repair, while porous B-TCP scaffolds are typically
not strong enough to survive physiologic loading.

Bioactive glasses have attractive properties as a scaffold material for bone repair.
In vivo, bioactive glass converts to hydroxyapatite (HA), the main mineral constituent of
bone, which promotes osseous healing [7-9]. Calcium ions and soluble silicon released
during the bioactive glass conversion further promote osteogenesis [10, 11] and activate
osteogenic gene expression [12, 13]. Bioactive glass can be doped, during manufacture,
with trace amounts of elements such as copper (Cu), zinc (Zn), and strontium (Sr) that are
known to promote angiogenesis and healthy bone growth [9, 14]. As the bioactive glass
degrades during conversion to HA in vivo, those elements are released at therapeutically

acceptable rates.
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Most previous studies have targeted glass compositions, such as silicate 45S5 and
13-93, and three-dimensional (3D) scaffold architectures with relatively low-strength,
such as compressive strengths in the range of values reported for human trabecular bone
[15-18]. Attempts have been made to prepare glass or glass—ceramic scaffolds with
higher strength using methods such as sintering particles that were compacted with a
pore-forming phase [19] and unidirectional freezing of suspensions [20]. However, the
range of pore sizes and the interconnectivity of the pores were difficult to control, which
could limit the capacity of the scaffolds to support bone infiltration. Recent studies have
shown that silicate 13-93 and 6P53B glass scaffolds fabricated by robocasting, a solid
freeform fabrication technique, have compressive strengths comparable to those of
human cortical bone [21-25] as well as a highly interconnected porous microstructure
that is known to be favorable for supporting bone infiltration. Those strong porous
bioactive glass scaffolds could provide promising implants for loaded bone repair.

Although the mechanical properties of bioactive glass scaffolds have been widely
reported in the literature, most studies have focused on evaluating the strength and elastic
modulus in compression of the as-fabricated scaffolds or scaffolds that were immersed in
an aqueous phosphate solution such as a simulated body fluid (SBF) [15]. Load-bearing
bones, such as long limb bones, are subjected to multiple loading modes as well as cyclic
loading. Consequently, the development of bioactive glass scaffolds for repairing
structural bone loss requires a comprehensive evaluation of their mechanical response. As
the bioactive glass converts to HA, its properties change with time. Data for the time-
dependent mechanical response in vitro and in vivo are also critically important for the
design of bioactive glass scaffolds for loaded bone repair.

The objective of the present study was to comprehensively characterize the
mechanical response of strong porous scaffolds of silicate 13-93 bioactive glass which
were fabricated with a grid-like microstructure by robocasting. The selection of 13-93
glass was based on its proven bioactivity [9] and on our previous studies which showed
that scaffolds of this glass can be created with compressive strengths comparable to
cortical bone by solid freeform fabrication techniques [21-23]. The strength, elastic
modulus, Weibull modulus in compression and flexure, fatigue resistance and fracture

toughness of the as-fabricated scaffolds were evaluated. The mechanical response in
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compression was also evaluated as a function of immersion time of the scaffolds in SBF

in vitro and implantation time in rat subcutaneous sites in vivo.

2. Materials and methods
2.1. Fabrication of bioactive glass scaffolds

Melt-derived bioactive glass frits with the composition designated 13-93 (53SiO,
6Na,0, 12K,0, 5MgO, 20Ca0, 4P,0s, wt %), provided by Mo-Sci Corp., Rolla, MO,
USA, were crushed in a steel shatterbox (8500 Shatterbox®, Spex SamplePrep LLC.,
Metuchen, NJ, USA) to form particles of size smaller than ~50 pm. Then the particles
were ground for 2 h in an attrition mill using water as the liquid medium and ZrO,
grinding media (3 mm in diameter) to give particles of size ~1 pm. A slurry (ink) for
robotic deposition (robocasting) was prepared using a solution with reverse thermal
behavior, as described in detail elsewhere [25]. Briefly, the glass particles (40 vol %)
were mixed with a 20 wt % aqueous Pluronic® F-127 solution, previously cooled in a
refrigerator, using a planetary centrifugal mixer (ARE-310; THINKY, Laguna Hills, CA,
USA) and placed for 12 h in a refrigerator at 10 °C.

The ink was warmed to room temperature, loaded into a robotic deposition device
(RoboCAD 3.0, 3-D Inks, Stillwater, OK, USA) and deposited on an Al,O3 substrate
immersed in a reservoir of lamp oil (Florasense, Charleston, SC, USA). Scaffolds with a
grid-like microstructure were formed by extruding the ink through a 410 pm nozzle (EFD
Precision Tips, East Providence, RI, USA) with a line spacing (center-to-center distance
between the filaments) of 910 pm. After forming, the scaffolds were dried for 24 h in air
at room temperature, heated slowly (0.5 °C/min with a few isothermal holds) to 600 °C in
flowing O gas to burn out the processing additives, and sintered in air for 1 h at 700 °C
(heating rate = 5 °C/min) to densify the glass filaments.

Scaffolds were coated with Au/Pd and examined in a scanning electron
microscope (SEM) (S-4700; Hitachi, Tokyo, Japan) at an accelerating voltage of 15 kV
and a working distance of 12 mm. Quantification of the microstructure (average pore
width and glass filament diameter) was performed using image analysis (ImageJ;
National Institutes of Health, USA), while the volume of the macropores in the scaffold

was measured using the Archimedes method according to ASTM C830-00.
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2.2. Mechanical testing in compression and flexure

The as-fabricated scaffolds were tested in compression and flexure using an
Instron testing machine (Model 5881; Norwood, MA, USA). The compressive strength of
scaffolds with a cubic shape (6 mm %<6 mm <6 mm) was measured at a cross-head speed
of 0.5 mm min™, using a 10 kN load cell. The deformation of the sample was determined
from the movement of the cross-head. Prior to testing, the contact surfaces of the
scaffolds were ground using a surface grinder (FSG-618, Chevalier Machinery Inc., Santa
Fe Springs, CA, USA) to produce parallel surfaces. The elastic modulus was determined
from the linear region of the stress vs. strain response. The load was applied to the
samples in the z direction of the as-formed scaffolds, perpendicular to the plane of
deposition (xy plane) shown in Fig. 1a. This loading direction was used because it would
match the compressive loading direction of the scaffolds in a segmental bone defect.

Four-point flexural testing was performed on a fully articulated fixture (outer span
=20 mm; inner span = 10 mm) at a crosshead speed of 0.2 mm min™, using a 2 kN load
cell. The stress was applied in the z direction of the scaffolds (the same direction used for
the compression tests). The as-fabricated scaffolds (3 mm x5 mm >x25 mm) were tested
according to the procedure described in ASTM C1674-11, and the flexural strength was
determined from the equation

3Pl
~ 4bd?

where P is the applied load, I is the outer span, and b is the sample width and d is the

O

1)

thickness of the sample. The flexural modulus of the samples was determined from the
stress and the deflection recorded using a linear variable differential transformer (LVDT)
at the mid-span of the sample.

Thirty samples each were tested in compression and in flexure, and the strength
and modulus were expressed as a mean + standard deviation (SD). The Weibull modulus
in each loading mode was determined according to ASTM C1239-07 by fitting the
strength data with the equation
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where Ps is the probability of failure at a stress o, and o, is the Weibull scale parameter
determined from the intercept of the fit to the data and Weibull modulus, m. The value o,
is also the stress at which the probability of failure is 63%. Ps was evaluated using the
equation

_ i—05

P
f n

3)

where n is the total number of specimens tested and i is the specimen rank in ascending
order of failure stresses.

After testing, the fractured surfaces of samples with the highest and lowest
flexural strengths were coated with Au/Pd, and examined in the SEM (Hitachi; S-4700).
Particular attention was paid to the lower region of the fractured surface (which was
subjected to a tensile stress during the four-point bending test) and the upper region of the
fractured surface (subjected to a compressive stress) to determine differences in the
morphology of the fractured surfaces.

2.3. Fracture toughness testing

The fracture toughness of the as-fabricated scaffolds was measured by the single-
edge notched beam (SENB) technique using samples of size 3 mm x5 mm <25 mm
according to the procedure described in ASTM C1421-10. A notch of width <100 pm and
depth of ~1.5 mm was machined at the midpoint of the 3 millimeter-wide plane using a
dicing saw (ACCU-CUT 5200, AREMCO Products Inc., Ossining, NY). The notch depth
(a few times the cell size of the scaffold) was chosen to satisfy the conditions for
applicability of linear elastic fracture mechanics (K-dominance at the crack tip) [26]. The
fracture toughness K. was determined using the equation [26]

Ko =ovmYF(a/H) 4)
where o is the fracture stress, a is the depth of the notch, H is the thickness of the sample,
F(a/H) is a geometrical factor [27], and the dimensionless parameter Y is ~1 for the
microstructure of the samples tested [26]. Five samples were tested in four-point bending
as described earlier, and the fracture toughness was determined as an average +SD.

2.4. Fatigue testing
Fatigue testing of the as-fabricated scaffolds was performed in cyclic compression

using an ElectroForce 3330 testing system (Bose Corp., Eden Prairie, MN, USA).
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Samples (6 mm %6 mm <6 mm) were tested in air at room temperature and in
phosphate-buffered saline (PBS) at 37 °C using load-control actuation, at a frequency of 5
Hz. Three cyclic compressive stresses of 1-10 MPa, 2—-20 MPa and 3—30 MPa were used
in the study, with the minimum to maximum stress ratio kept constant at 0.1. The tests
were conducted until failure or until 10° cycles were reached. The fatigue testing
conditions were based on the estimated number of gait cycles (10°) in one year for
patients after joint replacement [28] and the recommended stress levels (10-15 MPa) in
ASTM F2118-10. Six samples were tested at each cyclic stress. The fatigue life (mean +
SD) was determined using a logarithmic transformation of the cycles to failure as
recommended in ASTM F2118-10. Statistical analysis of the mean fatigue life was
performed using one-way analysis of variance (ANOVA) with Tukey’s post hoc test;
differences were considered significant for p<0.05.
2.5. Degradation of compressive strength in vitro and in vivo

The degradation of the compressive strength and elastic modulus of the scaffolds
(6 mm <6 mm =<6 mm) in vitro and in vivo was evaluated in compression using the
testing conditions described earlier. The samples were tested after immersion in SBF at

37+£0.5 °C in an incubator (Model CCC 0.5d, Boekel Industries Inc., Feasterville, PA) or

after implantation in rat subcutaneous sites for 2, 4, 6 and 12 weeks. For each time point,
six samples were tested, and the compressive strength (average =SD) was plotted as a
function of time. In vitro, the ratio of the scaffold mass to the SBF volume was kept
constant at 1 g per 100 cm®, and the SBF was not changed during the immersion period.
The samples were tested immediately after removal from the SBF (without drying).

A rat subcutaneous model was used for the in vivo study based on the ease of the
implantation surgery and the need to implant scaffolds with an appropriate size for
subsequent mechanical testing. Six-month old male Sprague Dawley rats were used. All
animal experimental procedures were approved by the Animal Care and Use Committee,
Missouri University of Science and Technology, in compliance with the NIH Guide for
Care and Use of Laboratory Animals. The rats were anesthetized with a combination of
ketamine (50 mg/kg) and xylazine (4 mg/kg). Six scaffolds were implanted into
subcutaneous pockets at six sites in the dorsum of each rat. After each implantation
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period, the animals were sacrificed by CO, inhalation. The samples were harvested,
wrapped in gauze wetted with PBS, and tested.

After immersion in SBF or implantation in rat subcutaneous sites, the thickness of
the converted layer of the glass filaments in the scaffolds, composed mainly of a porous
HA-like material, was measured. The samples were freeze-dried (Freezezone 4.5;
Labconco Corp., Kansas City, MO, USA), mounted in epoxy resin, sectioned, and
polished. The polished cross-sections were coated with carbon and examined in an SEM
(Hitachi; S-4700) in the backscattered electron (BSE) mode at an accelerating voltage of
15 kV and a working distance of 13 mm. At least 15 filaments were examined and the

thickness of the converted layer was determined as an average £SD.

3. Results
3.1. Mechanical properties of as-fabricated scaffolds

The as-fabricated scaffolds had a uniform grid-like microstructure (Fig. 1), with
glass filaments of diameter 330 + 10 jm, a pore width of 300 + 10 micron in the plane of
deposition (xy plane) and a pore width of 150 + 10 pm in the direction of deposition (z
direction). The glass filaments were almost fully dense (relative density = 98 + 1%, as
determined by the Archimedes method) and they appeared to be well bonded to the
filaments in the adjacent plane. The total open porosity of the scaffolds, as determined by
the Archimedes method was 47 + 1%.

The mechanical properties of the as-fabricated scaffolds in compression and in
flexure are summarized in Table 1. In compression, the scaffolds had a strength = 86 +9
MPa and an elastic modulus = 13 2 GPa, whereas the flexural strength and flexural
modulus were 11 £3 MPa and 13 %2 GPa, respectively. The fracture toughness of the
scaffolds was 0.48 +0.04 MPa m*2,

Figure 2 shows Weibull plots of the compressive and flexural strength data. The
plots were approximately linear over most of the stress range, but deviations from a linear
relationship were apparent at the low and high stress values. Least-squares fitting of a
straight line through the data points gave a Weibull modulus of 12 in compression and 6
in flexure. For each loading mode, an alternative might be to fit two straight lines through

the strength data, one for the lower strength values, and the other for the remaining
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values. However, SEM images of the fractured surfaces of scaffolds with a higher
flexural strength (15 MPa) and a lower flexural strength (8 MPa) showed no marked
difference in fracture morphology (Fig. 3). Features such as hackle lines (indicated by
arrows) and smooth mirror areas (starred symbols) [30] were found on the fractured
surfaces of both samples. The fractured glass filaments near the top region (Fig.3c, f) of
the sample (subjected to a compressive stress during four-point bending) showed
cantilever curls (curve lines indicated by arrowheads), typically found near the region of
compression in flexural testing of brittle solids [30]. However, the origin of failure,
typically found in the tensile region (near the lower region in four-point bending) was
difficult to determine.

The fatigue life of the as-fabricated scaffolds when tested in compression in air
and in PBS is shown in Fig. 4. Of the 6 samples tested under each condition, the number
that survived the 10° cycles of testing is also indicated. In air, all 6 samples tested under a
cyclic stress of 1—-10 MPa survived, showing that the samples had a fatigue life greater
than 10° cycles. As the cyclic stress amplitude was increased to 2—20 MPa and 3—30
MPa, 4 and 3 samples, respectively, survived the 10° cycles of testing. Although the
mean fatigue life decreased with the increase in the stress amplitude, the difference was
not significant.

Under a cyclic stress of 1-10 MPa, testing in PBS did not have a significant effect
on the mean fatigue life when compared to the samples tested in air; 5 samples survived
the 10° cycles of testing. However, testing under the higher cyclic stresses of 2-20 MPa
and 3—30 MPa resulted in a significant decrease in the mean fatigue life. In PBS, the
mean fatigue life was 10>°, 10°3, and 10*2 cycles at the cyclic stresses of 1-10, 2—20 and
3-30 MPa, respectively. Together, the data indicated that for the cyclic stresses used, the
mean fatigue life was independent of the stress when the samples were tested in air,
whereas testing in PBS resulted in a significant reduction in the mean fatigue life with
increasing stress.

3.2. Degradation of compressive strength in vitro and in vivo

The compressive strength and elastic modulus of the scaffolds after immersion in

SBF in vitro or implantation in rat subcutaneous sites in vivo are shown in Fig. 5 as a

function of immersion time or implantation time. The strength and modulus decreased
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rapidly during the first 2 weeks but more slowly thereafter. This trend was independent of
the in vitro or the in vivo environment, but the decrease in vivo was larger than that in
vitro. The strength decreased from the as-fabricated value of 86 +9 MPa to 58 +5 MPa
after 2 weeks in SBF and to 35 + 4 MPa after the same time in vivo (Fig. 5a). After 12
weeks, the strength of the scaffolds immersed in SBF was 52 + 10 MPa, whereas the
strength of the scaffolds implanted in vivo was 16 =4 MPa. The elastic modulus of the
scaffolds decreased from the as-fabricated value of 13 £2 GPa to 11 £1 GP after 2
weeks in SBF and to 6 2 GPa after 2 weeks in vivo (Fig. 5b). The modulus of the
scaffolds was 9 £2 GPa and 2 1 GPa, respectively, after 12 weeks in SBF and in vivo.
Figure 6 shows the mechanical response of the scaffolds in compression after they
were immersed in SBF or implanted in rat subcutaneous sites. (The curves were shifted
arbitrarily along the x-axis to maintain clarity). After an initial transient, the scaffolds that
were immersed in SBF showed a mechanical response typical of porous brittle materials;
the stress increased almost linearly with the deformation, followed by failure (Fig. 6a). At
failure, the scaffolds fractured into several pieces. In comparison, the scaffolds that were
implanted in vivo showed a markedly different response: the brittle response changed to
an elasto—plastic response after 2—4 weeks (Fig. 6b). Instead of fracturing into several
pieces, the samples maintained their integrity after the mechanical test and became more
deformable (Fig. 7). SEM backscattered electron images of the cross-section of the
filaments showed that a surface layer of the glass was converted after immersion in vitro

or implantation in vivo (Fig. 8a, b).

4. Discussion

The present study provided a comprehensive evaluation of the mechanical
properties of strong porous bioactive glass (13-93) scaffolds with a well-controlled
microstructure which were fabricated by robocasting. The mechanical properties of the
as-fabricated scaffolds in the relevant loading modes of compression and flexure were
evaluated, as well as the fatigue resistance and fracture toughness. Since the mechanical
properties of bioactive glass change as the glass converts to HA, the mechanical response
of the as-fabricated scaffolds in compression was compared with their response after

immersion in SBF in vitro or after implantation in a rat subcutaneous model in vivo.
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4.1. Mechanical properties of as-fabricated bioactive glass scaffolds

The as-fabricated scaffolds with a uniform grid-like microstructure (porosity = 47
+ 1%; filament diameter ~330 jum; pore width ~300 pm in the xy plane) had a
compressive strength of 86 + 9 MPa when tested in the z direction, a value that is close to
the lower end of the values reported for human cortical bone (100—150 MPa).
Modifications of this uniform microstructure, as described in previous work [21-23],
have resulted in compressive strengths similar to human cortical bone. The elastic
modulus of the as-fabricated scaffolds was 13 =2 GPa, which is in the range of values
reported for cortical bone (10—20 GPa).

The Weibull modulus determined from the strength data for a large number of
identical samples (typically 20—30 or more) is commonly used as a measure of the
mechanical reliability or the probability of failure of brittle materials [30]. The
mechanical response of brittle materials is sensitive to microstructural flaws such as pores
and microcracks. Commonly, the strength and Weibull modulus are used to evaluate the
probability of failure of brittle materials under a given stress. The Weibull modulus of
dense or nearly dense ceramics and glasses has been reported in the range 5—20 [31].
Data for the Weibull modulus of bioactive glasses are limited. The Weibull modulus of
porous bioceramic scaffolds, such as HA, beta-tricalcium phosphate (B-TCP), and
calcium polyphosphate (CPP), has been reported in the range 3—10 for testing in
compression [15, 32—34].

In this study, the Weibull modulus of the scaffolds in compression was 12. A
possible reason for this high value is the uniform microstructure composed of dense glass
filaments (relative density = 98 + 1%) that are mainly free from large flaws. Figure 9
shows a comparison of the Weibull plots for the bioactive glass scaffolds in this study
with plots taken from the literature for calcium phosphate scaffolds tested in compression
[32, 33]. Under the same allowable failure probabilities, the bioactive glass scaffolds
showed a compressive failure strength that is higher than that for the HA scaffolds, and
far higher than that for the B-TCP scaffolds. Based on the strength and the Weibull
modulus data, when subjected to a compressive stress of 50 MPa, the failure probability
of the bioactive glass scaffolds, Py, is equal to 103 (1 in 1000 scaffolds is predicted to
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fail). The average stress on a hip stem is reported as 3—11 MPa [35, 36], well below the
stress (50 MPa) for a failure probability of 1072,

The flexural modulus (13 2 GPa) of the bioactive glass scaffolds measured in
four-point bending was similar to the elastic modulus in compression. However, the
flexural strength (11 + 3 MPa) was only 10—15% of the compressive strength, and the
Weibull modulus in flexure was half that in compression. The flexural strength of HA
scaffolds with a porosity of 30—50% has been reported in the range 2—12 MPa [37]. In
comparison, human cortical bone has a flexural strength comparable to its compressive
strength (Table 1).

Finite element analysis of a cubic scaffold (2 mm in length) of HA or B-TCP with
a grid-like microstructure (filament diameter = 220 m; pore width = 80 pm in the
deposition plane and 120 pm in the z direction) showed that under an applied
compressive load of 250 N (stress = 63 MPa), the maximum tensile stress in the scaffold
was ~ 80 MPa, generated at the middle of the unsupported filaments. In comparison,
under an applied tensile load of 250 N (stress = 63 MPa), the maximum tensile stress was
almost 4 times higher (~400 MPa), generated around the joint of two neighboring
filaments [38]. The analysis indicated that when applying the same load on a grid-like
microstructure, the maximum local tensile stress generated in the glass filaments was
much higher in tensile loading than in compressive loading, and the distribution of the
stress was very different between the two loading modes [38]. Since brittle materials such
as glass typically fail in tension, and assuming that the scaffolds failed when the
maximum local tensile stress exceeded the tensile strength of the glass filament, then the
compressive strength is expected to be far superior to the tensile strength [38]. The
flexural strength found in this study (11 3 MPa) was much lower than the compressive
strength (86 =9 MPa), which is in general agreement with the predictions of the finite
element modeling.

One approach to enhance the flexural strength of the bioactive glass scaffolds is
through microstructural modification. As described earlier, the scaffolds used in the
present study had a uniform grid-like microstructure. Preliminary results of our ongoing
research showed that the flexural strength of the bioactive glass scaffolds can be

markedly improved by creating a “gradient” microstructure, similar to the topography of
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human long bone. The “gradient” microstructure consisted of a more porous inner region
with the same grid-like microstructure used in the present study (porosity ~50%), and an
outer region with a grid-like microstructure of lower porosity (15—20%) in which the
glass filaments had the same diameter but were more closely spaced.

The fracture toughness of the bioactive glass scaffolds used in the present study
(0.48 £ 0.04 MPa mY 2) 1s much lower than the value for human cortical bone (2—12
MPa m"?) [39], but in the range of values for dense glass (0.5—1 MPa-m"?), porous HA
(0.3 MPa m*?) [40], and porous phosphate glass—ceramics (0.2—0.6 MPa-m*?) [41]. The
toughness of weak bioactive glass or bioceramic scaffolds (compressive strength = 1-20
MPa) can be improved by coating or infiltrating the porous scaffold with a biodegradable
synthetic polymer [32, 42, 43]. However, a polymer coating might reduce the bioactivity
of the scaffolds, particularly at early implantation times when the coating limits the
interaction of cells and tissues with the bioactive glass surface.

Because long limb bones undergo cyclic loading, the fatigue resistance of
scaffolds designed for bone substitution is relevant. The results of the present study
provide for the first time, information on fatigue resistance of strong porous bioactive
glass scaffolds. When the bioactive glass scaffolds were tested in air at room temperature,
the fatigue life decreased as the maximum cyclic compressive stress was increased from
10 MPa to 30 MPa, but the decrease was not significant. However, in PBS at 37 °C, the
mean fatigue life showed a significant decrease from 10°° cycles to 10*? cycles for the
same increase in the stress amplitude. The observed trend for the effect of stress and
aqueous environment on the fatigue of silicate 13-93 bioactive glass scaffolds is
compatible with the stress corrosion crack growth mechanisms for bioactive and
conventional silicate glasses [44] which is generally attributed to the stress corrosion of
Si—O—Si bonds at the crack tip [45]. In normal walking, the compressive load on the
human femur is estimated to be smaller than 4 times the body weight [46]. Assuming a
uniform load distribution, a femoral bone cross-sectional area of ~4 cm? [47], and a body
weight of 70 kg, the stress on an implant in a segmental femoral defect is <2 MPa. The
results of the present study therefore indicate that the bioactive glass scaffolds have

excellent fatigue resistance at stresses far higher than normal physiological stresses.
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4.2. Degradation of compressive strength in vitro and in vivo

The strength of bioactive glass scaffolds decreases with time as the glass converts
to HA.Typically the conversion starts at the surface and moves inward [48]. To account
for the strength degradation observed in the present study, the thickness of the converted
layer of the bioactive glass filaments in the scaffolds was measured from SEM images of
the cross-sections (Fig. 8). The thickness was measured as a function of immersion time
in SBF or implantation time in rat subcutaneous sites. As described in previous studies [8,
9], the converted layer in silicate bioactive glass consists of an HA-like outer layer and a
thin SiO,-rich inner layer. As shown in Fig. 8, at 6 weeks, the converted layer in vivo (34
+6 1um) was much larger than that in vitro (~5 pm). The faster conversion in vivo has
been explained in terms of the more dynamic environment and the presence of
electrolytes, proteins and biological polymers in vivo [49, 50].

As shown in Fig. 10a, the thickness y of the converted layer in vivo increased
with time t, and can be well fitted by a parabolic growth equation

y =kt (5)

where k is constant, equal to 12.7 pm?/week. The basic load-bearing units of the porous
scaffolds are the glass filaments of the grid-like microstructure. The newly formed HA-
like layer and SiO,-rich layer formed as a result of the glass conversion were porous and
presumably much weaker than the glass phase [51]. Therefore the decrease in strength
was expected to correlate with the reduction in the diameter (or cross-sectional area) of
the unconverted glass filaments. Using this assumption, the compressive strength o of the
scaffold at time t has been described in terms of a power-law relation [52, 53]:

o, =0, (1 - Xjn (6)

a

where o, = 86 MPa is the compressive strength of the as-fabricated scaffold, a is the
radius of the glass filaments, y is the thickness of the converted layer, and n is a fitting
parameter. Substituting for y from Equation (5), and the radius of the glass filaments (a =

165 pm) measured in the present study, Equation (6) gives

o, =0, (1— 12'7\/¥J @)

165
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The best fit to the compressive strength data of the scaffolds implanted in vivo gave n =
6.1 (Fig. 10b). These results show that the degradation of the compressive strength of the
bioactive glass scaffolds in vivo is predictable if the conversion rate of the bioactive glass
to HA is known.

A challenge in the design of bioactive glass scaffolds for the regeneration of
loaded bone is to match the degradation of scaffold mechanical properties with the rate of
new bone infiltration. We are currently studying the rate of new bone formation in
osseous defects implanted with these scaffolds with grid-like microstructure. By
combining those bone infiltration data with the results for the mechanical degradation of
the scaffolds obtained in this study, the overall mechanical strength of the implants could

be predicted as a function of implantation time.

5. Conclusion

Scaffolds of 13-93 bioactive glass with a grid-like microstructure (porosity =
47%; pore width = 300 pm in the xy plane and 150 in the z direction) were fabricated by
robocasting. When tested in the z direction, the scaffolds had a compressive strength of
86 =9 MPa, elastic modulus of 13 +2 GPa, and a Weibull modulus of 12. In flexural
loading (load applied in the z direction), the strength, elastic modulus, and Weibull
modulus were 11 £3 MPa, 13 =2 GPa, and 6, respectively. When tested in compression
in air at room temperature or in phosphate-buffered saline at 37 °C, the as-fabricated
scaffolds had a mean fatigue life of ~10° cycles under cyclic stresses of 1-10 MPa or
2—20 MPa. When compared to similar scaffolds immersed in a simulated body fluid
(SBF) in vitro, scaffolds implanted in rat subcutaneous sites in vivo showed a more rapid
degradation in compressive strength as a result of faster conversion to HA in vivo.
Whereas the scaffolds showed a brittle mechanical response after immersion for up to 12
weeks in SBF, the response changed from brittle to elasto—plastic within 2—4 weeks of
implantation in rat subcutaneous sites. The degradation of the compressive strength of the
scaffolds as a function of time in vivo can be predicted from the conversion of the
bioactive glass to hydroxyapatite. In addition to providing critically needed data for
designing bioactive glass scaffolds, the results are promising for the application of these

strong porous scaffolds in loaded bone repair.
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Table 1 Mechanical properties of as-fabricated 13-93 bioactive glass scaffolds with a

grid-like microstructure in compression and flexure (four-point bending). (The load was

applied in the z direction, perpendicular to the plane of deposition (xy plane) of the

scaffolds).
Compression Flexure
Elastic ) Flexural ) Fracture
Strength Weibull Strength Weibull
modulus modulus toughness
(MPa) modulus (MPa) modulus 1
(GPa) (GPa) (MPa m™)
Scaffold 86 +9 13 +2 12 11 43 13+2 6 0.48 +0.04
Cortical bone 135-19
100-150 10-20 —-16 2-12
[15, 29] 3
Trabecular
2-12 0.1-5 10-20 0.1-0.8

bone [15]
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Fig.1. SEM images of silicate 13-93 bioactive glass scaffolds prepared by robotic
deposition (robocasting): (a) plane of deposition (xy plane); (b) perpendicular to the

deposition plane (z direction).
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Fig. 3. SEM of images of the fractured surfaces of bioactive glass scaffolds tested in
flexure (four-point bending): (a—c) scaffold with a flexural strength of 15 MPa; and (d—f)
scaffold with flexural strength of 8 MPa. Higher magnification images of the fractured
surface near the bottom surface of the sample (in tension during the test) and near the top
surface (compression) are shown in (b, €) and (c, f), respectively. Arrows point to the

hackle lines; stars show the mirror area and arrowheads point to the cantilever curls.
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(a) Before testing (b) After testing

Fig. 7. Optical micrograph showing 13-93 bioactive glass scaffolds after implantation in
rat subcutaneous sites for 4 weeks: (a) prior to mechanical testing; (b) after mechanical

testing in compression. The scaffolds became highly deformable after the mechanical

testing.
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(a) 6w invivo (b) 6w in vitro.

Fig. 8. SEM backscattered electron images showed the cross-sections of the glass
filament in 13-93 bioactive glass scaffolds after (a) implantation for 6 weeks in vivo and
(b) after immersion for the same time in SBF in vitro. (c) Sketch showing the parameters
of the converted glass filament: a = initial radius of the glass filament; y = thickness of

the converted layer at time t.
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(dashed lines).
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ABSTRACT

The repair of large bone defects, such as segmental defects in the long bones of
the limbs, is a challenging clinical problem. Our recent work has shown the ability to
create porous scaffolds of silicate 13-93 bioactive glass by robocasting which have
compressive strengths comparable to human cortical bone. The objective of this study
was to evaluate the capacity of those strong porous scaffolds with a grid-like
microstructure (porosity = 50%; filament width = 330 pm; pore width = 300 pm) to
regenerate bone in a rat calvarial defect model. Six weeks postimplantation, the amount
of new bone formed within the implants was evaluated using histomorphometric analysis.
The amount of new bone formed in implants composed of the as-fabricated scaffolds was
32% of the available pore space (area). Pretreating the as-fabricated scaffolds in an
aqueous phosphate solution for 1, 3, and 6 days, to convert a surface layer to
hydroxyapatite prior to implantation, enhanced new bone formation to 46%, 57%, and
45%, respectively. New bone formation in scaffolds pretreated for 1, 3, and 6 days and
loaded with bone morphogenetic protein-2 (BMP-2) (1 lp/defect) was 65%, 61%, and
64%, respectively. The results show that converting a surface layer of the glass to
hydroxyapatite or loading the surface-treated scaffolds with BMP-2 can significantly

improve the capacity of 13-93 bioactive glass scaffolds to regenerate bone in an osseous
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defect. Based on their mechanical properties evaluated previously and their capacity to
regenerate bone found in this study, these 13-93 bioactive glass scaffolds, pretreated or
loaded with BMP-2, are promising in structural bone repair.

1. Introduction

The repair of large bone defects is a challenging clinical problem [1]. While
contained bone defects are repairable with commercially-available, osteoconductive and
osteoinductive filler materials [2,3], there is no ideal biological solution to reconstitute
structural bone loss, such as segmental defects in the long bones of the limbs. Available
treatments such as bone allografts, autografts, porous metals, and bone cement have
limitations related to costs, availability, longevity, donor site morbidity, and uncertain
healing to host bone. Consequently, there is a great need for porous biocompatible
implants that can replicate the structure and function of bone and have the requisite
mechanical properties for reliable long-term cyclical loading during weight bearing.

As described previously [4—6], bioactive glasses have several attractive properties
as scaffold materials for bone repair, such as their biocompatibility, ability to convert in
vivo to hydroxyapatite (the mineral constituent of bone), and ability to bond strongly to
hard tissue. Some bioactive glasses, such as the silicate glass designated 45S5, also have
the ability to bond to soft tissue [5, 6]. Most previous studies have targeted bioactive
glass scaffolds with relatively low strength three-dimensional (3D) architectures, such as
strengths in the range of human trabecular bone (2—12 MPa) [7]. Recent studies have
shown that silicate bioactive glass scaffolds (13-93 and 6P53B) created by solid freeform
fabrication techniques such as freeze extrusion fabrication [8] and robocasting [9, 10]
have compressive strengths (~140 MPa) comparable to human cortical bone (100—-150
MPa) [7].

Our recent work showed that strong porous bioactive glass (13-93) scaffolds
created using robocasting had excellent mechanical reliability (Weibull modulus = 12)
and promising fatigue resistance under cyclic stresses far greater than normal
physiological stresses [11], but the capacity of those strong porous bioactive glass (13-
93) scaffolds to regenerate bone has not yet been studied. Our recent studies also showed

that the elastic (brittle) mechanical response of the 13-93 bioactive glass scaffolds in vitro
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changed to an “elasto—plastic” response after implantation for longer than 2—4 weeks in
Vivo, as a result of soft and hard tissue growth into the pores of the scaffolds [11, 12].
However, concerns still remain about the low fracture toughness, flexural strength and
torsional strength of the as-fabricated bioactive glass scaffolds.

In addition to material composition and microstructure [13], scaffold healing to
bone in vivo can be markedly affected by other variables, such as surface composition
and structure, the release of osteoinductive growth factors, and the presence (or absence)
of living cells. Interconnected pores of size ~100 pum are recognized as the minimum
requirement for supporting tissue ingrowth [14], but pores of size ~300 pm or larger may
be required for enhanced bone ingrowth and capillary formation [15]. Surface
modification of macroporous bioactive glass scaffolds has targeted the creation of fine
pores (hanometers to a few microns in size) to modify the surface roughness and increase
the surface area of the scaffolds [16—18]. Conversion of a surface layer to HA, by
reaction in an aqueous phosphate solution, has been shown to improve the capacity of
borate and silicate bioactive glass to support cell proliferation and differentiation in vitro
[19]. Treatment of B,O3-doped silicate bioactive glass scaffolds with a fibrous
microstructure in simulated body fluid (SBF) to create a rough surface layer of
carbonated HA was shown to improve the capacity of the scaffolds to support cell
proliferation in vitro and to enhance bone formation in vivo [20].

Osteoinductive growth factors such as bone morphogenetic protein-2 (BMP-2)
and BMP-7 are well known to stimulate bone formation [21, 22]. However, the use of
porous 3D bioactive glass scaffolds as delivery devices for growth factors has so far
received little attention. In a recent study [23], the surfaces of three silicate bioactive
glasses were functionalized by a silanization technique using 3-amino-propyl-
triethoxysilane; then BMP-2 was immobilized on the glass surfaces. However, the release
of the BMP-2 and the effect of the BMP-2 on bone regeneration in vivo were not studied.

Particles of 13-93 glass have a lower tendency to crystallize prior to appreciable
sintering when compared to 45S5 glass [4]. Consequently, 13-93 glass particles can be
more readily sintered into a dense and strong network. As described earlier, our recent
work showed that strong porous 3D scaffolds of 13-93 glass, prepared with a grid-like

microstructure using robocasting, had promising mechanical properties for loaded bone
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repair. The bioactivity of 13-93 glass and the capacity of 13-93 glass scaffolds with a
“trabecular” and an “oriented” microstructure to support bone ingrowth in vivo were
shown in our previous studies [12, 24].

The objective of the present study was to evaluate the capacity of those strong
porous 13-93 bioactive glass scaffolds fabricated by robocasting to regenerate bone in an
osseous defect model. The effects on bone regeneration of pretreating the scaffolds for
various times in an aqueous phosphate solution, to convert the glass surface to
hydroxyapatite (HA) prior to implantation, and loading the pretreated scaffolds with
BMP-2 were studied. After implantation for 6 weeks in rat calvarial defects, new bone
formation in the implants was evaluated using histomorphometric techniques and

scanning electron microscopy.

2. Experiments
2.1. Preparation of bioactive glass (13-93) scaffolds

Scaffolds of 13-93 bioactive glass (composition 6Na,O, 12K,0, 5MgO, 20Ca0,
53Si0,, 4P,0s; wt %) with a grid-like microstructure were prepared using a robotic
deposition (robocasting) method, as described in our previous work [11]. Briefly, a slurry
was prepared by mixing 40 vol% glass particles (~1 pm) with a 20 wt % aqueous
Pluronic® F-127 solution in a planetary centrifugal mixer (ARE-310, THINKY U.S.A.
Inc, Laguna Hills, CA, USA). Then the slurry was loaded into a robotic deposition device
(RoboCAD 3.0, 3-D Inks, Stillwater, OK) and extruded through a syringe (tip diameter =
410 pm) onto an Al,Os3 substrate to form a 3D scaffold. The extruded filaments were
deposited at right angles to the filaments in the adjacent layer, with a center-to-center
spacing between the filaments of 910 pm in the plane of deposition. After forming, the
scaffolds were dried for 24 h at room temperature, and heated for 2 h at 100 °C to remove
any residual water. Then the scaffolds were heated slowly in flowing oxygen to 600 °C
(heating rate = 0.5 °C/min, with isothermal holds for 2 h each at 150 °C, 200 °C, 250 °C
and 300 °C) to burn out the polymer processing aids, and sintered in air for 1 h at 700 °C
(heating rate = 5 °C/min) to densify the glass filaments. The as-fabricated constructs were

sectioned and ground into thin discs (4.6 mm in diameter <1.5 mm), washed twice with
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deionized water and twice with ethanol, dried in air, and then sterilized by heating for 12
h at 250 °C.
2.2. Surface modification of scaffolds

Some of the as-fabricated scaffolds were modified prior to implantation by
reacting them in an aqueous phosphate solution to convert a surface layer of the glass to
an amorphous calcium phosphate (ACP) or hydroxyapatite (HA) material. In the surface
modification process, the scaffolds were immersed for 1, 3, and 6 days in 0.25 M
K,HPO, solution at 60 °C and a starting pH = 12.0 (obtained by adding the requisite
amount 2 M NaOH solution). The mass of the glass scaffolds to the volume of the
K2HPQ, solution was kept constant at 1 g per 200 ml, and the system was stirred gently
each day. These reaction conditions were based on our previous studies on the conversion
of bioactive glasses to HA [25, 26] and the ability to enhance the dissolution rate of the
silicate glass network at higher pH [27]. In general, the reaction conditions were selected
to accelerate the conversion of 13-93 glass to HA because of the slow conversion of the
glass in simulated body fluid (SBF) at the body temperature (~37 °C) [4, 24]. After each
reaction time, the scaffolds were removed from the solution, washed twice with deionized
water, and twice with anhydrous ethanol to displace residual water from the scaffolds.
The scaffolds were removed from the ethanol, dried for at least 24 h at room temperature,
and stored in desiccator.
2.3. Characterization of converted surface layer

The surface-treated scaffolds were sputter-coated with Au/Pd and examined in a
scanning electron microscope, SEM (S-4700; Hitachi, Tokyo, Japan), using an
accelerating voltage of 15 kV and a working distance of 8 mm. Some surface-treated
scaffolds were also mounted in epoxy resin, sectioned, polished to expose the cross-
sections of the glass filaments, and examined in the SEM (S-4700; Hitachi). The
thickness of the converted surface layer was determined from more than 15
measurements in the SEM images using the ImageJ software (National Institutes of
Health, USA), and expressed as a mean value + standard deviation (SD).

The converted surface layer was removed by vigorously shaking the scaffolds and
used in determining its surface area and phase composition. Surface area measurements

were made using nitrogen gas adsorption (Nova 2000e; Quantachrome, Boynton Beach,
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FL, USA). The volume of nitrogen adsorbed and desorbed at different gas pressures was
measured and used to construct adsorption—desorption isotherms. Eleven points of the
adsorption isotherm, which initially followed a linear trend implying monolayer
formation of adsorbate, were fitted by the Brunauer—Emmett-Teller equation to
determine the surface area.

The presence of crystalline phases in the converted surface layer was determined
using X-ray diffraction (XRD) (D/mas 2550 v; Rigaku, The Woodlands, TX, USA). The
material was ground into a powder and analyzed using Cu K, radiation (A = 0.15406 nm)
at a scanning rate of 1.8 °/min in the 20 range 10-80°.

2.4. Loading the pretreated scaffolds with BMP-2

Some of the pretreated scaffolds were loaded with BMP-2 prior to implantation.
In the process, a solution of BMP-2 (Shenandoah Biotechnology Inc., PA, USA) in citric
acid was prepared by dissolving 10 pg of BMP-2 in 100 i sterile citric acid (pH = 3.0).
Then 10 i of the BMP-2 solution was pipetted on to each bioactive glass scaffold (4.6
mm in diameter <1.5 mm). The amount of BMP-2 loaded into the scaffolds was
equivalent to 1 g per bone defect (or per implant) in the animal model. The BMP-loaded
scaffolds were kept for ~24 h in a refrigerator at 4 °C to dry them prior to implantation.
For comparison, some of the as-fabricated scaffolds (no pretreatment in the phosphate
solution) were also loaded with BMP-2 using the same procedure. The BMP-2 solution
was totally incorporated within the pores of the scaffolds, and there was no visible
evidence for any of the solution flowing out of the scaffolds.

2.5. Release profile of BMP-2 from the scaffolds in vitro

The release of BMP-2 from the scaffolds into a medium composed of equal
volumes of fetal bovine serum (FBS) and phosphate-buffered saline (PBS) plus 1vol%
penicillin was measured as a function of time in vitro. Each scaffold was immersed in
500 i of the solution in a 2.0 ml microtube and kept at 37 °C in an incubator. Three
replicates were used for each group at each time point. At selected times (1h, 8h, 1d, 3d,
7d, 14d), the solution was completely removed and replaced with fresh solution. The
amount of BMP-2 released into the solution was measured using by an enzyme-linked
immunosorbent assay (ELISA) kit (Pepro Tech, Rocky Hill, NJ, USA) according to the

manufacturer’s instructions.
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2.6. Animals and surgical procedure

All animal experimental procedures were approved by the Animal Care and Use
Committee, Missouri University of Science and Technology, in compliance with the NIH
Guide for Care and Use of Laboratory Animals (1985). Seven groups of scaffolds,
described in Table 1, were implanted in rat calvarial defects for 6 weeks. This
implantation time was used because our previous studies had shown considerable bone
regeneration in rat calvarial defects implanted with BMP-loaded hollow HA
microspheres for the same time [28]. The implants were assigned randomly to the
defects, but scaffolds with and without BMP-2 were not mixed in the same animal.

Thirty male Sprague Dawley rats (3 months old; weight = 350400 g, Harlan
Laboratories Inc., USA) were maintained in the animal facility for 2 weeks to become
acclimated to diet, water and housing. The rats were anesthetized with a combination of
ketamine (72 mg/kg) and xylazine (6 mg/kg) and maintained under anesthesia with
isoflurane gas in oxygen. The surgical site was shaved, scrubbed with iodine and draped.
Using sterile instruments and aseptic technique, a cranial skin incision was sharply made
in an anterior to posterior direction along the midline. The subcutaneous tissue,
musculature and periosteum were dissected and reflected to expose the calvarium.
Bilateral full-thickness defects 4.6 mm in diameter were created in the central area of
each parietal bone using a saline-cooled trephine drill. The dura mater was not disturbed.
The sites were constantly irrigated with sterile PBS to prevent overheating of the bone
margins and to remove the bone debris. The bilateral defects were randomly implanted
with 5 or 10 implants per group. The periosteum and skin were repositioned and closed
using wound clips. All animals were given a dose of ketoprofen (3 mg/kg)
intramuscularly and ~200 | penicillin subcutaneously post-surgery. The animals were
monitored daily for condition of the surgical wound, food intake, activity and clinical
signs of infection. After 6 weeks, the animals were sacrificed by CO; inhalation, and the
calvarial defect sites with surrounding bone and soft tissue were harvested for subsequent
evaluation.
2.7. Histologic processing

The calvarial samples, including the surgical sites with surrounding bone and

tissue, were fixed in 10% buffered formaldehyde for 3 days, then transferred into 70%
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ethyl alcohol, and cut in half. Half of each sample was for paraffin embedding and the
other half for methyl methacrylate embedding. The samples for paraffin embedding were
de-siliconized by immersion for 2 h in 10% hydrofluoric acid, decalcified in 14%
ethylenediaminetetraacetic acid (EDTA) solution for 4 weeks, dehydrated in a series of
graded ethanol, and embedded in paraffin using routine histological techniques. Then the
specimens were sectioned to 5 pm and stained with hematoxylin and eosin (H&E). The
undecalcified samples were dehydrated in ethanol and embedded in PMMA. Sections
were affixed to acrylic slides and ground down to 40 pm using a surface grinder
(EXAKT 400CS, Norderstedt, Germany), and stained using the von Kossa technique.
Transmitted light images of the stained sections were taken with an Olympus BX 50
microscope connected with a CCD camera (DP70, Olympus, Japan).
2.8. Histomophometric analysis

Histomorphometric analysis was carried out using optical images of the stained
sections and the ImageJ software. The percent new bone formed in the defects was
evaluated from the H&E stained sections. The entire defect area was determined as the
area between the two defect margins, including the entire glass scaffold and the tissue
within. The available pore area within the scaffold was determined by subtracting the
area of the bioactive glass scaffold from the total defect area. The newly formed bone,
fibrous tissue, and bone marrow-like tissue within the defect area were then outlined and
measured. The area of each tissue was expressed as a percentage of the total defect area
as well as a percentage of the available pore area within the scaffold.
2.9. Scanning electron microscopy

Unstained sections of the implants in PMMA were coated with carbon and
examined using a field-emission scanning electron microscope (SEM) (S-4700; Hitachi)
operating in the backscattered electron (BSE) mode. The specimens were examined at an
accelerating voltage of 15 kV and a working distance of 12 mm.
2.10. Statistical analysis

The data are presented as a mean + SD. Analysis for differences in new bone,
fibrous tissue, and bone marrow-like tissue between groups was performed using one-
way ANOVA with Tukey’s post hoc test [29]. Differences were considered significant
for p <0.05.
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3. Results
3.1. Characteristics of bioactive glass scaffolds and converted surface layer

As fabricated, the scaffolds implanted in the rat calvarial defects had a grid-like
microstructure (Fig. 1a), composed of almost fully dense bioactive glass filaments of
diameter 330 £+ 10 jum and pores of width 300 10 pm in the plane of deposition (xy
plane) and 150 £10 pm in the direction perpendicular to the deposition plane (z
direction) (Fig. 1b). The porosity of the scaffolds, as measured using the Archimedes
method, was 47 +1%.

After reaction of the scaffolds in the K,HPO, solution, the smooth dense surface
of the glass filaments became rough and porous (Fig. 2a), with a fine particulate
morphology that was dependent on the reaction time. After reaction for 1 day, the
converted surface layer consisted mainly of nearly spherical nanoparticles with some fine
needle-like particles (Fig. 2b). With an increase in the reaction time to 3 days, the amount
of needle-like particles increased (Fig. 2c), whereas after reaction for 6 days, the surface
consisted predominantly of needle-like particles (Fig. 2d). The thickness of the converted
layer on the surface of the glass was determined from the cross-section of the glass
filaments in the scaffold (Fig. 2a inset). As the reaction time increased from 1 day to 6
days, the thickness of the converted layer increased from 2 pm to 13 m, while the
surface area increased from 19 m?/g to 47 m?/g (Table 2).

Figure 3 shows XRD patterns of the as-fabricated bioactive glass scaffold and the
converted surface layer of the scaffolds after reaction times of 1, 3, and 6 days in the
K,HPQ, solution. The pattern of the as-fabricated scaffold showed no measurable peaks;
instead, it contained a broad band centered at ~30° 26, typical of an amorphous glass. In
comparison, the pattern of the converted surface layer on the scaffold reacted for 1 day
showed small peaks that corresponded to those of a reference HA (JCPDS 09-0423); as
the reaction time increased from 1 day to 6 days, the number and intensity (height) of the
peaks increased.

The XRD pattern of the converted layer formed after the one-day reaction also
showed a broad bump at ~22° 20 in the vicinity of the major peak for the cristobalite
phase of silica. The height of the bump gradually weakened with increasing reaction

time. A similar bump has been observed in the XRD pattern of silicate 45S5 and 13-93
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bioactive glass, and it has been attributed to the polymerization of silanol groups during
the early stage of the conversion process, leading to the formation of a silica gel phase
[30]. Apparently after the initial formation of a silica-rich layer on the glass, an ACP
layer was formed which continued to grow and crystallize to HA with increasing reaction
time, as described in detail elsewhere [4—6, 31].
3.2. Release profile of BMP-2 in vitro

Figure 4a shows the amount of BMP-2 released from the scaffolds into the
medium at each time interval. The amount of BMP-2 released from the as-fabricated
scaffolds was small at all of the time intervals, and there was no significant difference
among the values except for the three-day interval. The reason for the lower BMP-2
concentration at the three-day interval is currently unclear but it may be related to
difficulties in measuring the low BMP-2 concentrations. The data in Fig. 4a were used to
determine the cumulative amount of BMP-2 released into the medium as a function of
time, which was expressed as a percent of the total amount of BMP-2 initially loaded into
the scaffolds (Fig. 4b). The BMP-2 release profile from the pretreated scaffolds showed
the same trend: a rapid burst release during day 1 was followed by a much slower release
rate. However, at a given time, the amount of BMP-2 released into the medium increased
with the duration of the pretreatment time (1—6 days) in the phosphate solution. In
comparison, there was little release from the as-fabricated scaffolds (no surface
treatment) that were loaded with BMP-2. After 14 days, the cumulative amount of BMP-
2 released from the scaffolds that had been pretreated for 6 days (~30%) was significantly
higher than the amount released from the scaffolds pretreated for 3 days (~10%) or for 1
day (~7%). The amount of BMP-2 released from the as-fabricated scaffolds after the
fourteen-day period was only ~1%.
3.3. Assessment of bone regeneration and integration of the implanted scaffolds

H&E and von Kossa stained sections of implants composed of the as-fabricated
bioactive glass scaffolds and the scaffolds pretreated in the K;HPO, solution for 1 day, 3
days, and 6 days which were implanted for 6 weeks in rat calvarial defects are shown in
Fig. 5. The von Kossa positive area (dark stain) within the defect showed the presence of
mineralized bone as well as HA (or calcium phosphate material) resulting from the

pretreatment of the scaffolds or conversion in vivo. Because of the limited amount of
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hydroxyapatite formed in the pretreatment process and the slow conversion of the
bioactive glass in vivo, the von Kossa positive area corresponded generally to the H&E
stained areas.

All implants showed the formation of new bone into the edges (periphery) of the
implants (adjacent to the old bone), indicating good integration of the implants with the
surrounding bone. New bone formation was observed mainly within the pores of the
implants, and the amount of new bone formed was dependent on the pretreatment in the
aqueous phosphate solution. Implants composed of the as-fabricated scaffolds showed a
limited amount of new bone within the pores of the implants, predominantly in the form
of “islands” (Fig. 5al—a3). In comparison, the implants composed of the pretreated
scaffolds, particularly the scaffolds pretreated for 3 days, showed a better capacity to
support new bone formation (Fig. 5b1—d3). Blood vessels were observed within all of the
implanted scaffolds in the defects (Fig. 5a3—d3).

Figure 6 shows H&E and von Kossa stained sections of the implants composed of
scaffolds that were pretreated for 1day, 3 days, and 6 days, loaded with BMP-2 (1j.g per
defect), and implanted for 6 weeks in the rat calvarial defects. A considerable amount of
new bone infiltrated the scaffolds and completely bridged the interface with old bone.
When compared to the pretreated scaffolds described above (no BMP-2), these BMP-
loaded implants showed a markedly larger amount of bone marrow-like tissue that was
surrounded by new bone within the pore space of the implants (Fig.6a3—c3).

Since all the scaffolds had the same microstructure, the capacity of the scaffolds
to regenerate bone was compared by normalizing the amount of new bone formed to the
total pore space (area) of the scaffolds (Fig. 7, Table 3). The amount of new bone formed
in the as-fabricated scaffolds after the six-week implantation was 32 +13%. In
comparison, the percent new bone formed in the scaffolds pretreated in the K,;HPO,
solution for 1 day, 3 days, and 6 days was 46 +10%, 57 £14%, and 45 +11%,
respectively. The amount of new bone formed in the scaffolds pretreated for 3 days was
significantly higher than that in the as-fabricated scaffolds (p < 0.05). The amount of new
bone in formed in the scaffolds pretreated for 1 day, 3 days, and 6 days and loaded with
BMP-2 was 65 £7%, 61 8%, and 64 #11%, respectively; these values were



138

significantly higher than the amount of new bone formed in the as-fabricated scaffolds
and in the scaffolds pretreated for 1 and 6 days.
3.4. Assessment of bone marrow and fibrous tissue formation

The amount of bone marrow-like tissue formed in the implants composed of the
pretreated scaffolds loaded with BMP-2 was significantly higher than that in the scaffolds
without BMP-2 (as-fabricated or pretreated in the phosphate solution) (Fig. 8a), but the
amount of fibrous (soft) tissue was significantly lower (Fig. 8b). An interesting
observation is that while the amount of new bone formed in the scaffolds pretreated for 3
days (57%) was not significantly different from that in the BMP-loaded scaffolds
(61-65%), the type of tissue in the remainder of the pore space was very different. The
remaining pore space in the scaffolds pretreated for 3 days was filled mainly with fibrous
tissue whereas the remaining pore space in the BMP-loaded scaffolds was filled mainly
with bone marrow-like tissue.

3.5. SEM evaluation of implants

Figure 9 shows back-scattered SEM images of the rat calvarial defects implanted
with the bioactive glass scaffolds at 6 weeks. The contrast in the gray-scale images is an
indication of differences in the calcium content [12]. The unconverted glass, the ACP/HA
layer resulting from the pretreatment in the K;HPO, solution and/or from the conversion
of the glass in vivo, and new bone, all with a high calcium content, had a light-gray color,
while the silica-rich layer formed in the early stage of the conversion of the glass was
dark-gray. Lacunae within the bone, fibrous tissue, and bone marrow-like tissue were
almost black. The glass filaments of the scaffolds consisted of three regions after
implantation: an unconverted glass core (light-gray), a silica-rich layer (dark-gray) on the
unconverted glass, and an ACP/HA surface layer (light-gray). The cracks in the scaffolds
and the delamination of the ACP/HA layer from the scaffolds presumably resulted from
capillary drying stresses during the sample preparation for SEM examination.

New bone formed during the six-week implantation did not appear to bond to the
as-fabricated scaffolds (Fig. 9a, b). Instead, the new bone formed islands within the pores
of the scaffolds and there were large gaps between the newly formed bone and the
ACP/HA surface of the scaffold. In comparison, new bone appeared to bond firmly to the

surface of the pretreated scaffolds and the pretreated scaffolds loaded with BMP-2 (Fig.
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9c—f). The firm bonding to the surface of the pretreated scaffolds and the BMP-loaded
scaffolds was found for all three pretreatment times (1 day, 3 days, and 6 days), but the
images for the scaffolds pretreated for 1 day and 6 days are not included for the sake of
brevity. Because of differences in new bone formation among scaffolds within the same
group, the section in Fig. 9c (pretreated scaffold without BMP-2) showed a larger amount
of new bone when compared to the section in Fig. 9e (pretreated scaffold with BMP-2).
However, when all the sections within each group were considered, there was no
significant difference in new bone formation between the two groups (Fig. 7).

For the scaffolds pretreated for 3 days in the K;HPO, solution prior to
implantation (without or with BMP-2) (Fig. 9d, f), the thickness of the HA layer (~6 pm)
after the six-week implantation was almost similar to the thickness (~5 pm) prior to
implantation (Table 2). In comparison, the thickness of the HA layer formed on the as-
fabricated scaffold during the six-week implantation was (~20 pm), indicating that the
conversion of the as-fabricated scaffold in vivo was much faster than that for the
pretreated scaffold.

4. Discussion

Silicate 13-93 bioactive glass scaffolds similar to those used in this study were
previously shown to have promising mechanical properties for the repair of loaded bone
[11]. This study showed that pretreatment of those bioactive glass scaffolds in an aqueous
phosphate solution to form an ACP or HA surface layer, or loading the pretreated
scaffolds with BMP-2 markedly enhanced the capacity of the scaffolds to regenerate bone
in an osseous defect. When compared to bioactive glass scaffolds with a variety of
composition and microstructure reported in the literature, these pretreated or BMP-loaded
scaffolds also showed the capacity to support faster bone regeneration in the same
osseous defect model.
4.1. Bone regeneration in the as-fabricated bioactive glass scaffolds

The amount of new bone formed in the as-fabricated bioactive glass (13-93)
scaffolds used in this study, determined as a fraction of the available pore area, was 32 +
13% after the six-week implantation in the rat calvarial defects. For the same glass

composition and in vivo model, the amount of new bone formed in scaffolds with an
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oriented microstructure (porosity = 50%; pore diameter = 100—150 pm) was 37 + 8% at
12 weeks, while the amount of new bone formed in scaffolds with a trabecular
microstructure (similar to dry human trabecular bone) (porosity = 80%; pore size =
100—500 um) was 25 + 12% at 12 weeks [12] (Table 4). Scaffolds with a fibrous
microstructure, composed of thermally bonded short fibers (porosity = 50%; pore size =
50—500 pm), showed new bone formation equal to 8.5% of the total defect area at 12
weeks [32]. Since the porosity of the fibrous scaffolds was 50%, the amount of new bone
estimated as a fraction of the pore area was ~17%. These results indicate that the grid-like
microstructure of the scaffolds used in this study has a better capacity to support bone
regeneration when compared to the oriented, trabecular, and fibrous microstructures. The
amount of new bone formed at 6 weeks in vivo was approximately the same or greater
than that in the oriented, trabecular, or fibrous microstructure at for 12 weeks.

The greater capacity of the grid-like microstructure to support bone infiltration
may result from the uniform microstructure of interconnected pores with a favorable size.
As described earlier, while interconnected pores of size ~100 jum are recognized as the
minimum requirement for supporting tissue ingrowth [14], pores of size ~300 pm or
larger may be required for enhanced bone ingrowth and capillary formation [15]. In the
grid-like microstructure used in this study, the pores are all interconnected, have the same
size (width = 300 pm), and are not constricted at their necks. In comparison, the
columnar pores in the oriented scaffolds had a diameter of only 100—150 um and the
interconnectivity between adjacent pores was limited [12], while the necks between
adjacent pores in the trabecular and fibrous microstructures are commonly constructed.
The greater capacity of the grid-like microstructure to support bone regeneration
appeared to result from the better interconnectivity and uniformity of its pores and a pre
size that is considered to be favorable for bone ingrowth.

The path of new bone infiltration into the grid-like scaffolds was also different
from that in silicate 13-93 and borate bioactive glass scaffolds with the oriented and
fibrous microstructures implanted in the same in vivo model. New bone infiltrated the
grid-like scaffolds mainly from the edge (adjacent to old bone), indicating that new bone
formation was mainly osteoconductive in nature, but some “islands” of new bone were

also observed within the interior pores of the scaffold (Fig. 5a2). In comparison, while
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bone formation in the oriented and fibrous scaffolds was also mainly osteoconductive,
new bone formed mainly on the dural side of the implant with little infiltration into the
edge [12]. New bone infiltration into trabecular 13-93 bioactive glass scaffolds was found
predominantly at the periphery of the defect. Differences in the path of the new bone
infiltration into the scaffolds appear to be dependent on the size and interconnectivity of
the pores. Larger pores with better pore interconnectivity, such as those in the grid-like
microstructure used in this study, appear to support greater bone infiltration from the
edge of the scaffold.

4.2. Bone regeneration in pretreated bioactive glass scaffolds

Although the grid-like microstructure created in this study showed a greater
capacity to support new bone formation than the trabecular, oriented or fibrous
microstructure, the as-fabricated state of the glass may not be the most ideal condition for
optimum bone regeneration. As-fabricated, bioactive glass scaffolds prepared by
sintering melt-derived glass particles often have a dense smooth surface (Fig. 1) which
provides a low surface area for adsorption of proteins and limits the amount of proteins
that can be loaded into the scaffolds by adsorption. The surface of silicate bioactive glass
such as 13-93, hydrated in aqueous media, commonly has a high density of negatively-
charged silanol (Si—O) groups which can form strong electrostatic interactions and
hydrogen bonds with adsorbed proteins. Desorption of proteins from the glass surface can
be difficult [33—35], and denaturing of the proteins can be significant [34, 36]. In the
present study, these problems associated with the as-fabricated glass were overcome by
converting a thin surface layer of the glass to ACP or HA in an aqueous phosphate
solution. The ACP/HA surface layer, with a high-surface-area mesoporous structure,
could better support the adsorption and delivery of proteins such as BMP-2 [28,37].

A remarkable finding of the present study was that when compared to the as-
fabricated scaffolds, the surface-treated scaffolds significantly enhanced new bone
formation without any additional osteogenic factors. New bone formation in the
implanted scaffolds that had been pretreated for 3 days in the phosphate solution (57%)
was approximately twice that in the as-fabricated scaffolds (32%), and the new bone

almost completely bridged the defect within 6 weeks (Fig. 5). Apparently the
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pretreatment conferred superior osteoconductivity or osteoinductive-like properties to the
scaffold, but the mechanism is at present unclear.

It is known that an HA surface layer with a chemical and structural similarity to
the surface layer of the pretreated scaffold can also form on the as-fabricated bioactive
glass scaffold upon implantation in vivo. However, a major difference is that while the
HA surface layer is present immediately upon implantation of the pretreated scaffold, it
takes some time before the HA layer is formed on the as-fabricated scaffold [4—6]. Thin-
film XRD showed the formation of an HA surface layer on 13-93 glass within 7 days in
SBF [24]. While the conversion is faster in vivo [4], a time period of a few days might
still be required for the formation of the HA layer on the as-fabricated scaffold.
Consequently, the pretreated scaffold might be able to play an active role at the defect
site, by interacting with cells, tissues, and biomolecules such as endogeneous BMP-2,
immediately upon implantation whereas the as-fabricated scaffold might not. Important
initial interactions might not occur at the defect site implanted with the as-fabricated
scaffolds, and it is possible that the outcome might be less successful later when the HA
layer is formed. A dependence of the healing outcome on the intervention treatment time
has also been observed in other studies [38,39]. For example, the time at which
exogenous BMP-2 is administered was shown to markedly influence bone healing at a
fracture site [38]. Administration of BMP-2 at day O or at day 4 post-facture resulted in
the augmentation of periosteal callus formation, bone mineral content, and superior
biomechanical properties when compared to the administration of BMP-2 at a later time
(day 8).

A possible interaction that could have an important influence on bone healing is
that between the surface of the implant and the exogenous BMP-2 released by the local
cells. Upon implantation, the surface of the as-fabricated bioactive glass reacts with the
physiological fluid to initially form a silica-gel surface layer [4—6]. It is possible that this
silica-gel layer could irreversibly denature proteins such as BMP-2, resulting in a loss of
protein bioactivity [40]. A higher amount of the silica-gel, with a negative charge at the
physiological pH, could lower the release of BMP-2 or increase the tendency for
denaturing the BMP-2. The results for the BMP-2 release profile from the scaffolds in

vitro (Fig. 3) appear to support this suggestion, but further studies are required to provide
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a clearer understanding. The scaffold pretreated for 6 days in the phosphate solution,
showing little evidence for a silica-gel phase in the XRD pattern (Fig. 3), released a
significantly larger amount of BMP-2 when compared to the scaffolds pretreated for 1
day or 3 days and the as-fabricated scaffold.

Another factor that could have an effect on the capacity of the scaffolds to support
new bone formation in vivo is their degradation (or conversion) rate to HA (or ACP). The
presence of the converted HA surface layer on the pretreated scaffolds lead to a reduction
in their degradation rate and in the release of ions from the glass phase into the medium
when compared to the as-fabricated scaffolds [26,41]. SEM images of the pretreated
implants showed little change in the thickness of the HA layer during the six-week
implantation in vivo (Fig. 9b, ¢). In comparison, the thickness of HA layer on the as-
fabricated implants grew to ~20 pm (Fig. 9a). Degradation and conversion of the as-
fabricated glass is initially rapid, resulting in a marked change in the local pH and
osmolarity [26,42,43]. Cell viability could be adversely affected initially [44], and this
could have an effect on subsequent cellular and tissue reactions, and eventually on bone
formation.

4.3. Bone regeneration in the pretreated bioactive glass scaffolds loaded with BMP-2

Loading the pretreated scaffolds with BMP-2 (1 po/defect) significantly enhanced
new bone formation in the defects when compared to the as-fabricated scaffold (Fig. 7).
The percent new bone formed in the BMP-loaded implants was not affected by their
different surface treatments despite the large difference in the BMP-2 release profile in
vitro between the scaffolds pretreated for 1 day and 3 days and the scaffolds pretreated
for 6 days (Fig. 4b). While the release of BMP-2 from the scaffolds in vivo is expected to
be different from that in vitro, it is possible that the amount of BMP-2 released from all
three pretreated scaffolds might be above the threshold required to stimulate bone
formation in vivo.

The amount of new bone formed in the BMP-loaded implants was not
significantly greater than that in the implants pretreated for 3 days (no BMP-2) but it was
significantly greater than that in implants pretreated for 1 day and 6 days (Fig. 7).
Presumably because of the effectiveness of the three-day pretreatment alone in enhancing

bone formation, little effect of the BMP-2 loading can actually be seen. Comparing the
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tissue formed in the defects, the new bone formed in the implants pretreated for 3 days
appeared to be more lamellar, while the new bone in the BMP-loaded implants appeared
to be more woven. Furthermore, there was significantly more bone marrow-like tissue
and less fibrous tissue in the BMP-loaded implants when compared to pretreated implants
(Fig. 8). Marrow-rich bone is known to be a typical outcome of BMP-2 induced bone
growth [45—47], but the mechanism of formation is unclear. The lack of mature and
hypertrophic cartilage-like tissue is an indication that the bone was formed by a
membraneous mechanism.

The BMP-2 loading (1 po/defect) used in this study was based on the results of
previous studies reported in the literature for the use of BMP-2 in stimulating bone
healing [48,49]. While that amount of BMP-2 was effective for enhancing bone
regeneration in the bioactive glass scaffolds used in this study, the optimum amount is
not clear. In a previous study to evaluate the effect of BMP-2 loading on the capacity of
three-dimensional poly (lactic-co-glycolic acid) (PLGA) scaffolds to regenerate bone in
rat calvarial defects (5 mm in diameter), a BMP-2 dose greater than 120 ng/mm?® was
required for bridging the defect after a six-week implantation period [50]. In comparison,
the amount of BMP-2 used in this study (1 jg/defect) was equivalent to a loading of ~ 60
ng/mm?, which indicates that a much lower concentration of BMP-2 was required to
bridge a similar defect using the pretreated bioactive glass scaffolds.

The BMP-loaded bioactive glass scaffolds appear to be more appropriate for
treating larger critical sized bone defects. Nevertheless, based on the significant bone
formation in the defects implanted with the pretreated scaffolds without BMP-2, it is also
reasonable to consider the use of the pretreated scaffolds, particularly the scaffolds
pretreated for 3 days, in some bone repair situations. Taking into account the mechanical
properties of similar scaffolds observed in a recent study [11], these bioactive glass
scaffolds could be considered for applications in loaded bone repair. The scaffolds are
currently being evaluated for their capacity to repair segmental bone defects in animal

models.
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5. Conclusion

Scaffolds of 13-93 bioactive glass prepared with a grid-like microstructure by
robocasting (porosity ~50%; filament width = 330 pm; pore width = 300 jum) showed the
capacity to support the formation of new bone in rat calvarial defects. Pretreatment of the
as-fabricated scaffolds for 3 days in a K;HPO, solution (60 °C; pH = 12), to convert a
thin surface layer (~5 pm) of the glass to a high-surface-area hydroxyapatite or
amorphous calcium phosphate material prior to implantation, significantly enhanced the
capacity of the scaffolds to support new bone formation. Loading the pretreated scaffolds
with BMP-2 (1 pg/defect) was also effective for enhancing new bone formation. The
capacity of the BMP-loaded scaffolds to enhance bone regeneration was independent of
the pretreatment time (1—6 days) in the K;HPO4 solution. Pretreatment of silicate
bioactive glass scaffolds in an aqueous phosphate solution or loading the pretreated
scaffolds with BMP-2 can provide an effective approach for enhancing the capacity of
the scaffolds to support bone regeneration and integration in osseous defects. Taking into
account the mechanical properties of similar scaffolds observed in a previous study, these
13-93 scaffolds, pretreated or loaded with BMP-2, are promising in structural bone

repair.
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Table 1 Bioactive glass (13-93) scaffold groups used in this study

Scaffold group Pretreatment time in BMP-2 loading Number of
K,HPO, solution (day) Defects

As fabricated (0d) - - 10
1d 1 - 5

3d 3 - 10

6d 6 - 5
1d+BMP 1 1g/defect 5
3d+BMP 3 1pg/defect 5
6d+BMP 6 1g/defect 5
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Table 2 Thickness and specific surface area of the converted layer formed by reacting
silicate (13-93) bioactive glass scaffolds for the times shown in 0.25 M K;HPQO, solution
at 60°C and starting pH = 12.0.

Immersion time ) - )
Thickness (pm) Specific surface area (m</g)

(day)
1 2+1 19 +2
3 5+2 30 +3

6 13 *2 47 *1
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Table 3 Amount of new bone, fibrous tissue, and bone marrow-like tissue formed in
bioactive glass (13-93) scaffolds implanted for 6 weeks in rat calvarial defects. The
amount of each tissue is expressed as a percent of the available pore space (area) in the

scaffolds and the total defect area.

Scaffold group New bone (%) Fibrous tissue (%) Bone marrow-like

tissue (%)

Available  Total Available  Total Available  Total

area area area area area area

As fabricated (0d) 32+13 18+8 62+14 34+8 141 1+1
1d 46 £ 10 25+5 45+ 12 2517 21 1+1

3d 57+14 3310 35+13 19+7 32 211

6d 45+11 26+8 48 +£13 28+8 21 1+1
1d+BMP 657 38+4 14+12 8+7 13 +6 8+3
3d+BMP 61+ 8 35+3 71T+7 4+4 22 +8 12+4

6d+BMP 64+11 38%6 15+19 10zx12 16 +8 10+5
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Table 4 Comparison of new bone formed in scaffolds composed of silicate 13-93 glass
with different microstructures after implantation in rat calvarial defects (4.0—4.6 mm in
diameter x 1.5 mm). The amount of new bone is shown as a percent of the available pore

space (area) in the scaffolds and the total defect area.

Microstructure Porosity  Pore size New bone (%) Implantation Reference
of scaffolds (%) (pm)

Available Total  tme (weeks)

pore area area

o 300 x 300 )
Grid-like 47 32+13 18+8 6 This study
x 150
Trabecular 80 100-500 25+12 1949 12 [12]
Oriented 50 100—150 37+8 18+3 12 [12]
Fibrous 50 50-500 ~17* 85+2 12 [32]

* Estimated from the total defect area
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Figure 1. (a) Optical image of 13-93 bioactive glass scaffold prepared by robocasting for
implantation in rat calvarial defect. (b) Higher magnification SEM image of the scaffold
showing the dense glass filaments and porous architecture in the plane of deposition (xy
plane). Inset: SEM image in a plane perpendicular to the xy plane. The scaffolds had a
porosity of 47 £1%, a pore width of 300 £10 pm in the plane of deposition (xy plane)
and 150 %10 pm in z direction.
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(b)*1 day

<

Figure 2. (a) SEM image of a bioactive glass scaffold after reaction for 6 days in 0.25 M
K;HPO, solution (60°C; pH = 12.0). Inset: cross-section of a bioactive glass filament

showing the thickness of the converted surface layer. (b)—(d) Higher magnification SEM
images of the surface of the converted layer formed by reaction for (b) 1 day, (c) 3 days,

and (d) 6 days in the phosphate solution.



157

— Hydroxyapatite (09-0423)
{ v Cristobalite (39-1425)

% \
. \
:‘.‘MW&WM I
\\ '\"\u

Wik |
)\ v L A
N

A
Nt VA A 6d
— \‘h"r' 1 W ‘\ Y R PWRIRTN
~ " \ b
=
a' \ “""- ad W A 3d
S— L) -y
\, AN st e s g T
o> N
v
= Vo
v ""“.d\~‘¢_
c [ b S —— L 1 d
2 Y
e
——

As-fabricated

| gy Il'l 'Hv l]' ll_|||'|5 I.'Il.nvll!.lll ]llvvﬂll
20 30 40 50 60 70
20 (degree)

Figure 3. X-ray diffraction patterns of the as-fabricated bioactive glass (13-93) scaffold,
and the converted surface layer formed by reacting the bioactive glass for 1 day, 3 days,
and 6 days in 0.25 M K;HPQ, solution (60°C; pH = 12.0). The diffraction peaks
corresponding to a reference hydroxyapatite (JCPDS 09-0423) and the main cristobalite
peak (JCPDS 39-1425) are indicated.



10° 5
1 () L_Jod
£ 1d
: ]
g g 3d
- A £ 1. Erled
c B 55
2 i &
g | HE , -
T [T g E¥: i
@ 1 f i1 B
1 i } b 1]
§ LU N ! 4
o } t { 7]
o § i ‘ /
o i i M
= ! 1l i —
& i { f
10°4 | |} |
1| |1 R %
: : '
1h 8h 1d 3d 7d 14d
Time
35
= 1 (b) 6d
-§ 30— v v
~ A 4
2 i
© 25 .
o
o
S 20
o ]
o
° -
£ 154
é 3d
10 4 A A
: ; 1d
> J ° °
i s{}°
B 1% 0d
3 o
Qo 0‘_’! ! T ? T v T - T T T T
0 2 4 6 8 10 12 14

Time (d)

158

Figure 4. (a) Amount of BMP-2 released a different time intervals from the as-fabricated

scaffold (0d) and the scaffolds pretreated for 1day, 3 day and 6 days (1d; 3d; 6d,;

respectively) into a medium composed of FBS/PBS. Each scaffold was initially loaded

with 1pg of BMP-2. (b) Cumulative amount of BMP-2 released from the scaffolds (as a

fraction of the amount of BMP-2 initially loaded into the scaffolds) versus time.



Figure 5. Von Kossa stained sections (al—d1) and H&E stained sections (a2—d3) of rat

calvarial defects implanted for 6 weeks with bioactive scaffolds as fabricated (0d) and
pretreated for 1 day, 3 days, and 6 days in aqueous phosphate solution (1d; 3d; 6d;
respectively). (a3)—(d3) are higher magnification images of the boxed areas in (a2)—(d2).
Scale bar =1 mm for (al—d2) and 200 um for (a3—d3). G = bioactive glass; NB = new
bone; O = old bone; arrows indicate blood vessels, arrowheads indicate the edges of old

bone.
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Figure 6. Von Kossa stained sections (al—c1) and H&E stained sections (a2—c3) of rat
calvarial defects implanted for 6 weeks with bioactive scaffolds pretreated for 1 day, 3
days, and 6 days in aqueous phosphate solution and loaded with BMP-2 (1 pg/defect)
(denoted 1d + BMP; 3d+BMP; 6d+BMP, respectively). (a3)—(c3) are higher
magnification images of the boxed areas in (a2)—(c2). Scale bar =1 mm for (al—c2) and
200 pum for (a3—c3). G = bioactive glass; NB = new bone; O = old bone; M = bone

marrow-like tissue, arrowheads indicate the edges of old bone.
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Figure 7. Percent new bone formed in rat calvarial defects implanted with scaffolds of
13-93 glass at 6 weeks postimplantation: as fabricated (0d); pretreated for 1 day, 3 days,
and 6 days in aqueous phosphate solution (1d; 3d; 6d; respectively); pretreated 1 day, 3
days, and 6 days and loaded with BMP-2 (1 pg/defect) (1d+BMP; 3d+BMP; 6d+BMP,
respectively). The new bone formed is shown as a percent of the available pore space in
the scaffolds. (*significant difference compared to 0d; **significant difference compared
to 0d, 1d, and 6d; p < 0.05).
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Figure 8. Percent bone marrow-like tissue (a) and fibrous tissue (b) formed in rat
calvarial defects implanted with scaffolds of 13-93 glass at 6 weeks postimplantation: as
fabricated (0d); pretreated for 1 day, 3 days, and 6 days in aqueous phosphate solution
(1d; 3d; 6d; respectively); pretreated 1 day, 3 days, and 6 days and loaded with BMP-2 (1
g/defect) (1d+BMP; 3d+BMP; 6d+BMP, respectively). (*significant difference
compared to 0d; **significant difference compared to 0d, 1d, 3d and 6d; p < 0.05).
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Surface layer

G

(e) 3d+BMP

Figure 9. Back-scattered SEM images of rat calvarial defects implanted with bioactive
glass scaffolds at 6 weeks postimplantation: (a), (b) as-fabricated scaffolds; (c), (d)
scaffolds pretreated for 3 days in aqueous phosphate solution; (e), (f) scaffolds pretreated
for 3 days in aqueous phosphate solution and loaded with BMP-2. (NB = new bone; G =
bioactive glass). The approximate thickness of the HA surface layer on the pretreated

scaffolds prior to implantation is shown in (d) and (f).



164

SECTION

2. CONCLUSIONS

1. Bioactive glass scaffolds with an oriented microstructure of columnar pores can be
prepared by a two-step forming process consisting of unidirectional freezing of
camphene-based suspensions followed by thermal annealing at 34 °C, sublimation of the
camphene at room temperature and sintering. The use of the organic (camphene)-based
suspensions and the two-step processing methods can provide the following benefits
when compared to the use of aqueous suspensions:

(a) A reduction in the degradation of the bioactive glass, particularly for borate-
based bioactive glasses that typically have a higher degradation rate than silicate-based
bioactive glasses;

(b) A wider range of average pore size (diameter) in the as-formed scaffolds
(15—160 um for annealing times of 0—72 h at 34 °C) compared to the lamellar pores of
width 10—40 pm typically obtained in the unidirectional freezing of aqueous suspensions.
The larger pore size (diameter) of the scaffolds is known to be more conducive to tissue

infiltration in vivo.

2. For scaffolds formed from suspensions with a given particle concentration, the
alignment of the columnar pores and the homogeneity of the microstructure are
dependent primarily on the freezing conditions. Freezing at a constant rate and at higher
freezing rates (e.g., 7 °C/min) using a controlled freezing apparatus resulted in better pore
alignment and a more homogeneous microstructure when compared to freezing at

variable rate on a cold substrate (kept at 3 °C).

3. Optimized silicate 13-93 bioactive glass scaffolds with an oriented microstructure
(porosity = 50%; average pore diameter = 100 jum) had a compressive strength of 47 5
MPa and elastic modulus of 11 +3 GPa when tested in the orientation direction. These
values are much higher than those for scaffolds of the same glass with a trabecular

microstructure (porosity = 80 %; pore size = 100—500 pm) or a fibrous microstructure
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(porosity = 50%; pore size = 100—500 um) with compressive strength in the range 2—12
MPa and elastic modulus of 2—4 GPa.

4. When implanted in rat calvarial defects, the oriented scaffolds (porosity = 50%; pore
size = 50—150 um) showed the ability to support infiltration of bone into the pores of the
scaffolds which was comparable to that of trabecular scaffolds with higher porosity
(80%) and pore size (100—500 pm). New bone formation, evaluated as a percent of the
available pore space in the scaffold, increased form 37% at 12 weeks to 55% at 24 weeks
in the defects implanted with the oriented scaffolds, compared to values of 25% (12

weeks) and 46% (24 weeks) for the trabecular scaffolds.

5. The use of a robotic deposition (robocasting) method provided better control of the
scaffold architecture when compared to the methods such as unidirectional freezing of
suspensions, polymer foam replication, and thermal bonding of particles or short fibers

used in earlier phases of this work.

6. In comparison to most previous work in which the strength and elastic modulus of
bioactive glass scaffolds were evaluated in compression only, this study provided a more
comprehensive evaluation of the mechanical properties of silicate 13-93 bioactive glass

scaffolds prepared by robocasting.

7. Silicate 13-93 bioactive glass scaffolds with a grid-like microstructure (porosity =
~50%; pore width = ~300 pm in the deposition or xy plane and ~150 pm in z direction)
prepared by robocasting showed mechanical properties that were superior to those of
scaffolds of the same glass prepared by more conventional methods described above.

(a) The compressive strength (86 9 MPa) and elastic modulus (13 =2 GPa) of
the scaffolds in the z direction were comparable to the values for cortical bone;

(b) The Weibull modulus of the scaffolds in compression (equal to 12) was higher
than the values of 3—10 reported for porous bioactive ceramic scaffolds such as

hydroxyapatite;
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(c) The scaffolds had good fatigue resistance in compression when tested under
cyclic stresses far greater than normal physiological loads.

8. The elastic modulus of the scaffolds in flexure (13 &2 GPa) was comparable to that of
human cortical bone. However, the flexural strength of the scaffolds (11 + 3 MPa), while
comparable to the highest values reported for hydroxyapatite scaffolds with a similar

porosity, was far smaller than the values reported for human cortical bone.

9. The brittle mechanical response of the bioactive glass scaffolds in vitro changed
markedly to an elasto-plastic response after implantation of the scaffolds in rat

subcutaneous sites in vivo for longer than 2—4 weeks.

10. Conversion of the 13-93 bioactive glass scaffolds to hydroxyapatite in vivo (rat
subcutaneous sites or rat calvarial defects) was faster than in simulated body fluid in

vitro.

11. The degradation in the compressive strength of 13-93 bioactive glass scaffolds in vivo

can be predicted from the conversion rate of the glass to hydroxyapatite.

12. When implanted in rat calvarial defects, as-fabricated scaffolds of 13-93 glass with a
grid-like microstructure showed a better capacity to support bone infiltration than

oriented, trabecular, and fibrous scaffolds described earlier.

13. The capacity of 13-93 bioactive glass scaffolds with a grid-like microstructure to
support new bone formation in rat calvarial defects can be significantly improved by
converting a thin surface layer of the glass in an aqueous phosphate solution prior to

implantation.

14. Conversion of a thin surface layer of the glass in 13-93 bioactive glass scaffolds can
provide substrate for loading and controlled release of a growth factor such as bone

morphogenetic protein-2.
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15. When loaded with BMP-2 (1 pg/defect), surface-treated bioactive glass (13-93)
scaffolds with a grid-like microstructure have the capacity to significantly enhance new

bone formation in rat calvarial defects.

16. Based on their mechanical properties and their capacity to support bone regeneration
in an osseous defect, silicate 13-93 bioactive glass scaffolds with a grid-like

microstructure are promising in structural bone repair.
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3. SUGGESTIONS FOR FUTURE WORK

Based on the results of the present work, there are several interesting possibilities
for the future work.

1. Evaluation of bioactive glass scaffolds in loaded bone defect model:

As described above, scaffolds with a grid-like microstructure (prepared by
robocasting) have shown a promising combination of mechanical properties and capacity
to support bone regeneration in a non-loaded bone defect model (rat calvarial defect
model). The as-fabricated scaffolds, the surface-treated scaffolds, and the surface-treated
scaffolds loaded with BMP-2, described in this thesis, should be tested in an appropriate
in vivo model to evaluate their capacity to repair loaded bone. The rat femoral segmental
defect model and the rabbit tibial segmental defect model are examples of widely-used

small animal models.

2. Optimizing the microstructure of scaffolds prepared by robotic deposition:

The results showed that scaffolds with a grid-like microstructure prepared by
robocasting had promising mechanical properties in compression, but their flexural
strength was much lower than the reported values for cortical bone. Because long bones
are subjected to flexural loading, the flexural strength of scaffolds designed for segmental
bone repair is relevant. This study used scaffolds with a simple grid-like microstructure.
Future work should consider the design and modeling of porous scaffolds for optimum
mechanical properties in compression as well as flexure. An example is the design of
scaffolds with a “gradient” microstructure, composed of a less porous outer region and a

more porous inner region, to mimic human long bones.

3. Measuring and modeling the mechanical properties of bioactive glass implants in
Vivo:
The results of the present study showed that changes in the compressive strength
of silicate 13-93 bioactive glass scaffolds as a function of implantation time in rat
subcutaneous sites can be predicted from the conversion rate of the bioactive glass to

hydroxyapatite in vivo. If data for bone formation in vivo and for the properties of the
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new bone are also available, then a model could be developed to predict the compressive
strength of the implants using computational simulation.

There is little data on the mechanical properties of bioactive glass scaffolds as a
function of implantation time in an osseous defect site in vivo. Implants used in the rat
calvarial defect model, a widely used assay, are too small for reliable mechanical testing.
Bioactive glass scaffolds implanted in rat femoral segmental defects or, better still, rabbit
tibial segmental defects, should be tested in multiple loading modes (compression;
flexure; torsion; fatigue) as a function of implantation time to generate the much-needed
data.

4. Optimizing the surface treatment of the bioactive glass scaffolds:

The results of the present study showed that pretreating the bioactive glass
scaffolds (grid-like microstructure prepared by robocasting) in an aqueous phosphate
solution to convert a thin surface layer to a calcium phosphate material significantly
enhanced new bone formation in vivo. In the experiments, the properties of the starting
phosphate solution were fixed (0.25 M K;HPO,4, pH=12 at 60 °C). It is not clear whether
those pretreatment conditions were the optimum conditions for enhancing bone
regeneration in vivo or for controlling the release of BMP-2 from the scaffolds. Other
immersion conditions should be investigated to vary the composition and microstructure
of the surface layer, and test their effects on BMP-2 release in vitro and bone

regeneration in vivo.

5. Determine the optimum dose of BMP-2 in the pretreated bioactive glass scaffolds:
The results showed that loading the pretreated scaffolds with BMP-2 significantly
enhanced bone regeneration when compared to the as-fabricated scaffolds (no
pretreatment). It is not clear whether the amount used in this study is the optimum
amount for bone regeneration. The amount of BMP-2 loading (1 pg/defect) used in this
study was based on data in the literature. BMP-2 is expensive, and large amounts of
BMP-2 can have adverse effects in vivo. Pretreated scaffolds loaded with different
amounts of BMP-2 should be evaluated in rat calvarial defects to determine the optimum

BMP-2 dose for bone regeneration.
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6. Long-term evaluation of bone quality

In the present study, the scaffolds were implanted for 6 weeks. While
considerable new bone was formed in the pretreated scaffolds and the pretreated scaffolds
loaded with BMP-2, it is not clear whether the bone healing is transient or not. Longer

implantation times (e.g., 12 and 24 weeks) should also be used.

7. Doping of trace elements in the bioactive glass composition:

Silicate 13-93 bioactive glass was used in all of the experiments in the present
study. Recent studies have shown that doping bioactive glass with trace amount of
elements such as Cu and Zn can stimulate angiogenesis in the implants which is
considered to be beneficial for bone regeneration. Scaffolds made from 13-93 bioactive
glass doped with elements such as Cu and Zn should be studied to evaluate the ability of
those elements to enhance bone regeneration and angiogenesis in osseous defects, such as

rat calvarial defects.

8. Fabricating scaffolds with complex anatomical geometry:

As one of the solid freeform fabrication techniques, robocasting has the potential
to build scaffolds with customized external shape and pre-designed internal architecture
from computer generated models. In this work, scaffolds with an external geometry of a
cube, a cylinder, and a disc were prepared. Developing the process to prepare scaffolds
with complex shape to match the anatomical geometry of the tissue to be replaced would

be beneficial for the future application of the scaffolds.
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APPENDIX

CONVERSION OF MELT-DERIVED MICROFIBROUS BORATE (13-93B3)
AND SILICATE (45S5) BIOACTIVE GLASS IN AS SIMULATED BODY FLUID

Xin Liu, Mohamed N. Rahaman, Delbert E. Day
Department of Materials Science and Engineering and Center for Bone and Tissue Repair
and Regeneration, Missouri University of Science and Technology, Rolla, MO 654009,

USA

ABSTRACT

Microfibrous bioactive glasses are showing a considerable capacity to heal soft
tissue wounds, but little information is available on the mechanism of healing. In the
present study, the conversion of microfibrous borate bioactive glass (diameter = 0.2—5
M) with the composition designated 13-93B3 (5.5 Na,O, 11.1 K;0, 4.6 MgO, 18.5 Ca0,
3.7 P,0s, 56.6 B,03, wt%) was evaluated in vitro as a function of immersion time in a
simulated body fluid (SBF) at 37 °C using structural and chemical analysis. Silicate
45S5glass microfibers (45 SiO,, 24.5 Na,0, 24.5 Ca0, 6 P,0s, wt%) were also studied
for comparison. Microfibrous 13-93B3 glass degraded almost completely and converted
to a calcium phosphate material within 7—14 days in SBF, whereas >85% of the silica
remained in the 45S5 microfibers, forming a silica-gel phase. An amorphous calcium
phosphate (ACP) product that formed on the 13-93B3 microfibers crystallized at a slower
rate to hydroxyapatite (HA) when compared to the ACP that formed on the 45S5 fibers.
For immersion times >3 days, the 13-93B3 fibers released a higher concentration of Ca
into the SBF than the 45S5 fibers. The fast and more complete degradation, slow
crystallization of the ACP product, and higher concentration of dissolved Ca in SBF
could contribute to the capacity of the microfibrous borate 13-93B3 glass to heal soft

tissue wounds.
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1 Introduction

Bioactive glasses have been widely researched over the last few decades for
applications in bone repair, and they are now receiving increasing interest for
applications in soft tissue repair [1]. Bioactive glass has a well-recognized ability to
enhance bone formation and to form a strong bond with hard and soft tissues [1, 2]. When
implanted in the body, bioactive glass reacts with the body fluids, releasing ions into the
fluids, and converts to hydroxyapatite (HA), the main mineral constituent of bone, which
is responsible for the formation of the firm bond with hard and soft tissues [1, ,2].

Since its discovery nearly 40 years ago [2], the silicate bioactive glass designated
4555, sometimes referred to by its commercial name Bioglass®, has been the most widely
researched glass for biomedical applications. Melt-derived silicate bioactive glasses
based on the 45S5 composition, as well as other silicate-based glasses prepared by
sol—gel processing have also been investigated for biomedical applications [1]. Recent
work has shown that certain compositions in other glass forming systems are also
bioactive, such as borate glass [3-5] and phosphate glass [6]. In particular, some borate
glasses, because of their lower chemical durability, react faster and convert more
completely to an HA-like material, when compared to silicate 45S5 glass [7-9]. Studies
have shown the ability of borate bioactive glasses to support cell proliferation and
differentiation in vitro, as well as soft tissue infiltration and bone regeneration in vivo [1].

The ions released from some bioactive glasses have been reported to be beneficial
for soft or hard tissue repair. Studies have shown that soluble silicon, dissolved from
silicate bioactive glass presumably as silicic acid, Si(OH),, promoted osteogenesis [10]
and activated osteogenic gene expression [11]. Boric acid, B(OH)s, dissolved from borate
bioactive glass, is considered to be an effective antiseptic component in wound
management [12]. In addition to its key role as a major mineral source for bone growth,
calcium is required in epidermal cell migration and regeneration patterns in the later
stages of wound healing [13]. Although the mechanism is unclear, the calcium
concentration at the wound site should be consistent with events in the healing cascade
[14]. As a result, controlling the calcium concentration is essential in wound healing.

Recent work has shown the ability of bioactive glass to promote angiogenesis

(formation of blood vessels), which is critical to numerous applications in hard tissue
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regeneration and the healing of soft tissue wounds. The ability of a bioactive glass to
induce angiogenesis could provide a robust alternative approach to the use of expensive
growth factors for stimulating neovascularization of engineered tissues. The beneficial
effects of small concentrations of 45S5 bioactive glass for stimulating angiogenesis have
been shown in several recent studies, as reviewed recently [15]. Other bioactive glasses
are under investigation for their ability to promote angiogenesis. In a recent study, borate
bioactive glass (13-93B3) scaffolds have shown promising results for promoting
angiogenesis in a rat subcutaneous implantation model [16].

Because of their attractive properties such as high surface area, rapid degradation
and conversion to hydroxyapatite (HA), easy handling, and shape flexibility [17-20],
nanofibrous and microfibrous bioactive glass composed of fibers with diameters smaller
than a few microns have been attracting growing interest for potential applications in
hard and soft tissue repair [21, 22]. In particular, microfibrous borate bioactive glass with
the composition designated 13-93B3, has shown remarkable success in treating slowly
healing or non-healing wounds [22]. However, there is little information on the
mechanism of healing.

This study is the first of its kind, with the objective of providing a comprehensive
evaluation of the degradation and conversion behavior of microfibrous bioactive glasses
in vitro. Compositions from two different glass-forming systems, a borate glass
designated 13-93B3 used previously to heal soft tissue wounds [22] and the widely
researched silicate 45S5 glass, were used in the present study. The microfibrous glasses,
prepared from conventionally-formed melt-derived glasses, were immersed in a
simulated body fluid, and the conversion was characterized as a function of time using

structural and analytical techniques.

2 Materials and methods

2.1 Starting materials

The microfibrous bioactive glasses used in this study, provided by Mo-Sci Corp.,
Rolla, MO, USA, were prepared from melt-derived glasses. They had the overall
appearance and feel of cotton wool. Two glass compositions were used: a borate glass
designated 13-93B3, with the composition 5.5 Na,0, 11.1 K0, 4.6 MgO, 18.5 CaO, 3.7
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P,0s, 56.6 B,03 (Wt%) and the widely-known silicate 45S5 glass with the composition
45 Si0,, 24.5 Nay0, 24.5 Ca0, 6 P,0s5 (wt%). The as-received glass microfibers were
cleaned by washing in ethanol in an ultrasonic bath, and dried in air prior to use.

2.2 Assessment of in vitro degradation and conversion

Assessment of the in vitro degradation and conversion of the microfibrous glasses
was performed by immersing the materials in a simulated body fluid (SBF) and
characterizing the structural and compositional changes as a function of immersion time.
The SBF, with an ionic composition similar to that of human blood plasma (Table 1), was
prepared as described in detail elsewhere [23]. Briefly, the requisite amounts of Reagent
grade sodium chloride, sodium bicarbonate, potassium chloride, calcium chloride, dibasic
potassium phosphate, and magnesium chloride (Sigma-Aldrich; St. Louis, MO, USA)
were dissolved in deionized water, and the solution was buffered at pH = 7.4 at 37 °C
using hydrochloric acid and Tris buffer. Samples of each microfibrous glass were
immersed at a ratio of 1 g of glass per 500 ml SBF for up to 14 days in a sealed
polyethylene bottle at 37 °C, with the system shaken once every day. After immersion in
the SBF, the reacted glasses were gently washed twice with deionized water and then
twice with ethanol, dried overnight at room temperature, and finally dried for 24 h at 60
°C. The experiments for each glass composition at each time point were performed in
duplicate.

2.3 Characterization of microfibrous glasses and reaction products

Samples of the as-received and reacted microfibrous glasses were sputter-coated
with Au/Pd and examined in a scanning electron microscope, SEM (S-4700, Hitachi,
Tokyo, Japan), using an accelerating voltage of 15 kV and a working distance of 8 mm.
The fibers were ground to a powder for compositional analysis using Fourier transform
infrared (FTIR) spectroscopy (NEXUS 670 FTIR; Thermo Nicolet, Madison, WI, USA)
and X-ray diffraction, XRD (X’Pert Pro; PANalytical, Almelo, the Netherlands). A mass
of 2 mg of the powder was mixed with 198 mg KBr, and pressed to form pellets for FTIR
analysis, performed in the wavenumber range 400—2,000 cm™ at a resolution of 4 cm™.
The XRD was performed using Cu K, radiation (A = 0.15406 nm) at a scan rate of 1.8
°/min in the 20 range 10-80°.
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Samples for transmission electron microscopy (TEM) were prepared by
dispersing the glass fibers in ethanol and placing a few drops of the suspension on nickel
grids coated with a carbon film. TEM (Tecnai G2 F20; FEI Co., Hillsboro, OR, USA) was
performed at 200 kV. Selected area diffraction (SAD) patterns were recorded by using a
selected-area aperture allowing observation of a circular area of diameter 200 nm. The
composition of thin sections of the fibers was measured using energy-dispersive X-ray
(EDS) spectroscopy performed in the TEM using an atmospheric thin-window energy-
dispersive X-ray system (INCA; Oxford Instruments, UK). Calcium to phosphorus ratios
and the percentage of magnesium normalized to the calcium content were calculated
using INCA software. Three randomly selected regions were analyzed and the data were
expressed as a mean =standard deviation. TEM images of the as-received microfibrous
glasses at low magnification were analyzed using NIH Image J software to determine the
diameter of the fibers. At least 100 fibers were counted, and the diameter was expressed
as a mean + standard deviation.

At selected immersion times of the microfibrous bioactive glass in SBF, the pH of
the solution was measured using a pH meter, while the ionic concentration of Ca, P, B
and Si ions in the SBF was measured using inductively-coupled plasma optical emission
spectrometry, ICP-OES (Optima 2000DV; Perkin Elmer, Waltham, MA). The
measurements were made in duplicate, and the data were expressed as a mean +standard

deviation.

3 Results

3.1 As-received microfibrous 13-93B3 and 45S5 bioactive glasses

Figures 1a, b shows lower magnification SEM images of the as-received borate
13-93B3 and silicate 45S5 bioactive glass fibers. The diameters of the borate 13-93B3
fibers were in the range ~200 nm to 3 pm, with an average value of 1.2 + 0.7 pm, while
the diameter of the silicate 45S5 glass fibers ranged from 500 nm to 5 pum, with an
average of 2.3 + 1.8 um. SEM and TEM images at higher magnification (Figs. 1c, €)
showed that the 13-93B3 fibers had a typical smooth glass surface. In comparison, the
uneven surface of the 45S5 fibers (Fig. 1d) suggested the presence of crystal-like

particles embedded in the glass surface, which was confirmed by the rough surface seen
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in the TEM image (Fig. 1f). SAD patterns in the TEM indicated no measurable
crystallinity in the 13-93B3 fibers, but a small amount of crystallinity was detected in the
45S5 glass fibers, presumably resulting from the crystal-like particles on their surface.

3.2 Surface morphology of converted fibers

Figure 2 shows SEM images of the surfaces of the borate 13-93B3 and silicate
45S5 fibers after immersion in SBF for 1, 3 and 7 days. After 1 day, the surface of the 13-
93B3 fiber appeared to be fairly smooth, consisting of spherulites of diameter <50 nm.
The surface of the 45S5 fibers also showed spherical-shaped features, and appeared to be
rougher. After 3 days, the surface morphology of the 13-93B3 fiber appeared similar to
that at 1 day. In contrast, the appearance of the 45S5 fibers was distinctly different and
had become a highly porous surface composed of clusters of plate-like particles. With a
longer immersion time (7 d), the 13-93B3 fibers showed a porous surface composed of
whisker-like particles, whereas the plate-like structure of the particles on the 45S5 fibers
became more evident.

3.3 FTIR analysis of composition

FTIR spectra (Fig. 3) show compositional changes in the glass fibers resulting
from their conversion in SBF. For the as-received borate 13-93B3 glass fibers (Fig. 3a),
the main resonances are attributed to the glass network; the resonances at 1350—1450 cm”
! and at 690—720 cm™ are assigned to the B—O stretching mode and bending mode of
BOj3 groups respectively, while the resonance at 900—1100 cm™ is assigned to the B—O
stretching mode of BO, groups [24, 25]. After immersion in SBF for 1 day, the
resonances attributed to the glass network weakened markedly, and resonances attributed
to vibrations of the phosphate group dominated the spectrum, such as the major
resonance at ~1040 cm™ for the (PO4)* v3 resonance and the weak resonance at ~600 cm’
! for the (PO4)* v4 resonance [26]. These two resonances became more intense with
longer immersion time. The (PO4)* v4 resonance at ~600 cm™ started to split into two
peaks (at ~605 and 560 cm™) within an immersion time of 3 days, which became more
intense after 7 days. Resonances corresponding to the (CO3)* v3 vibration in the region
of 14001650 cm™ and the (CO3)% v2 vibration at 873 cm™ were present in the spectra
for the fibers immersed for 3 days or longer, revealing the formation of a carbonate-

substituted phosphate product [27].
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The primary resonances in the spectrum for the as-received silicate 45S5 glass
fibers (Fig. 3b) consisted of the vibrational modes of the Si—O—Si bond in the glass
network, such as the stretching vibration at 1030 cm™ and the bending vibration at 460
cm™ [28]. The broad resonances in the range 850950 cm™ corresponded to Si-O—2NBO
(non-bridging oxygen) vibrational modes associated with the Ca** and Na* ions in the
glass network [28]. Similar to the results for borate 13-93B3 glass fibers, resonances
corresponding to the phosphate and carbonate groups started to appear in the spectrum
after immersion of the fibers in SBF. In addition, after a one-day immersion, the NBO
vibration mode of Si—O bond weakened, indicating ion exchange and hydrolysis of the
silica network. The resonance at ~800 cm™ assigned to the tetragonal Si—O—Si group was
present in the spectrum for the fibers immersed for 3 days, and it intensified after 7 days,
revealing the polymerization of silanol groups [28]. Compared to the spectra for the
borate 13-93B3 fibers, the splitting of the (PO,)* v4 resonance at ~605 and 560 cm™
became more evident at an earlier immersion time (1 day compared to 3 days).

The crystallinity of the calcium phosphate reaction product resulting from the
conversion of the fibers in SBF can be evaluated from the extent of the splitting of the
(PO4)* v4 resonance at 560—-600 cm™ [29]. The splitting factor (SF) was calculated by
dividing the sum of the intensities of the two peaks (Al and A2) by the intensity of the
valley (A3), as illustrated in Fig. 3a (inset) [30, 31]. The calculated SF values were higher
for the 45S5 fibers (2.9 at 3 days and 3.1 at 7 days) than for the 13-93B3 fibers (2.2 at 3
days and 2.6 at 7 days), indicating better crystallinity of the calcium phosphate product
formed on the 45S5 glass fibers at a given immersion time.

3.4 XRD analysis of crystalline phases

Figure 4 shows XRD patterns of the microfibrous 13-93B3 and 45S5 glasses as-
received and after conversion in SBF. The patterns for the as-received 13-93B3 and 45S5
fibers showed no measurable amount of a crystalline phase. After immersion of the
borate 13-93B3 fibers in SBF, the patterns of the reacted fibers showed no measurable
amount of a crystalline phase after 3 days, but after 7 days, they showed peaks
corresponding to the (002) and (211) planes in crystalline HA. In comparison, the
patterns of the silicate 45S5 fibers showed peaks corresponding to the (002) and (211)
planes in HA after 3 days in SBF. In addition, a broad bump (~22° 20) in the vicinity of
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the major peak for cristobalite was present, which became more evident after the seven-
day immersion. This bump may be attributed to the polymerization of silanol groups in
the 45S5 glass during the conversion process, leading to the formation of a silica gel
phase [32].

In general, the XRD results are in accordance with the FTIR observations that
showed the presence of a crystalline calcium phosphate phase at a shorter immersion time
and with better crystallinity for the silicate 45S5 fibers.

3.5 TEM characterization of microstructure, composition and phases

TEM images of the borate 13-93B3 and silicate 45S5 glass fibers immersed in
SBF for 3 and 7 days are shown in Fig. 5. After the three-day immersion, the 13-93B3
fibers showed a smooth surface with some whisker-like particles present at a few places
on the surface (Fig. 5al). Higher magnification images showed that the reacted fibers
were composed of spherulites of diameter <20 nm (Fig. 5a2), which was in good
agreement with SEM observations of the surface morphology described previously (Fig.
2¢). With increasing immersion time (7 days), the surface of the 13-93B3 fibers became
completely covered with a whisker-like material. In comparison, the 45S5 fibers were
covered with a wavy surface layer after the three-day immersion (Fig. 5¢c1, c2), which
changed to a fine elongated morphology after 7 days (Fig. 5d1, d2).

The SAD pattern for 13-93B3 glass fibers immersed for 3 days in SBF showed a
single diffuse halo (Fig. 5a3), an indication of an amorphous phase. With an increase in
the immersion time to 7 days, the diffuse halo sharpened to a weak diffraction ring
corresponding to the (211) plane in HA (Fig. 5b3). In the case of the 45S5 fibers, the
SAD patterns showed the presence of a strong (211) ring and a weak (002) ring,
characteristic of a weakly crystallized HA, after the three-day immersion (Fig. 5¢3),
which increased in sharpness with an increase in the immersion time to 7 days (Fig. 5d3).
High resolution TEM showed isolated nanocrystalline regions in the surface region of
silicate 45S5 glass fibers that were immersed for 3 days in SBF, as observed from the
presence of lattice fringes (Fig. 6a). With an increase in the immersion time to 7 days, the
lattice fringes became more evident and the crystalline regions became larger (Fig. 6b).
In general, the TEM observations were consistent with the SEM, XRD, and FTIR results

described previously.
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Figure 7 shows EDS spectra of the borate 13-93B3 and silicate 45S5 glass fibers,
as-received and after immersion for 3 and 7 days in SBF. The intensity of each peak was
normalized to the intensity of the calcium peak, and the spectra have been displaced
vertically for clarity. The spectra for the as-received fibers contained peaks corresponding
to the elements in the borate 13-93B3 and silicate 45S5 glass. No detectable amount of
Na and K was found in the spectra for the 13-93B3 and 45S5 fibers at an immersion time
of 3 or 7 days; however, a small amount of Mg was present in the 13-93B3 fibers reacted
for 3 and 7 days. The intensity of the P peak increased markedly at 3 days, but it changed
little as the immersion time was increased to 7 days. For the 45S5 glass fibers, the
intensity of the Si peak relative to that of Ca decreased after the immersion, but a Si peak
was still observed at 7 days. The Ca/P atomic ratios of the reacted glass fibers (Table 2),
determined from the EDS spectra, were close to the value for stoichiometric HA (1.67).

3.6 lonic concentration of microfibrous glass dissolution product

The pH of the SBF in which the glass fibers were immersed had a starting value
of 7.4. Upon immersion of the 45S5 fibers, the pH increased to ~8.3 after 3 days and
showed little change thereafter (Fig. 8). In comparison, upon immersion of the borate 13-
93B3fibers, the pH increased to a nearly steady value of ~8.0 after 7 days. The increase
in the pH of the SBF was presumably due to rapid release of the alkali ions (Na; K) from
the glass. Figure 9 shows the concentration of the ions released from the bioactive glass
fibers into the SBF as a function of immersion time. For the borate 13-93B3 fibers, the
Ca concentration increased in an approximately linear manner with immersion time up to
7 days, but then increased more slowly at longer times, to a value of ~5 mM at 14 days
(Fig. 9a). In comparison, the Ca concentration resulting from the 45S5 dissolution
increased more rapidly up to ~3 days but then decreased to ~3 mM at 7 days or longer.
The concentration of P in the SBF decreased rapidly with immersion time for both the
13-93B3 and the 45S5 fibers, but the decrease was steeper for the 45S5 fibers (Fig. 9b).
Within 3 days, the concentration of P decreased to <0.1 mM for the 45S5 fibers. For the
13-93B3 fibers, the concentration of P appeared to decrease in two steps: a steep decrease
during the first day, followed by another steep decrease between days 3 to 7.

Figures 9c, d show the concentrations of B and Si, respectively, in the SBF as a

function of immersion time of the 13-93B3 and 45S5 fibers. The percentage of B and Si
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released was also found by normalizing the measured ionic concentration to the total
concentration of those ions which would result from complete dissolution of the glass in
SBF (Table 1). The concentration of B increased steeply with time, and it appeared to
increase in two steps: a steep increase during day 1, followed by another steep increase
between days 3 to 7. Approximately 80% of the boron in the glass was dissolved in SBF
by day 7, and almost complete dissolution of the boron occurred by day 14. The Si
concentration initially increased rapidly, but within 3 days it reached a nearly steady
value of ~2 mM which was equivalent to the dissolution of only ~14% of the Si in the

starting glass (Table 1).

4 Discussion

The results of the present study provide the first detailed information on the
degradation of microfibrous borate 13-93B3 and silicate 45S5 bioactive glasses in vitro
and their conversion to a calcium phosphate product. While differences exist between the
in vitro medium (SBF) used in the present study and the in vivo environment, these
results should nevertheless be useful in providing a basis for understanding the role of
these microfibrous bioactive glasses in the healing of hard and soft tissues.

4.1 Degradation of bioactive 13-93B3 and 45S5 glass fibers

Both types of bioactive glass fibers degraded rapidly and converted to a calcium
phosphate product in SBF within 3 to 7 days, but there were differences in their behavior.
The silicate 45S5 fibers degraded more slowly than the borate 13-93B3 fibers, as
determined from the percentage of total B and Si released from the two types of fibers
into SBF (Figs. 9c, 9d). Despite this slower overall degradation rate, the 45S5 fibers
immersed in SBF initially (at day 1) released a slightly higher Ca®* concentration (3.4
mM) than the 13-93B3 fibers; the Ca®* concentration was 3.4 mM and 2.7 mM,
respectively, for the 45S5 and 13-93 fibers (Fig. 9a). This higher Ca?* concentration
could result from more rapid ion-exchange reactions between the network modifying ions
(Ca®*: Na") of the 45S5 glass and hydrogen (or hydronium) ions from the SBF which lead
to the formation of a silica-rich layer on the 45S5 fibers in the early stages of the

degradation process [40].
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Later (immersion times >3 days), as the ACP starts to form on the silica-rich layer
of the 45S5 fibers and crystallize to HA, the Ca®* concentration decreased to ~2.7 mM. In
comparison, the Ca** concentration in SBF resulting from the dissolution of the borate
13-93B3 fibers continued to increase, reaching a value of ~5 mM after 7 to 14 days. This
increase in the Ca** concentration might result from the congruent dissolution of the 13-
93B3 fibers, which is believed to occur for borate glass in neutral solution, leading to the
release of boron and the network modifiers such as Na* and Ca** [4, 41]. In addition, the
ACP product formed on the borate 13-93B3 fibers crystallized more slowly than the ACP
product on the 45S5 fibers, as described previously.

The potential for HA formation on the surface of CaO—SiO, and CaO—P,0s
glasses in SBF has been discussed in terms of the degree of supersaturation of the SBF,
taken as the ratio of the ionic activity product (IP) to the solubility product (Ksp) of HA in
the solution [42]. The IP of HA in the solution is given by

IP = (aCaz* )10 (apof )6 (aOH’ )2 )

where a is the activity of the ion. Putting the activity of each ion equal to its activity

coefficient y times its concentration (in square brackets), Equation (1) can be written

P = (o Pl P, Flea® Flpoz Plon T o

Taking the activity coefficients of the Ca**, (PO,)*", and OH ions as equal to their values
at the physiological ionic strength, 0.36, 0.06, and 0.72, respectively [42], and the
concentration of the ions from the data in Figs. 8, 9, the IP of HA in SBF due to the
dissolution of the borate 13-93B3 and silicate 45S5 fibers is shown in Fig. 10. As shown,
the IP has values of ~10™% to 10™°' over the two-week immersion period.

Since K, for HA in aqueous solution at 37 °C is reported to be 5.5x10 '"* [42],
the degree of the supersaturation IP/Ks, is much higher than unity even in the starting
SBF. The results in Fig.10 show that, initially, there is a steep increase in the IP due to
the dissolution of both the 13-93B3 and 45S5 fibers, but the IP for the 45S5 fibers
(~107") is higher than the value for the 13-93B3 fibers (10 *~10°?) after an immersion
time of 1 day. This higher IP coupled with the formation of a silica gel layer on the
surface could contribute to the faster formation of HA on the silicate 45S5 fibers.

Thereafter, the IP due to the dissolution of the 45S5 fibers decreases markedly to ~10~"*
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at day 7, as a result of the consumption of Ca?* and (PO,)*” ions in the formation of HA.
In comparison, the IP due to the dissolution of the 13-93B3 fibers is has a much higher
value for immersion times >2 days (Fig. 10), presumably because of the absence of a
silica gel layer and the higher solubility product of ACP [43—45].

The ICP results (Fig. 9¢c) showed that when immersed in SBF, the borate glass
network in the 13-93B3 fibers degraded continuously with time, releasing B, presumably
as boric acid, B(OH)s, into the solution. The glass network was almost completely
degraded within 14 days. In comparison, the Si released from the silicate 45S5 fibers,
presumably as silicic acid, Si(OH),, initially increased rapidly, but then reached a nearly
steady value of ~2.0 mM after 3 days. This value is close to the Si concentration for the
saturation concentration of silica in water (1.7-2.0 mM at 25 °C) [46]. Approximately
85% of the silica in the original silicate glass network remained in the 45S5 fibers,
forming a silica gel phase (Figs. 3, 4). It has been suggested that the overall dissolution
rate of silicate glass is controlled by the dissolution of the silica gel [47]. Presumably
after the saturation concentration of silica in SBF is reached, further degradation of the
silicate glass network could occur by a solution—precipitation process in which the silica
gel phase dissolves and re-precipitates in the fibers.

4.2 Conversion of bioactive 13-93B3 and 45S5 glass fibers to hydroxyapatite

The ACP product formed on the silicate 45S5 fibers crystallized to HA at a faster
rate than the ACP formed on the borate 13-93B3 fibers. This difference in crystallization
rate may result from morphological differences accompanying the conversion process
and from compositional differences resulting from the ionic dissolution products of the
fibers. Conversion of silicate 45S5 bioactive glass in aqueous phosphate solution (such as
SBF) is widely believed to follow a sequence of reactions, as described in detail
elsewhere [1, 2]. Rapid ion exchange reactions between the glass network modifiers (e.g.,
Na*; Ca*") and hydrogen (or hydronium) ions from the medium, followed by
condensation and polymerization of the resulting silanol groups, lead to the formation of
a silica-rich layer on the glass. Further dissolution of the glass, coupled with the reaction
between the Ca** ions and the phosphate ions from the medium, leads to the formation of
an amorphous calcium phosphate (ACP) layer that grows with time and subsequently

crystallizes to HA. Conversion of the borate 13-93B3 glass follows a similar process but
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without the initial formation of a silica-rich layer. It has been suggested that the silica-
rich layer formed on 45S5 glass provides sites for rapid nucleation and crystallization of
the ACP [33, 34].

Crystallization of the ACP formed on borate glass fibers has been found to be
similar to that of the ACP formed by chemical precipitation from a solution containing
calcium and phosphate ions [35]. Initially, the ACP that was formed by precipitation
from solution had a nearly spherical morphology, and the surface of the spherulites was
believed to provide the primary sites for nucleation of HA. The conversion was marked
initially by a period of apparent stability of the ACP, followed by rapid conversion to HA
[36]. The absence of a silica-rich layer in the conversion process could be a factor in the
slower crystallization of the ACP formed on borate 13-93B3 fibers.

ACP is prone to substitution by cations and anions during its formation by
precipitation reactions. lons such as (COs)*, Mg?* and (P,07)* even in small
concentrations have been found to increase the stability of ACP [37]. ACP is considered
to be a precursor to the formation of bone mineral in vertebrates [31]. It has been
suggested that ions such as Mg?* and (P,0,)* could possibly play an important role in
maintaining the presence of ACP in skeletal tissue [38, 39]. The presence of 0.7 mM and
1.5 mM Mg?* ions in SBF has been reported to reduce the crystallization rate of the HA
product on 45S5 glass by 2 and 3 times, respectively [28], and a high enough value of
Mg** could prevent the formation of HA. In the present study, Mg** ions in SBF (1.5
mM) plus Mg?* ions dissolving from the 13-93B3 glass fibers could lead to a total Mg**
concentration in SBF of 4.0 mM, assuming complete dissolution of the glass (Table 1).
EDS analysis of the converted glass fibers indicated a higher percentage of magnesium
(normalized to the calcium concentration) in the converted 13-93B3 fibers than in the
converted 45S5 fibers (Table 2). With an increase in the immersion time from 3 to 7
days, the Mg content in the 45S5 fibers decreased, presumably due to a greater amount of
calcium phosphate formation. However, the converted 13-93B3 fibers showed a stable
Mg content of ~5%, which could be due to a continuous release of Mg?* ions during the
degradation of the glass fibers and incorporation into the ACP product. The higher
amount of Mg incorporated into the calcium phosphate product could also play a role in
reducing the crystallization rate of the ACP formed on the 13-93B3 fibers.
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As described previously, the reaction system consisted of 1 g of glass fibers
immersed in 500 ml of SBF. Since both glasses contained P,0s5 (6.0 wt% and 3.7 wt% for
45S5 and 13-93B3 glass, respectively), the total phosphate content of the SBF used in the
immersion process is equal to the phosphate content of the SBF itself plus the phosphate
content resulting from the degradation of the glass fibers. Assuming that each glass is
dissolved completely in SBF without any reaction, the theoretical concentration of P in
SBF is 2.7 mM and 2.1 mM, respectively, for 45S5 and 13-93B3 glass (Table 1).
Assuming further that these theoretical phosphate concentrations are available for
conversion of the glass fibers to a calcium phosphate material with the HA composition,
then ~50% of each glass can be converted. A higher fraction of the glass fibers cannot be
converted because the phosphate concentration in SBF is exhausted. The ICP results (Fig.
9b) showed that the phosphate ion concentration in the SBF was almost exhausted after
an immersion time of 3 days for the 45S5 fibers and after 7 days for the 13-93B3 fibers.
However, it is not clear whether the conversion reaction ceased after those immersion
times. Slow degradation of the glass fibers, leading to release of Ca and P, could lead to
further conversion of the fibers coupled with low concentrations of Ca and P in the SBF.
In fact, the P content of the 45S5 and 13-93B3 fibers used in the conversion process was
1 to 1.7 times the P content of the as-prepared SBF.

The results of the present work showed a continuous degradation of the
microfibrous 13-93B3 fibers, with release of boron and the network modifiers (e.g.,
Ca®"). In addition, a more slowly crystallizing ACP product phase was formed in the
conversion of the 13-93B3 glass fibers which may have a higher solubility in agueous
media when compared to HA. These results, coupled with the potential antibacterial and
angiogenic effect of boron [12, 16], may provide a basis for understanding the success of

microfibrous 13-93B3 glass in healing soft tissue wounds [22].

5 Conclusions

Melt-derived microfibrous bioactive glasses with the silicate 45S5 and borate 13-
93B3 compositions degraded rapidly and converted to a calcium phosphate product when
immersed in a simulated body fluid (SBF) at 37 °C, but there were differences in their

behavior. The borate glass network in the 13-93B3 fibers degraded faster than the silicate
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network in the 45S5 fibers, releasing almost all of the boron into the medium within 7—14
days. In comparison, degradation of the silicate glass fibers resulted in a nearly stable Si
concentration after ~3 days, approximately equal to the value for the saturation
concentration of silica in aqueous media near room temperature. While both groups of
fibers converted to an amorphous calcium phosphate (ACP) phase which subsequently
crystallized to hydroxyapatite (HA), the ACP product formed on the 13-93B3 fibers
crystallized more slowly. For immersion times >3 days, the 13-93B3 fibers released a
higher concentration of Ca into the SBF than the 45S5 fibers. The rapid degradation
coupled with the more slowly crystallizing ACP phase and the higher Ca concentration
released into the SBF may partly account for the success of microfibrous 13-93B3

bioactive glass in healing soft tissue wounds as observed elsewhere.
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Table 1. lonic concentration of the as-prepared simulated body fluid (SBF), and the
theoretical ionic concentration of SBF which would result from complete dissolution of
borate 13-93B3 and silicate 45S5 glass fibers without any reaction and with formation of

a stoichiometric HA reaction product (values in brackets).

Concentration (mM) Na K Mg Ca P Si B
SBF (initial) 1420 5.0 15 2.5 1.0 0 0
13-93B3 1459 101 4.0 9.6(6.1) 2.1(0) 0 30.5

45S5 1578 50 15 112(67) 27(0) 150 0
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Table 2. EDS analysis in the TEM for the Ca/P atomic ratio, and the Mg concentration

normalized to the Ca concentration, for borate 13-93B3 and silicate 45S5 fibers after
immersion for 3 and 7 days in SBF.

Immersion Ca/P ratio Mg/Ca ratio (%)
time (days) 45S5 13-93B3 45S5 13-93B3
3 1.7 £0.1 1.7 £0.1 3.3+11 52+%15

7 1.7+0.1 1.7+0.1 0.8 +0.4 5.0=*16
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13-93B3 45S5

Fig. 1. SEM images of the as-received borate 13-93B3 glass fibers (a, ¢), and the silicate
4585 glass fibers (b, d); TEM images of the as-received 13-93B3 fiber (e) and the 45S5
fiber (f).



13-93B3 45S5
Fig. 2. SEM images of the surface of 13-93B3 glass fibers (a, c, €) and 45S5 glass fibers
(b, d, f) after immersion in simulated body fluid (SBF) at 37 °C for 1 day (a, b); 3 days
(c, d); 7 days (e, f).
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Fig. 3. FTIR spectra of (a) borate 13-93B3 glass fibers and (b) silicate 45S5 glass fibers

as-received and after immersion in SBF at 37 °C for the times indicated. Inset (i) in (a)

shows the method of determining the splitting factor for the phosphate (PO4)*™ vs

resonance.
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A
’

b1) 7d '

(d1) 7d (d2)

Fig. 5. TEM images and selected area diffraction (SAD) patterns of borate 13-93B3 glass

13-93B3

45S5

fibers immersed in SBF at 37 °C for (al—a3) 3 days and (b1—b3) 7 days, and silicate
4585 glass fibers immersed under the same conditions for (c1—c3) 3 days and (d1—d3) 7
days.
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Fig. 6. High resolution TEM images of the surface region of silicate 45S5 glass fiber after
immersion in SBF at 37 °C for (a) 3 days and (b) 7 days. Lattice fringes representative of
crystalline regions are indicated by a circle in (a) and by arrows in (b).
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