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Scaffolds of 13-93 bioactive glass (6Na2O, 12K2O, 5MgO, 20CaO, 4P2O5, 53SiO2; 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 mac-
ropores. The objective of this work was to study how constant freezing rates (1–7 �C min�1) 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 homoge-
neous microstructure and a marked improvement in the mechanical response of the scaffolds in com-
pression. Scaffolds fabricated using a constant freezing rate of 7 �C min�1 (porosity = 50 ± 4%; average
pore diameter = 100 lm), 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, respec-
tively. These oriented bioactive glass scaffolds prepared by the constant freezing rate route could poten-
tially be used for the repair of defects in load-bearing bones, such as segmental defects in the long bones.

� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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 re-
pair 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 scaf-
folds that replicate the structure and function of bone would be
ideal bone substitutes, provided they have the requisite mechani-
cal properties for reliable long-term cyclical loading during weight
bearing.

Scaffolds should have a porous microstructure suitable for sup-
porting 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 lm is considered to be the minimum requirement to permit
tissue ingrowth and function [2]. The repair of segmental defects
ia Inc. Published by Elsevier Ltd. A
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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 aniso-
tropic microstructure is strongly dependent on the pore orienta-
tion [4–6]. Commonly, the mechanical response in the pore
orientation direction is often far superior to that in the perpendic-
ular 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 al-
most twice those in the perpendicular direction [7]. The formation
of scaffolds with oriented pore architectures could provide an ap-
proach 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 por-
ous constructs with a lamellar microstructure. However, the width
of the slot-like pores (10–40 lm) is considered to be too small to
support tissue ingrowth. A variety of techniques has been used
to control the width and morphology of the pores, such as the
ll rights reserved.
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use of different freezing rates [10], modification of the solvent
composition [11–13], patterning of the cold substrate [14], applica-
tion 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 sus-
pensions had a columnar microstructure with average pore diam-
eters larger than 100 lm. 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, typi-
cally 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 interdendritic spaces.
The result is a frozen construct consisting of particle-free solid den-
drites and interdendritic 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 interden-
dritic regions and macropores in the shape of the primary den-
drites. 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.

In our previous work [16], unidirectional freezing on a constant-
temperature substrate did not provide a constant freezing rate. In-
stead, 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 homo-
geneity of the dendrite diameter was limited to only �1 cm.
Fig. 1. Schematic of the growth of camphene dendrites during u
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In the present work, an apparatus was assembled to study uni-
directional 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 den-
drites, 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 freez-
ing step, constant freezing rates in the range 1–7 �C min�1 were
used. The effect of the freezing rate on the pore orientation, micro-
structural 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 pre-
vious 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 SiO2 content, plus addi-
tional network modifiers, such as K2O and MgO [23], which pro-
vides a larger window between the glass transition temperature
and the onset of crystallization. As a result, the glass phase in por-
ous 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. Further-
more, 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].
2. Materials and methods

2.1. Preparation of oriented 13-93 bioactive glass scaffolds

The fabrication of bioactive glass (13-93) scaffolds with ori-
ented pores by unidirectional freezing of camphene-based suspen-
sions was performed using a sequence of steps [16]: preparation of
a homogeneous suspension; unidirectional freezing of the suspen-
sion; isothermal annealing of the frozen constructs near the soften-
ing 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 (6Na2O, 12K2O, 5MgO, 20CaO, 4P2O5,
nidirectional freezing of camphene-based suspensions [16].
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53SiO2; wt.%) (kindly provided by Mo-Sci Corp., Rolla, Missouri)
was ground to produce particles with an average size of �1 lm.
Suspensions were prepared by ball milling a mixture of the glass
particles (10 vol.%), camphene (C10H16; CAS 5794-04-7; Alfa Aesar,
Ward Hill, MA, USA) and 2 wt.% of isostearic acid (C18H36O2; MP
Biomedicals LLC, Solon, OH, USA) for 24 h at 55 �C in a closed poly-
propylene bottle.

Unidirectional freezing of the suspensions was performed at se-
lected constant freezing rates in the range 1–7 �C min�1 using a
specially assembled apparatus, described in detail elsewhere
[25]. Briefly, the suspension was poured into a polytetrafluoroeth-
ylene 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 ther-
mocouple within the cold finger and a proportional integral deriv-
ative (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 suspen-
sions on a copper substrate kept at a constant temperature of 3 �C,
as described in our previous work [16].

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
PVC 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�1) 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
presintered (5 h at 600 �C) in order to develop adequate strength
for handling but to maintain the as-formed porous microstructure.
These presintered constructs were sectioned in planes parallel and
perpendicular to the freezing direction, infiltrated with epoxy re-
sin, 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 deter-
mined using a liquid extrusion porosimeter (LEP-1100 AX, Porous
Materials Inc., NY), with water used as the wetting liquid.
Fig. 2. Data for the substrate (cold finger) temperature vs. time during unidirec-
tional freezing of camphene-based suspensions at constant rates (1–7 �C min�1).
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.
2.3. Mechanical response of sintered scaffolds

The mechanical response of the sintered constructs in the direc-
tion 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�1. Six samples were tested for each group, and
the compressive strength and elastic modulus were determined
as an average ± standard deviation. Statistical analysis was
Please cite this article in press as: Liu X et al. Porous and strong bioactive glass
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performed using one-way analysis of variance. After testing, the
fractured surfaces of the scaffolds were examined using SEM.
3. Results

3.1. Freezing rate of suspensions

Fig. 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�1). Higher cooling rates were limited by
the conductivity and the lowest achievable temperature of the cop-
per rod. In order to maintain the required freezing rate, the tem-
perature of the copper rod was lowered continuously with the
aid of the PID controller. The average solidification rates, 4, 10
and 16 lm s�1, for the freezing rates of 1, 4 and 7 �C min�1, respec-
tively, were determined from the length of the frozen construct
and the time required to completely freeze the construct. For com-
parison, the time for complete freezing is also shown for the sus-
pensions frozen on the constant-temperature substrate (3 �C).
3.2. Microstructure of frozen constructs

Fig. 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�1, 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�1 are not shown for the sake of brev-
ity. The images were taken at the top, middle and bottom regions
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
(Fig. 3A1–A3) had a vastly different microstructure from bottom
to top. Starting with fine oriented pores at the bottom of the
(13-93) scaffolds prepared by unidirectional freezing of camphene-based
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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�1 (B1–B3) and 7 �C min�1 (C1–C3). Images are shown for the bottom, middle and top portions
of the constructs along the freezing direction.
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construct, the diameter of the pores increased markedly with dis-
tance along the freezing direction. For the constructs frozen at
constant rates, the lowest rate (1 �C min�1) resulted in an
improvement in the homogeneity of the pore diameter between
the bottom and top of the construct (Fig. 3B1–B3). The spatial
homogeneity of the pore diameter continued to increase with
increasing freezing rate until, at the highest rate used
(7 �C min�1), there was little difference in the homogeneity of
Fig. 4. (a) Pore diameter at the bottom, middle and top portions of the construct
unidirectionally on a constant-temperature substrate (3 �C) or at constant rates (1, 4 an
bottom portion of the construct) vs. distance from the bottom of the construct plotted f

Please cite this article in press as: Liu X et al. Porous and strong bioactive glass
suspensions. Acta Biomater (2011), doi:10.1016/j.actbio.2011.07.034
the pore diameter from the bottom to the top of the construct,
a length of �20 mm (Fig. 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�1, for which there was a significant difference between
after the freezing step and sublimation of the camphene, for constructs frozen
d 7 �C min�1) (⁄p < 0.05). (b) Pore diameter (normalized to the pore diameter at the
rom the data in (a).

(13-93) scaffolds prepared by unidirectional freezing of camphene-based
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the middle and top regions only. The average pore diameter, nor-
malized 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�1, the difference in aver-
age 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 sub-
strate (3 �C) and under constant freezing rates of 7 �C min�1. When
compared to the microstructures of the constructs after the freez-
ing step only (no thermal annealing) (Fig. 3), the diameter of the
pores resulting from the primary camphene dendrites has in-
creased markedly. There is also an absence of pores from the sec-
ondary dendrite arms in the construct frozen at 7 �C min�1

(Fig. 5B1–B3). In the case of the constructs frozen on the con-
stant-temperature substrate, the absence of pores from the sec-
ondary dendrite arms is not clearly evident (Fig. 5A1–A3).

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 pre-
pared by freezing on the constant-temperature substrate showed
some difference in the thickness of the macropore walls from the
Fig. 5. SEM images of cross-sections parallel to the freezing direction for constructs after
step was performed on a constant-temperature substrate (3 �C) (A1–A3) or at a constant f
portions of the constructs along the freezing direction.
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bottom to the top of the construct (Fig. 5A1–A3). For this group,
no clear orientation of the pores was observed at the top of the
constructs. In comparison, the constructs frozen at constant rates
showed better homogeneity in the thickness of the struts (macro-
pore walls) and the pore diameter along the length of the con-
struct. Constructs frozen under the fastest rate (7 �C min�1)
showed well-aligned pores along the freezing direction, and chan-
nel-like pores can be observed along the freezing direction
(Fig. 5B1–B3).

After sintering, the scaffolds had approximately the same poros-
ity 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�1 showed good
pore alignment and a homogeneous microstructure from the bot-
tom 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. 6c and d) and 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 un-
der constant freezing rates of 1 and 7 �C min�1 are shown in Fig. 7.
For all three groups, the pore sizes were mostly in the range 50–
150 lm, with a peak value of �100 lm. For the construct prepared
by freezing at 7 �C min�1, the pore size data followed an approxi-
mately bell-shaped curve, typical of a normal distribution. How-
ever, the data for the constructs prepared by freezing on the
freezing, annealing for 24 h at 34 �C, and sublimation of the camphene. The freezing
reezing rate of 7 �C min�1 (B1–B3). Images are shown for the bottom, middle and top

(13-93) scaffolds prepared by unidirectional freezing of camphene-based
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Fig. 6. SEM images of cross-sections parallel and perpendicular to the freezing direction for sintered constructs (1 h at 700 �C) prepared by freezing on a constant-
temperature substrate (3 �C) (a and c), or at a constant rate of 7 �C min�1 (b, d, and e). Sections parallel to the freezing direction (a and b) and perpendicular to the freezing
direction (c, d, and e) are shown.

Fig. 7. Distribution of the pore diameters for sintered constructs (1 h at 700 �C)
prepared by freezing on a constant-temperature substrate (3 �C), or at constant
freezing rates of 1 and 7 �C min�1. The data points for each sample were fitted by
polynomial function, and the R2 value for each curve is shown.
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constant-temperature substrate or freezing at 1 �C min�1 showed a
tail in the distribution curve at pore sizes larger than �150 lm.
3.4. Mechanical response of sintered constructs

Fig. 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 freez-
ing rate of 7 �C min�1. Both constructs showed an elastic response,
Please cite this article in press as: Liu X et al. Porous and strong bioactive glass
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in which the stress increased approximately linearly with defor-
mation, followed by failure in which the samples fractured into
several pieces, typical of dense brittle 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 fail-
ure) than the construct formed by freezing on the constant-tem-
perature 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�1) had a compressive strength (37 ± 7 MPa) and an elas-
tic modulus (8 ± 3 GPa) (data not shown) that were not signifi-
cantly 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�1) 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 unidirec-
tional 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 lm) formed by
(13-93) scaffolds prepared by unidirectional freezing of camphene-based

http://dx.doi.org/10.1016/j.actbio.2011.07.034


Fig. 8. (a) Examples of compressive stress vs. deformation response for sintered constructs tested parallel to the orientation direction. The constructs were prepared by
freezing on a constant-temperature substrate (3 �C) or at a constant rate of 7 �C min�1. (b) Compressive strength and elastic modulus determined from the stress vs. strain
data (⁄p < 0.05).

Fig. 9. Average diameter of primary camphene dendrites vs. average solidification
rate for unidirectional freezing of camphene based suspensions at constant rates of
freezing. The results are shown for the bottom, middle and top portions of the
construct (total length = 20 mm).
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freezing at a constant rate of 7 �C min�1 (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 homogene-
ity 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�1 resulted in average solidifica-
tion rates of approximately 4, 10 and 16 lm s�1, respectively
(Fig. 2). Therefore, the results 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 pri-
mary 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 lm s�1) achievable with the equipment. In
contrast, for constructs prepared by freezing on the constant tem-
perature 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 ¼ kv�m ð1Þ

where k is a constant and m is an exponent. A plot of the data for d
(taken from Fig. 4a) vs. v (taken from Fig. 2) showed that the expo-
nent 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 pre-
pared 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 Al2O3 particles
in camphene, Shanti et al. [26] did not measure the solidification
rate directly, but assumed that the rate varied inversely with dis-
tance 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 Al2O3 suspensions, the results
from Deville et al. [25] and Waschkies et al. [19] for the average
Please cite this article in press as: Liu X et al. Porous and strong bioactive glass
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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
not clear. However, a possible reason might be a decrease in the
solidification rate with distance from the cold substrate.

As described previously, interconnected pores with a diameter
or width between neighboring pores of �100 lm 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 ex-
ceeded by using a two-step process (freezing followed by thermal
annealing) [16]. That study also showed that the annealing step re-
sulted in coarsening of the primary camphene dendrites, typical of
an Ostwald ripening process. As a consequence, despite large
(13-93) scaffolds prepared by unidirectional freezing of camphene-based

http://dx.doi.org/10.1016/j.actbio.2011.07.034


8 X. Liu et al. / Acta Biomaterialia xxx (2011) xxx–xxx
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-tem-
perature substrate and under constant freezing rates (1–
7 �C min�1) 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 con-
stant rate of 7 �C min�1 showed a narrower distribution of pore
sizes, which could result from the better homogeneity of the pri-
mary dendrite diameter achieved in the freezing step. In compari-
son, 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 mix-
tures. However, off-axis pores will reduce the strength and modu-
lus. As discussed previously, higher freezing rates lead to better
alignment of the pores and to fewer off-axis void channels, result-
ing in a higher strength and modulus (Fig. 8).

The repair of defects in load-bearing bones is a challenging clin-
ical problem. Bioactive glass scaffolds with a more random micro-
structure, prepared by methods such as sintering of particles or
short fibers (porosity = 40–50%), as well as polymer foam replica-
tion and sol–gel processing (porosity = 75–90%), often have com-
pressive 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, 13-93 bioactive glass
scaffolds with an oriented microstructure prepared recently by
unidirectional freezing of suspensions (porosity = 50%; average
pore diameter = 100 lm) 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 re-
cently, 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 lm) have shown a com-
pressive strength (�140 MPa) comparable to the values reported
for cortical bone [22,30,31]. Although the guidelines for the requi-
site mechanical properties of scaffolds intended for loaded bone re-
pair are currently unclear, the present method could provide
bioactive glass scaffolds with a favorable combination of mechan-
ical 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 mix-
ture. 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�1) 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
Please cite this article in press as: Liu X et al. Porous and strong bioactive glass
suspensions. Acta Biomater (2011), doi:10.1016/j.actbio.2011.07.034
freezing rates of 1–7 �C min�1 had approximately the same average
pore diameter after the annealing step. After sintering, constructs
prepared by freezing at 7 �C min�1 (porosity = 50%; pore diame-
ter = 100 lm) had a compressive 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 character-
istics for potential application in the repair of loaded bone.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Fig. 7 is difficult to
interpret in black and white. The full colour images can be found
in the on-line version, at doi:10.1016/j.actbio.2011.07.034.
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