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Abstract

Porous CaSiOj; bioceramics with open and unidirectional macro-channels of pore size more than 200 um are of particular interest for
biomedical applications. An ice/fiber-templated method was employed for the fabrication of CaSiO; bioceramics with interconnected
lamellar pores and macro-channels of pore size more than 200 um. The pores formed by ice crystals transformed from cellular to
lamellar, while the pores formed by fibers were aligned macro-channels, which were also in alignment with the lamellar pores. Keeping
the initial slurry concentration constant and increasing the packing density of fibers, the volume fraction of macro-channels and open
porosity increased, and the compressive strength decreased. Maintaining the packing density of fibers and increasing the initial slurry
concentration, the pore sizes of lamellar pores and open porosity decreased, and the compressive strength increased. The results
indicated that it was possible to manufacture porous CaSiO; bioceramics with the macro-channels of 250-350 um, lamellae spacing of
50—100 um, open porosity of 71.12-83.94% and compressive strength of 0.87-3.59 MPa, indicating the suitability for tissue engineering.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Since the discovery of bioglass by Hench et al. in 1969,
several glasses, ceramics and glass-ceramics have been
regarded as bioactive ceramic materials [1,2]. CaSiOj
(CS) has been synthetically prepared to be employed as
bioactive ceramic material. Due to its excellent biocompat-
ibility, osteoconductivity, controllable degradability and
bioactivity, CS bioceramics have received significant atten-
tion for application in bone regeneration [3-5]. Recently,
porous CS bioceramics have attracted increasing interest
since they are characterized by a better bone-regenerative
capacity and faster resorption rate in vivo compared to B-
tricalcium phosphate [6]. To date, considerable attention
has been paid to the development of fabrication methods
for CS bioceramics in bone tissue engineering, including
the polymer-sponge method [7-9], dry-powder processing
with the addition of porogen [10], sol-gel and gel-casting [11].
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However, how to prepare porous CS bioceramics with a
controllable pore structure for bone tissue engineering still
remains a challenge.

The ideal fabrication technique should produce
complex-shaped bioceramics with controlled pore shape,
orientation and size in a reliable and economical way [12].
Ice-templated method is a reliable and economical techni-
que to produce porous complex-shaped ceramics [12,13].
In this process, an aqueous suspension is poured into a
mold, frozen and then followed by sublimation of the ice.
After sintering, a complex and often anisotropic porous
microstructure with unidirectional channels is generated,
and the final microstructure is a replica of ice [14]. The
microstructure can be controlled by exploiting the physics
of ice formation. However, owing to the physical limita-
tion of ice formation, the ice-templated method is usually
suitable to fabricate strong ceramics with small pores [15].

Scaffold architecture plays an important role in determin-
ing the degree and rate of bone ingrowth. Three commonly
studied parameters are interconnectivity, porosity and the
size of pore [16,17]. Interconnectivity and porosity in a
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scaffold are absolutely required for nutrient and waste
transport, and there is general agreement among researchers
that an optimal pore size exists for successful host cell
infiltration and tissue ingrowth: 5-15pm for fibroblasts,
20-125 pm for adult mammalian skin tissue and 200-
350 um for bone tissue [18-21]. More recently, research has
revealed that bioceramics with controlled-geometry, i.c.,
aligned macro-channels, had enhanced the degree and rate
of bone ingrowth [22-24]. The incorporation of aligned
macro-channels enhanced the permeability of bioceramics
with an 18-fold increase and contributed to significant
improvement of the initial distribution of cells. Furthermore,
this structure can theoretically enhance core oxygen concen-
trations and prevent scaffold core necrosis, which are
urgently needed for scaffold-based therapies [24]. Thus, it is
necessary to develop effective methods to obtain macro-
channels with pore size more than 200 um in the scaffold.

For this purpose, porous CS bioceramics with macro-
channels were fabricated using ice/fiber-templated method
by fine-tuning the process parameters and the size and
packing density of fibers, which were employed as the
formation agents of macro-channels. The microstructures
and mechanical properties of this novel porous CS scaffold
were characterized and discussed.

2. Experimental procedure

Aqueous CS slurries with the initial concentration of
15 vol% and 20 vol% were prepared by mixing commer-
cially available CS powders, deionized water and the
dispersant ammonium polyacrylate (HydroDisper A160,
Shenzhen Highrun Chemical Industry Co. Ltd., China).
The dispersant concentration was 2 wt% with respect to
the dried CS powders. The CS slurries were ball-milled for
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48 h with zirconia media and de-aired in a vacuum
desiccator. As shown in Fig. 1, the CS slurries were firstly
poured into a polytetrafluoroethylene mold (10 mm dia-
meter x 25 mm), in which polyethylene terephthalate fibers
were arranged in parallel alignment. The diameters of the
fibers were in the 300450 um range. The molds were then
placed on copper cold fingers and kept at —30 °C with a
freezing direction from bottom to top, in alignment with
the direction of fibers. Upon solidifying, the fibers were
pulled out from the frozen bodies. Finally, the frozen
bodies were freeze-dried and sintered at 1100 °C for 3 h in
air with a ramp of 5 °C/min.

The phase compositions were characterized using X-ray
diffraction (XRD, Rigaku D/max-2550) with Cu Ko radia-
tion (A=0.15406 nm). A diffraction range of 10°-60° (20) was
selected and the XRD analysis was carried out at 4°/min. To
investigate the scaffold architecture and microstructure, the
scaffold was embedded in epoxy for sectioning and polishing.
SEM examinations were carried out with the use of environ-
mental scanning electron microscopy (ESEM, Quantan 200,
JEOL, Japan). The open porosity was measured using the
Archimedes method. The compressive tests were carried out
parallel to the freezing direction and measured using a
mechanical testing machine (KDI11-2, Shenzhen KEJALI
Technology Co., Ltd., China) at a crosshead speed of
0.5 mm min~'. To obtain the average porosity and compres-
sive strength, five samples from each group were measured.

3. Results and discussion
3.1. Phase analysis

The phase structures of the as obtained CS powders and
the CS ceramic sintered at 1100 °C for 3 h are shown in
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Fig. 1. Schematic of the ice/fiber-templated method. A: the setting up. B: the frozen body with embedded fibers. C: the frozen body after removing the

fibers. D: the sintered CS bioceramics.
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Fig. 2. It is clear to see from the diffraction patterns that
the as-obtained powders were amorphous, whereas the
ceramic sintered at 1100 °C for 3 h mainly consisted of B-
phase CS.

3.2. General feature of the CS scaffold

As revealed by Fig. 3, the general microstructure of the
CS scaffold was gradational and could be divided into
Zone 1 and Zone 2. There existed macro-channels running
through the scaffold, mixing with cellular pores in Zone 1
and lamellar pores at the edge of Zone 1 and in Zone 2.
The macro-channel was formed by fibers, the cellular pores
were formed by the initial randomly oriented ice crystals,
and the lamellar pores were formed by lamellar ice crystals,
which were oriented along the freezing direction. The
transition of pore morphology from cellular to lamellar
was not obvious. Unless explicitly stated, this paper
focuses on Zone 2.
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Fig. 2. XRD patterns of as obtained powders (A) and ceramics sintered
at 1100 °C for 3 h (B).

Vertical

cross section

Zone 2

lamellar structure

—
Zone 1

cellular to lamellar
transition mixed

sructure

The final porous architecture was the replica of fibers
and ice crystals. Fundamentals of the physics of ice can
help us to understand the underlying reason for this
cellular to lamellar transition architecture. According to
the crystal structure of ice and its crystal growth kinetics,
hexagonal prisms were their most basic form. The growth
of the facets parallel to the a-axis was kinetically favorable,
and the ice growth rate along the a-axis was theoretically
100 times faster than that along the c-axis (perpendicular
to the a-axis) [25-27]. Once the CS slurry was poured over
a cold plate, nucleation of ice occurred rapidly and
homogeneously near the cold surface due to a supercooling
effect [28]. Ice crystals grew randomly and rapidly, and the
CS particles were repelled and packed between the ran-
domly oriented ice crystals, leading to a cellular pore
structure. In these experiments, a temperature gradient
existed in the slurry due to the directional freezing. After
the initial rapid growth of ice crystals, the crystallization
transformed into a steady state and ice crystals began to
grow along the temperature gradient. As mentioned above,
the growth of the facets parallel to the a-axis was
kinetically favorable, so facets parallel to the a-axis kept
growing along the temperature gradient, and the CS
particles were compacted along the interface of ice crystals,
leading to a lamellar microstructure. The fibers did not
change during the whole freezing process, but were pulled
out after freezing, leaving aligned macro-channels running
through the scaffold. The macro-channels were also in
alignment with the lamellar pores.

3.3. Control of the volume fraction of macro-channels

As shown in Fig. 4, the volume fraction of macro-
channels could be controlled by varying the packing
density of polymer fibers in the molds. The spaces that
had been occupied by polymer fibers were turned into
aligned macro-channels. With increasing packing density
of polymer fibers in the molds, the volume fraction of

Horizontal

cross section

Zone 2

From bottom to the top
Ice growth direction

Fig. 3. SEM micrograph of the general microstructure of the bottom part (close to the copper cold finger) and evolution of the pore structure. The black
portion in the micrograph is epoxy and the white portion is CS. Zone 1 is the transition region from cellular to lamellar, which can be clearly observed at
the bottom of the scaffold (vertical cross-section, depicted on the left). Zone 2 is the lamellar region, which can be observed above Zone 1 (vertical cross-
section, depicted on the left). The horizontal cross-sections of Zone 1 and Zone 2 are depicted at the lower right and the upper right; P: macro-channels
formed by fibers; C: cellular pores formed by ice; and L: lamellar pores formed by ice.
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Fig. 4. Optical micrographs of the CS bioceramics fabricated by varying the packing density of fibers. A: no fibers; B: low density; C: middle density; and

D: high density.

Fig. 5. SEM micrographs of the horizontal cross-section of the CS bioceramics fabricated by varying the initial slurry concentration. The black portion in
the micrograph is epoxy and the white lamellar portion is CS. (A) 15 vol%:; (B) 20 vol%. P: macro-channels formed by fibers; L: lamellar pores formed by

ice; and G: CS ceramic wall.

macro-channels increased. The diameters of macro-

channels were in the 250-350 um range.
3.4. Control of the lamellar pores

As shown in Fig. 5, the lamellar pores were intercon-
nected, and the pore size could be characterized by two-

dimensional parameters: the long axis and the short axis.
The short axis corresponded to the lamellae spacing.
Larger lamellar spacing could be obtained at lower initial
slurry concentrations. Samples with 15% initial slurry
concentration had an average lamellac spacing of 100—
200 pm, while those with 20% initial slurry concentration
had an average lamellae spacing of 50—-100 um.
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3.5. Control of the porosity and the compressive strength

Figs. 6 and 7 present porosities and compressive
strengths of the CS bioceramics, respectively. The final
porosities and compressive strengths could be tuned by
changing the initial slurry concentration and the packing
density of polymer fibers in the molds. An increase of the
initial slurry concentration from 15 to 20 vol% caused the
decrease of the final porosity, while the compressive
strength increased. This was due to the fact that higher
initial slurry concentration possessed lower water content
and higher viscosity, thus produced lower lamellae spacing,
porosity and higher compressive strength of the CS
bioceramics. Under the same slurry concentration, an
increase of the packing density of polymer fibers in the
molds caused the increase of the final porosity, while the
compressive strength decreased.
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Fig. 6. Porosities of the CS bioceramics processed with 15vol% and

20 vol% of initial slurry concentration vs. the packing density of polymer
fibers in the mold.
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Fig. 7. Compressive strengths of the CS bioceramics processed with
15 vol% and 20 vol% initial slurry concentration vs. the packing density
of polymer fibers in the mold.

The relationship between the porosity and strength
behavior of porous ceramics could be approximated
expressed by an exponential function [29]: 0 =agexp(—cp).
In the function, ¢ is the strength at pore volume fraction p,
aq 1s zero-porosity strength, and the constant c is related to
the pore characteristics, such as pore size and shape. Thus,
when the porosity (p) increased, the strength (o) decreased
sharply. Lin et al. [10] showed the compressive strength of
the sintered porous CS with 53.35% porosity to be
7.64 MPa. Furthermore, Huan et al. [30] presented
0.28 MPa of the compressive strength of porous CS with
around 83.1% porosity. In the present work, as the final
porosity of the sintered porous CS bioceramics increased
from 71.12% to 83.94%, the corresponding compressive
strengths decreased from 3.59 to 0.87 MPa. Although the ¢
parameters of these porous CS bioceramics were different,
the strengths decreased as the pore volume fraction p
increased.

4. Conclusions

In summary, the ice/fiber-templated method has been
applied to fabricate porous B-CS bioceramics with inter-
connected lamellar pores and large macro-channels. The
pores formed by ice crystals transformed from cellular to
lamellar, while the pores formed by fibers were aligned
macro-channels, which were also in alignment with the
lamellar pores. Both the initial slurry concentration and
packing density of fibers in the mold affected the micro-
structures and properties of the porous CS bioceramics.
The diameters of macro-channels were in the 250-350 pm
range. This ice/fiber-templated method covered the short-
age of the ice-templated method and generated porous CS
bioceramics, with interconnected lamellar pores and
macro-channels of pore size more than 200 um, indicating
the suitability for tissue engineering.
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