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Abstract: Bioactive glass (13–93) scaffolds with oriented
microstructures, referred to as ‘columnar’ and ‘lamellar’,
were prepared by unidirectional freezing of suspensions,
and evaluated in vitro for potential use in the repair and
regeneration of load-bearing bones in vivo. Both groups of
scaffolds showed an ‘elastic–plastic’ mechanical response
in compression, large strain for failure (>20%), and strain
rate sensitivity, but the columnar scaffolds had the addi-
tional advantages of higher strength and larger pore
width. At the equivalent porosity (55–60%) and deforma-
tion rate (0.5 mm/min), the columnar scaffolds had a
compressive strength of 25 6 3 MPa, elastic modulus of
1.2 GPa, and pore width of 90–110 lm, compared to values
of 10 6 2 MPa, 0.4 GPa, and 20–30 lm, respectively, for

the lamellar scaffolds. Cellular response to the scaffolds
was evaluated using murine MLO-A5 cells, an osteogenic
cell line. While the cellular response to both groups of
scaffolds was better than control wells, the columnar
scaffolds with the larger pore width provided the most
favorable substrate for cell proliferation and function.
These results indicate that 13–93 bioactive glass scaffolds
with the columnar microstructure could be used for the
repair and regeneration of load-bearing bones in vivo.
� 2009 Wiley Periodicals, Inc. J Biomed Mater Res
00A: 000–000, 2009
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INTRODUCTION

The demand for synthetic scaffolds to repair dam-
aged or diseased bone in humans and animals is
increasing because of concerns associated with cur-
rent treatments using bone autograft, bone allograft,
or metal implants (e.g., limited supply, donor site
morbidity, immune rejection, potential transmission
of pathogens, unpredictable long-term durability,
uncertain healing to host bone, and high costs).
However, synthetic scaffolds prepared by current
methods from biodegradable polymers, bioactive
ceramics, and bioactive glasses often lack the combi-
nation of high strength and high porosity for skeletal
substitution of load-bearing bones. They are limited

to low-stress applications instead, such as filling of
contained bone defects, where adjacent intact bone
provides mechanical rigidity and support.

The repair and regeneration of large defects in
load-bearing bones of the limbs, remains an
unsolved clinical problem. Situations in which long
bone discontinuity is encountered include traumatic
injuries suffered in war or in automobile accidents,
bone resection for tumors, and bone loss from com-
plex, revision total hip or total knee surgery. When
compared to bone allografts and custom metal aug-
ments currently used to address segmental skeletal
deficiency, porous scaffolds that mimic bone would
be ideal bone substitutes. However, such porous
scaffolds should have mechanical strengths far
higher than those obtained with currently used fabri-
cation methods. The scaffolds should also support
tissue growth into the porous scaffolds, to allow
strong bonding and facile integration with apposing
host bone and surrounding soft tissues.
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There is a growing interest in the use of bioactive
glass as scaffolds for bone repair.1,2 Bioactive glasses
have a widely recognized ability to support the
growth of bone cells3,4 and to bond strongly with
hard and soft tissue.1,5 Upon implantation, bioactive
glasses convert to HA, which is responsible for their
strong bonding with surrounding tissue.1 Bioactive
glasses are also reported to release ions that activate
expression of osteogenic genes,6,7 and to stimulate
angiogenesis.8,9 The bioactivity of glass, as measured
by its conversion rate to HA, can be varied over a
wide range, from hours to months, depending on
the glass composition.10,11 Because of the composi-
tional and fabrication flexibility of glass, scaffolds
with a wide range of chemical and physical proper-
ties as well as porous architectures can be prepared.

Unidirectional freezing of suspensions has been
used to produce porous constructs with oriented
microstructures,12–14 and the method has been
applied recently to the production of porous biocer-
amics, such as HA.15–18 Unidirectional freezing of
aqueous suspensions resulted in the production of
HA constructs with a lamellar-type microstructure
and high compressive strength (e.g., 65 MPa; 56%
porosity) in the direction parallel to the freezing
direction, but the interlamellar pores were only
10–40 lm wide.15,16 These pore widths are consid-
ered too small to support cell ingrowth into the
interstices of the scaffold. A porosity of >50% with
pore size (diameter or width) of 100 lm or larger are
the minimum values reported for scaffolds capable
of supporting cell proliferation and function.19,20

Our previous work17,18,21 showed that the addition
of polar organic solvents, such as 1,4–dioxane
(referred to simply as dioxane) and glycerol to aque-
ous suspensions of HA resulted in drastic changes to
the oriented microstructure obtained by unidirec-
tional freezing. In particular, the addition of 60 wt %
dioxane to the aqueous suspensions resulted in the
formation of a columnar microstructure, with pores
approximately circular in cross section, and with
pore widths (diameters) of 100 6 10 lm. When
tested in the direction of pore orientation, the HA
scaffolds (porosity 5 65–70%) had compressive
strengths of up to 15–20 MPa, higher than the com-
pressive strength of trabecular bone (2–12 MPa). The
HA scaffolds also showed a unique ‘elastic–plastic’
response in compression, with a large deformation
for failure (>20%), and strain rate sensitivity.18 This
type of mechanical response, which is unlike the
brittle response of ceramics, is more characteristic of
natural materials.22,23

Based on the promising microstructure and
mechanical behavior observed for freeze-cast HA
scaffolds,17,18 this investigation was undertaken
to prepare bioactive glass scaffolds by the unidire-
ctional freezing method, and evaluate their

mechanical and cell culture performance in vitro for
potential bone repair applications in vivo. We
hypothesized that bioactive glass scaffolds with a
columnar microstructure would have compressive
strengths superior to that of trabecular bone and
the ability to support cell proliferation into the
pores in the interior of the scaffold as well as cell
function.

Bioactive glass with the 13–93 composition was
used because of its proven bioactivity,24 capacity to
support cell proliferation,25 and ability to be formed
into porous constructs with relevant anatomical
shapes by viscous flow sintering.26,27 The 13–93
glass is also approved for in vivo use in the United
States and elsewhere. Murine MLO-A5 cells, an
established osteogenic cell line, were chosen for
these experiments because of their highly
elevated expression of osteogenic phenotype traits,
such as alkaline phosphatase (ALP) activity and
mineralization.28,29

MATERIALS AND METHODS

Preparation of porous 13–93 glass scaffolds

Glass with the 13–93 composition (wt %): 53 SiO2,
6 Na2O, 12 K2O, 5 MgO, 20 CaO, 4 P2O5, was prepared by
melting a mixture of the appropriate quantities of analyti-
cal grade Na2CO3, K2CO3, MgCO3, CaCO3, SiO2, and
NaH2PO4.2H2O (Fisher Scientific, St. Louis, MO) in a plati-
num crucible for 2 h at 13008C, and quenching the molten
glass between stainless steel plates. Particles of size <5 lm
were obtained by crushing, grinding, and sieving the glass
to a size <106 lm, followed by wet attrition milling
(Model 01-HD, Union Process, Akron, OH).

Except for the sintering conditions, the procedure for
preparing 13–93 bioactive glass scaffolds was similar to
that used in our previous work for HA.17 Briefly, the sus-
pensions contained 5–20 vol % glass particles, 0.5 wt %
Easysperse as dispersant (ISP, Wayne, NJ), and 1 wt %
poly(vinyl alcohol), PVA, (DuPont Elvanol1 90-50) as
binder. The solvent consisted of either water, or a mix-
ture of water and 60 wt % dioxane (Fisher Scientific,
St. Louis, MO). The suspensions were balled-milled for
48 h in polypropylene containers using Al2O3 grinding
media, and deaired by milling at a low speed before the
freezing step.

Unidirectional freezing was performed by pouring the
suspensions into poly(vinyl chloride), PVC, tubes
(�10 mm internal diameter 3 20-mm long) placed on a
cold steel substrate at –208C in a freeze dryer (Genesis 25
SQ Freeze Dryer, VirTi, Gardiner, NY). After sublimation
of the frozen solvent in the freeze dryer (Genesis 25 SQ),
the sample was heated at 18C/min to 5008C in flowing O2

gas to decompose the organic binder and dispersant, then
at 58C/min to 6908C, and kept at this temperature for 1 h
to densify the glass network and form a porous, cylindrical
glass construct without crystallizing the glass.
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Characterization of porous 13–93 glass constructs

The microstructure of the cross sections of the sintered
constructs, in the planes parallel to and perpendicular to
the direction of freezing, was observed using scanning
electron microscopy(SEM; Hitachi S-4700, Hitachi, Tokyo,
Japan). The volume of open porosity in the sintered sam-
ples was measured using the Archimedes method. The
pore size was determined from SEM micrographs of the
cross sections. For each construct, at least five samples
were used for pore size evaluation, and at least 10 meas-
urements were done on each sample to get a mean pore
size and standard deviation.

The mechanical behavior of cylindrical samples (8 mm
in diameter 3 16 mm) in compressive loading was meas-
ured according to ASTM-C77 using an Instron testing
machine (Model 4881; Instron, Norwood, MA) at a cross-
head speed of 0.5 mm/min. Eight samples were tested,
and the average strength and standard deviation were
determined. A crosshead speed of 0.5 mm/min is typical
for the testing of dense specimens according to ASTM-
C773. To investigate the strain rate sensitivity of the
compressive mechanical response, additional tests were
performed at crosshead speeds of 0.05 and 5.0 mm/min.
Crosshead speeds higher than 5 mm/min were impractical
with the instrument and size of specimens used.

Cell culture

The established MLO-A5 postosteoblast/preosteocyte
murine cell line, was kindly provided by Professor Lynda
F. Bonewald, University of Missouri–Kansas City. The
stock cells were maintained in collagen-coated plates (rat
tail collagen Type I, 0.15 mg/mL) containing a-MEM me-
dium supplemented with 5% fetal bovine serum (FCS) and
5% newborn calf serum (NCS) plus 100 lg/mL penicillin.
Dry-heat sterilized scaffolds (8 mm in diameter 3 2 mm
thick) were seeded with 60,000 MLO-A5 cells suspended
in 100 lL of complete medium and incubated for 4 h to
permit cell attachment. The cell-seeded scaffolds were then
transferred to a 24-well plate containing 2 mL of complete
medium per well. The control group consisted of the same
number of cells seeded in wells containing 2 mL of media.
This control, using cells seeded on the plastic control sur-
face, has been used in some previous studies to assess cell
proliferation and function on porous bioactive glass scaf-
folds.30-32 All cell cultures were maintained at 378C in a
humidified atmosphere of 5% CO2, with the medium
changed every 2 days.

Cell morphology

After selected intervals, 13–93 bioactive glass scaffolds
with attached cells were removed, washed twice with PBS,
and placed in 2.5% glutaraldehyde in PBS. After an over-
night soak in glutaraldehyde, the fixed samples were
washed with PBS and dehydrated through a graded series
of ethyl alcohol, followed by two soaks in hexamethyldisi-
lazane for 10 min each. The samples were allowed to fully

evaporate, sputter-coated with Au/Pd, and observed in a
SEM (Hitachi S-4700) at 5 kV accelerating voltage.

Cell viability and growth

To visualize the metabolically active cells on and within
the porous scaffolds, the cell-seeded scaffolds were placed
in 400 lL serum-free medium containing 100 lg of the tet-
razolium salt MTT for the last 4 h of incubation. After
incubation, the constructs were rinsed in PBS, blotted, and
allowed to dry. Images of the constructs were obtained
using a stereomicroscope fitted with a digital camera to
qualitatively assess the distribution of insoluble purple
formazan, a product of mitochondrial reduction of MTT
by viable cells. The MTT-labeled scaffolds were then fro-
zen at –808C and fractured with a cooled microtome blade.
The fracture cross section was visually examined to assess
the presence of purple formazan within the interior of the
scaffolds. Finally, the formazan product was extracted
from the scaffolds with 1.0 mL ethanol and measured
spectrophotometrically at 550 nm in a BMG FLUORstar
Optima plate reader.

The ability of the scaffold to support cell infiltration was
assessed by dipping one end of a scaffold (�8 mm in
diameter 3 10 mm) to a depth of �1 mm into a cell sus-
pension (150,000 cells/mL), and allowing the suspension
to be drawn up into the pores by capillary pressure. After
incubation for 4 h to permit cell attachment, the scaffolds
were treated with MTT for another 4 h.

Quantitative protein assay

The amount of protein in lysates recovered from the
cell-seeded scaffolds was measured to assess the extent of
cell proliferation on the scaffold. The scaffolds were placed
in 500 lL of 1% Triton X-100 and the cells lysed by two
freeze–thaw cycles (–80/378C). Aliquots of the released
lysate were mixed with working reagent prepared from a
micro-BCA Protein Assay Kit (Piece Biotechnology, Rock-
ford, IL). Resultant absorbance values were measured at
550 nm in a BMG Fluorstar Optima plate reader with
bovine serum albumin used as standard for comparison.

Alkaline phosphatase (ALP) activity

The cell-seeded scaffolds were removed at intervals of 2,
4, 6, and 8 days of incubation and washed twice with PBS.
The samples were placed in 500 lL of 1% Triton X-100
and cells were lysed using two –80/378C cycles. Aliquots
of the lysate were placed in a 96-well plate for spectropho-
tometric measurement of ALP activity with p-nitrophenyl
phosphate (p-NPP) substrate as described elsewhere.33

Alizarin red S staining for mineralization
and quantitation

MLO-A5 cells were seeded as described earlier onto the
glass scaffolds and into control wells, and were cultured
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for 3 days in standard a-MEM medium supplemented
with 5% FCS and 5% NCS. After 3 days, the standard
media was removed, and the scaffolds and control wells
were incubated in mineralization media, a-MEM with 10%
FCS, 5 mM b-glycerol phosphate (bGP), and 100 lg/mL
ascorbic acid, following the method described elsewhere.29

After incubation for 3, 6, 9, and 12 days in mineraliza-
tion media, the cell-seeded constructs and control wells
were washed twice with PBS. The cells with adherent min-
eralized nodules were removed from the constructs and
control wells with trypsin-EDTA, washed with isotonic
NaCl, and stained with 4 nM alizarin red S (pH 5 4.2) for
2 min. The stained cells were then rinsed with nanopure
water and centrifuged five times to remove the non-bound
dye. The pellets of stained cells were placed into a 96-well
plate and observed using a stereomicroscope fitted with a
digital camera. The bound alizarin red S stain was
extracted by sonicating for 10 min with 10 mM HCl in
70% ethanol. The extracts were then diluted with five vol-
umes of PBS and the absorbance measured at 550 nm in a
BMG Fluorstar Optima plate reader for the determination
of mineralization.

Statistical analysis

All biological experiments (four samples in each group)
were run either in duplicate or triplicate. The values are

presented as means 6 standard deviations. Statistical anal-
ysis was performed with one way analysis of variance
(ANOVA) followed by a Tukey’s posthoc test, with the
level of significance set at p < 0.05.

RESULTS

Microstructure of the freeze-cast 13–93 glass
scaffold

SEM images (Fig. F11) show microstructures of bio-
active glass scaffolds that were sectioned perpendic-
ular to the freezing direction. The scaffolds shown
were prepared from suspensions containing 15 vol
% particles. There were no marked changes in the
microstructure along the length of the sample, so
each cross section was, in general, representative of
the whole construct. Unidirectional freezing of sus-
pensions containing dioxane (60 wt %) resulted in a
columnar microstructure [Fig. 1(a,b)], with the pores
approximately circular in cross section with diame-
ters of 902110 lm aligned in the direction of freez-
ing. In contrast, a lamellar microstructure was
obtained by freezing aqueous suspensions, with the
lamellae and the interlamellar pores oriented in the
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Figure 1. SEM images of the cross sections of 13–93 bioactive glass scaffolds prepared with different microstructures
from suspensions containing 15 vol % particles: (a,b) columnar microstructure (solvent: water þ 60 wt % dioxane); (c,d)
lamellar microstructure (aqueous solvent). The cross sections are perpendicular to the freezing direction.
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direction of freezing [Fig. 1(c,d)]. The lamellar pores
have a length of 1002300 lm and a width of
20230 lm. Varying the particle concentration of the
suspension (5–20 vol %) did not change the type of
microstructure, but changed the porosity and pore
size. Lower porosity and smaller pore size were
obtained with higher particle concentration.

Mechanical response of 13–93 bioactive glass
scaffolds

The effect of the particle concentration of the sus-
pensions on the porosity and compressive strength
(in the direction parallel to the freezing direction) of
the columnar and lamellar scaffolds is shown in
FigureF2 2. For both groups of scaffolds, the strength
increased and the porosity decreased with increasing
particle concentration. The compressive strength
(taken as the peak stress on the stress vs. deforma-
tion curve) increased from �10 MPa to �50 MPa as
the porosity of the columnar scaffolds decreased

from 70% to 35% [Fig. 2(a)]. In comparison, the com-
pressive strength of the lamellar scaffolds increased
from �5 MPa to �20 MPa for the same decrease in
porosity.

Figure F33 shows data for the compressive stress
vs. deformation for the columnar and the lamellar
scaffolds tested in the direction parallel to the freez-
ing direction at three different deformation rates
(0.05–5 mm/min). The scaffolds were prepared
from suspensions containing 15 vol % particles. The
data shown are the engineering stress and deforma-
tion, based on the initial cross sectional area and
length of the test samples, and do not represent the
true stress and strain. Both groups of scaffolds
showed an ‘elastic–plastic’ response, with a defor-
mation for failure of >20% (deformation rate 5 0.5
mm/min), as well as a gradual failure mode. The
response of the scaffolds also showed strong strain
rate dependence. With increasing deformation rate,
the peak stress increased and shifted to lower
strain.
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Figure 2. Compressive strength (in the direction of pore orientation) and porosity of 13–93 bioactive glass scaffolds with
(a) columnar microstructure and (b) lamellar microstructure, prepared from suspensions containing different concentra-
tions of particles.

Figure 3. Compressive stress vs. deformation for 13–93 bioactive glass scaffolds tested at the deformation rates shown:
(a) columnar scaffolds; (b) lamellar scaffolds.
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SEM examination of cultures

Scaffolds used in the cell culture experiments were
prepared from suspensions containing 15 vol % par-
ticles (Fig. 1 and TableT1 I). SEM images (Fig.F4 4) show

the morphology of MLO-A5 cells grown on the sur-
face of the columnar and lamellar scaffolds for 2, 4,
and 6 days. The cells visible in the micrographs of
the columnar scaffolds appeared to be attached by
slender cell projections at day 2 [Fig. 4(a)], and show
a large increase in density with the duration of cul-
ture. It is apparent that the cells had grown along
the walls of the columnar pores and down into the
interior of these scaffolds. After 4 days, cell coloniza-
tion of the walls of the scaffolds was evident
[Fig. 4(b)], and after 6 days, the walls were com-
pletely covered with cells [Fig. 4(c)]. The cells on the
columnar scaffolds showed evidence of aggregation
and physical contact with neighboring cells via mul-
tiple cytoplasmic extensions. The cells seeded on the
lamellar scaffolds also show a large increase in den-
sity [Fig. 4(d–f)], although this increase appears
mostly on the surface of the scaffolds, with cells
completely bridging the lamellar pores after 6 days
[Fig. 4(f)].
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TABLE I
Microstructural Characteristics of 13–93 Bioactive Glass

Scaffolds

Solvent
composition

Microstructure Pore size
(lm)

Porosity
(%)

Water þ 60 wt %
dioxane

Columnar 100 6 10 55 6 2

Water Lamellar 100 – 300
(length)

62 6 3

25 6 5
(width)

Scaffolds prepared by unidirectional freezing of Suspen-
sions (15 vol % particles), which were used in cell culture
experiments

Figure 4. SEM images showing the cell growth on (left) columnar scaffolds, and (right) lamellar scaffolds after (a,b) 2
days, (c,d) 4 days, and (e,f) 6 days of culture.
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Cell proliferation and cell infiltration

FigureF5 5 shows the photographic images of cell-
seeded scaffolds treated with MTT after culture
intervals of 2, 4, and 6 days. The purple pigment
visible on the scaffold was the result of mitochon-
drial reduction of MTT to an insoluble formazan
product by metabolically viable cells. The increase in
intensity of the purple color with culture time is evi-
dence of an increased number of metabolically active
cells on the surface of both groups of scaffolds [Fig.
5(a,c)]. The purple staining visible on the freeze-frac-
ture surface of the scaffolds cultured for 6 days [Fig.
5(b,d)] indicated the relative density of metabolically
active MLO-A5 cells within the interior of the scaf-
fold. The larger purple area on the fracture surface
of the columnar scaffolds indicated the presence of
greater number of metabolically active cells within
these scaffolds. Furthermore, the larger depth of the
purple staining into the columnar scaffolds indicated
that these scaffolds had better capacity to support
the proliferation of viable cells into the pores.

Quantitative measurement of the amount of the
formazan present in the scaffolds (Fig.F6 6) showed a
linear increase in the absorbance value the incuba-
tion time, indicating an increasing number of cells
present in both groups of scaffolds. The larger
amount of formazan extract recovered from the cells
cultured on the columnar scaffolds provides addi-
tional evidence of better cell growth into the
columnar scaffolds, and is consistent with the photo-
graphic images of the MTT-labeled scaffolds.

FigureF7 7 shows the growth rate of MLO-A5 cells
into the pores of the columnar scaffolds, determined

by the measuring of the depth of purple formazan
present on the fractured surface. A linear growth
rate of �130 lm/day was determined. The full cov-
erage of the cross section was obtained after
culturing for 15 days (Fig. 7 inset). The ability of the
columnar scaffolds to support live cell ingrowth
was further investigated by dipping one end of an
as-fabricated scaffold (to a depth of < 1mm) in a cell
suspension and monitoring the cell migration into
the scaffold. The pores of the scaffold were
completely infiltrated with the cell suspension by
capillary action in less than 5 s. Figure F88 shows the
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Figure 5. Cell-seeded glass scaffolds treated with MTT: Surface of (a) columnar scaffolds and (c) lamellar scaffolds after
culture intervals of 2, 4, and 6 days (left to right, respectively); (b,d) freeze-fracture cross section of the corresponding scaf-
folds cultured for 6 days, showing MTT-labeled cells within the interior. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.] AQ3

Figure 6. Quantitative analysis of the purple formazan
extracted from cell-seeded columnar and lamellar scaf-
folds. Mean 6 sd; n 5 4. *Significant increase in formazan
extracted from the porous glass constructs with increasing
culture duration (p < 0.05).
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photographic images of the MTT-labeled constructs
after infiltration. Both the surface and cross section
of the scaffold were covered with the purple color,
indicating that the columnar pores were large
enough to permit cell migration and to provide
enough nutrients for the cells.

FigureF9 9 shows the results of the quantitative
assay of total protein in cell lysates recovered from
the columnar and lamellar scaffolds and the control
wells after 2, 4, and 6 days. An increase in the
amount of protein recovered from both groups of
scaffolds was observed during the 6-day incubation,
a finding that complements the progressive increase
in cell density observed in the SEM images (Fig. 4).
The higher amount of protein recovered from the
columnar scaffolds after 4 and 6 days indicates the
better ability of these scaffolds to support cell prolif-
eration than the lamellar scaffolds. The data also
show a higher growth rate of MLO-A5 cells on the
bioactive glass constructs than on the surface of plas-
tic culture wells.

Cell function

The results of ALP activity of MLO-A5 cells cul-
tured on the bioactive glass scaffolds (Fig.F10 10) indi-
cated a linear increase of ALP activity during the
6-day incubation. This result demonstrates the ability
of the bioactive glass scaffolds to support ostogenic
cell function. The higher ALP activity of the cells on
the columnar scaffolds after 4 and 6 days indicates
the better ability of the columnar scaffolds to sup-
port cell differentiation.

The MLO-A5 cells and extracellular materials
were removed from the glass scaffolds by trypsiniza-

tion, and stained with alizarin red S to test for the
presence of calcium deposits, an indication of miner-
alization.29,34 Figure F1111 shows the morphology of the
stained bone nodules. The dark red areas are an
indication of a higher amount of calcium deposits, a
sign of the formation of the mineralized bone nod-
ules. Figure F1212 shows the absorbance of alizarin red
S dye extracted from cells on the glass scaffolds and
control wells. The increase in absorbance values for
the scaffolds and control wells is evidence of the
increasing number of mineralized nodules. The
higher absorbance values measured for the cell
lysates recovered from the columnar scaffolds after 9
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Figure 7. Bioactive glass scaffold with the columnar microstructure after one end was dipped slightly (< 1 mm) in a sus-
pension of MLO-A5 cells, and treated with MTT: (a) Surface and (b) cross section, showing the MTT-labeled cells on and
within the scaffolds. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 8. Proliferation of MLO-A5 cells into the pores in
the interior of the columnar scaffolds, determined by
measuring the depth of the purple color across a fracture
cross section. The inset image shows complete cell prolifer-
ation into scaffold after 15 days of culture. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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days in the mineralization media indicates a greater
capacity of these scaffolds to support mineralization.

DISCUSSION

The 13–93 bioactive glass scaffolds prepared in
this work (Fig. 1) have microstructures that are gen-
erally similar to those for HA prepared by a similar
process in our earlier work.17 In the unidirectional
freezing process, the particles in the suspensions are

pushed aside by the growing ice crystals. The par-
ticles play a passive role, and are mainly along for
the ride, so for a stable suspension of fine particles,
the resulting freeze-cast microstructure should be in-
dependent of the particle composition, as observed.
The formation of different freeze-cast microstruc-
tures by manipulating the solvent composition of the
suspension is discussed in our previous work.21

While there are differences in the shapes of the
stress vs. deformation curves, the mechanical
response in compression for the 13–93 bioactive glass
scaffolds (Fig. 3) shows trends similar to those
observed in our earlier work for freeze-cast HA
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Figure 9. Total protein content in MLO-A5 cells cultured
on columnar and lamellar scaffolds and in control wells.
Mean 6 sd; n 5 4. *Significant increase in total amount of
protein on the porous 13–93 glass constructs with increas-
ing culture duration (p < 0.05).

Figure 10. Alkaline phosphatase activity in MLO-A5 cells
cultured on columnar and lamellar scaffolds and in control
wells for 2, 4, and 6 days. Mean 6 sd; n 5 4. *Significant
increase in alkaline phosphatase activity on the porous
13–93 glass constructs with increasing culture duration
(p < 0.05).

Figure 11. Bone nodule formation by MLO-A5 cells cul-
tured on columnar scaffold for 9 days. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 12. Quantitative analysis of mineralization in co-
lumnar and lamellar scaffolds and in control wells, by
measuring the OD absorbance of the extracted alizarin red
staining dye using an optima plate reader at 520 nm. *Sig-
nificant increase in the extracted red staining dye on the
porous 13–93 glass constructs with increasing culture dura-
tion (p < 0.05).
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scaffolds.18 Instead of a brittle response typical of
ceramics and glasses, the scaffolds show an elastic–
plastic response that is more typical of natural mate-
rials. The stress vs. deformation curves consist of
three regions: an approximately linear region at low
deformation, a region of peak stress, and a plateau
region (or a region of slowly decreasing stress) at
higher deformation. Both groups of scaffolds show a
large strain for failure (>20% at a deformation rate
5 0.5 mm/min), and strain rate sensitivity. The rela-
tionship of this type of elastic–plastic response to the
microstructure of the scaffolds is discussed else-
where.18

Ideally, the elastic modulus of the scaffold should
be comparable to that of the tissue to be replaced.35

Comparable elastic modulus would promote load
transfer and minimize stress shielding, reducing the
problems of bone resorption. Depending on the mea-
surement technique, the source of bone, and the
structural variation in the bone from the same
source, a wide range of values has been reported for
the elastic modulus of trabecular bone (0.1–5 GPa),
and cortical bone (5–20 GPa).36 The elastic modulus
of the bioactive glass scaffolds, estimated from the
initial linear slope of the stress vs. deformation data
in Figures 2 and 3, is found to depend on the micro-
structure of the scaffolds, as well as on the strain
rate. At a given deformation rate, the elastic modu-
lus of the columnar scaffolds is 2–3 times higher
than that for the lamellar scaffolds. As the deforma-
tion rate increased from 0.05 mm/min to 5 mm/min,
the elastic modulus of the columnar scaffolds
increased from �1.0 GPa to �3.5 GPa. These values
are near the upper limit of values reported for tra-
becular bone, and somewhat below the lower limit
reported for cortical bone.

The results in Figures 2 and 3 show that at the
equivalent porosity, columnar scaffolds of 13–93 bio-
active glass also have higher strength than the lamel-
lar scaffolds. In particular, at a deformation rate of
0.5 mm/min, columnar scaffolds with a porosity of
55–60% have a compressive strength of 25 6 3 MPa,
compared to a value of 10 6 2 for the lamellar scaf-
folds. The strength of these columnar bioactive glass
scaffolds is more than two times the highest strength
reported for trabecular bone (2–12 MPa). It also
more than an order of magnitude higher than the
compressive strengths of biodegradable polymer
scaffolds, and considerably higher than the values
reported for bioactive glass, bioactive glass–ceramic,
and HA scaffolds prepared by other techniques.18

For example, bioactive glass (13–93) scaffolds27 pre-
pared by the polymer foam replication technique
had a compressive strength of 11 6 1 MPa (porosity
5 83–87%), whereas glass–ceramic scaffolds37

formed from 45S5 bioactive glass had a compressive
strength of 0.3–0.4 MPa (porosity 5 89–92%).

The compressive strength of the bioactive glass
scaffolds with the columnar microstructure is also
approximately twice the strength of columnar HA
scaffolds prepared in our earlier work by the same
technique.18 The higher strength of the 13–93 glass
scaffolds, when compared to the strength of HA
scaffolds, resulted presumably from thicker walls of
the columnar microstructure, and the ability of the
glass to sinter more easily than HA, providing a
nearly fully-dense glass network that is better able to
withstand the applied load.

While the rates of growth and function of MLO-
A5 cells on both groups of scaffolds were greater
than the control wells, the columnar scaffolds with
the larger pore width provided the most favorable
substrate for cell proliferation and function. Scaf-
folds intended for bone tissue engineering applica-
tions should support cell growth into the interstices
of the scaffolds and differentiation of progenitor
cells to functional bone tissues.35 The columnar
scaffolds with the larger pore width (100 6 10 lm)
supported far greater cell ingrowth into the pores
in the interior of the scaffolds (Figs. 4 and 5), and
allowed rapid cell migration and the flow of
nutrients into the interior of the scaffolds (Fig. 7).
The highest level of ALP activity expressed by the
columnar scaffolds indicates the optimal structure
of these scaffolds to support bone progenitor cell
function (Fig. 10). The columnar scaffolds also
showed enhanced ability to support MLO-A5 cells
to mineralize (Fig. 12). In vivo evaluation of these
columnar bioactive glass scaffolds is currently
underway in an animal model.

CONCLUSIONS

In vitro evaluation of 13–93 bioactive glass scaf-
folds with a columnar microstructure, prepared by a
unidirectional freezing method, provided data to
support potential use of these scaffolds in the repair
of load-bearing bones in vivo. When tested in com-
pression (deformation rate 5 0.5 mm/min), colum-
nar scaffolds (porosity 5 55260%; pore diameter 5

902110 lm) had a strength of 25 6 3 MPa and an
elastic modulus of 1.2 GPa in the direction of pore
orientation, and showed an ‘elastic–plastic’ response
with a large strain for failure (>20%). These colum-
nar scaffolds also showed better ability to support
the proliferation and differentiated function by
MLO-A5 cells as compared to plastic control wells
or scaffolds with a lamellar microstructure of nar-
row, slot-like pores. Bioactive glass scaffolds with
the columnar microstructure also supported prolifer-
ation of MLO-A5 cells down into the interior pores
of the scaffolds, as well as rapid migration of an
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MLO-A5 cell suspension by capillary pressure to
completely fill the interior pores.
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