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ABSTRACT

A hybrid coextrusion and lamination process has been developed to fabricate macrochanneled bioceramic scaffolds. This pro-
cess was mainly composed of three steps (i.e., coextrusion of thermoplastic compound, lamination, and thermal treatment), form-
ing unique pore channels in dense bioceramic body. Pore channels were formed by removing carbon black material, while calcium
phosphate or Tetragonal Zirconia Polycrystals (TZP) with a calcium phosphate coating layer were used as dense body. Two kinds
of pore structures were fabricated; that is, the pore channels were formed in uni- or three-directional array. Such macrochan-
neled bioceramic scaffolds exhibited the precisely controlled pore structure (pore size, porosity, and interconnection), offering

excellent mechanical properties and cellular responses.
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1. Introduction

ecently, the fabrication of bioceramics with porous con-

figurations has attracted particular attention because
a porous network allows tissue infiltration, which in turn
enhances implant-tissue attachment."® However, conven-
tional pore forming methods, such as the hydrothermal
exchange process,” the pyrolysis of organic particles,”” and
polyurethane sponge techniques, 8 have shown limited con-
trol over the pore geometry. As a result, these porous HA
bodies have a wide range of porosity and pore sizes with a
much smaller interconnecting fenestration.

Among bioceramics, calcium phosphate has been regarded
as a promising biomaterial due to its high biocompatibility,
good bioaffinity and osteoconduction, and its crystallo-
graphic and chemical similarity to human bone.>** When
HA materials are used as implants, they are slowly replaced
by the host bone, forming a direct bond with the neighbor-
ing bone structure. However, this material suffers from low
mechanical properties.”*'” On the other hand, tetragonal
zirconia polycrystals (TZP-3 mol% yttria-zirconia) possesses
excellent mechanical properties, such as high strength,
toughness, and compressive strength.” In spite of these
merits, its bio-inert nature have limited its wider applica-
tions.

Therefore, in this paper, we developed a novel process,
named “hybrid coextrusion and lamination” to precisely con-
trol the pore geometry (i.e., aligned pore channel). This pro-
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cess was simply comprised of coextrusion, and lamination,
and thermal treatment, offering uniform array of macro-
channels on the sintered body. Calcium phosphate or Tet-
ragonal Zirconia Polyerystals (TZP) with a calcium
phosphate coating layer were used as dense body. Pore
channels were formed by removing carbon black material.
Such pore channels were formed in uni- or three-directional
array. Various macrochanneled bioceramic scaffolds were
fabricated. The sintered samples were analyzed by X-Ray
Diffraction (XRD), optical microscopy, Scanning Electron
Microscopy (SEM), and Electron Dispersive Spectroscopy
(EDS) analysis. Also, the compressive strengths were also
measured and cellular responses were evaluated.

2. Experimental Procedure

Commercially available calcium phosphate (Sigma-Ald-
rich Co., Milwaukee, WI) and tetragonal zirconia polycrys-
tals (TZ-3Y; Tosoh Co., Tokyo, Japan) powder were used as
the bioceramics. Carbon black powder (Cabot Black Pearls
BP-120; Cabot Corp., Boston, MA) was used as a fugitive
material, which could be removed after a thermal treat-
ment, forming a macrochannel. The calcium phosphate
powder was calcined at 900°C for 1h in air in order to
improve the powder characteristics. The ceramic (or fugi-
tive) powder was mixed with an ethylene ethyl acrylate
(EEA; EEA 6182; Union Carbide, Danbury, CT)-based resin
at 105°C using a high shear mixer. Also, agents were added
as processing aids to ensure a consistent apparent viscosity
value (~3000 Pa-s).

Two different pore structures with the uni- or three-direc-
tional array of pore channel were fabricated. At first, initial
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Fig. 1. Schematics illustrating the cross-sections of the ini-
tial feedrods for (a) the unidirectional macrochannel
and (b) the 3-directional macrochannel.
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feed rod was prepared using either a 22-mm cylindrical
mold or a half-piped mold. The schematic of initial feedrods
are illustrated in Fig. 1(a) and (b) for the unidirectional and
3-directional macrochannel, respectively. For unidirectional
macrochannel, an initial feedrod, which was comprised of
ceramic (calcium phosphate or TZP/calcium phosphate) and
fugitive layer, was coextruded through a 750-ium using a
piston extruder at 120°C at a rate of 3 mm/min. This pro-
duced a continuous and flexible filament with the same
cross-section as the initial feedrod. Each sheet was cut and
unidirectionally stacked into a 38 x 38 mm metal mold then
warm-pressed at 140°C with an applied load of 10 MPa.
However, for the 3-directional macrochannel, the initial
feedrod (ceramic or carbon black) was extruded through a
300-um orifice. Two types of filaments (ceramic and carbon
black) were set out alternately and warm-pressed at 140°C
with am applied load of 10 MPa to produce filament sheet,
in which carbon black filaments neighbored by ceramic fila-
ments. The schematics of the unique filament alignment
and lamination are illustrated in Fig. 2(a) and (b).

The macrochannels were formed by thermally removing
the carbon black and binder from the green billets without
disturbing the structures. The binder burnout was done in
an alumina tube-furnace at a slow heating rate (3~10°C/h)
up to 700°C in flowing air to avoid the formation of defects,
such as bloating and crack. After binder burnout, the billets
were sintered at temperatures ranging from 1350°C to
1600°C for 1h in air. The sintered macrochanneled body
was sliced into dimensions of 3 x 3 x 3 mm with a diamond
saw to produce the specimens for measuring the compres-
sive strength. All surfaces were polished down to 30 pm
with a resin bonded diamond wheel. The compressive
strengths were measured both normal and parallel to the
macrochannel directions. Five specimens were tested for
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(a) Unidirectional lamination

Fig. 2. Schematics illustrating (a) the unidirectional lamina-
tion and (b) the bi-axial lamination. Note, right sche-
matics represent the laminated structures.

each experimental condition. In addition, the sintered body
was analyzed using optical microscopy and XRD analysis.
The cellular response of the 3-directionally macrochan-
neled calcium phosphate scaffold was evaluated. After cul-
turing for 4 days, the morphologies of the proliferated cells
on macrochanneled HA scaffolds were observed with SEM.
Also, the cell proliferation was assessed by MTT method
after culturing for 4 days. The cell differentiation character-
istics of the cell were evaluated by the alkaline phosphatase
(ALP) activity expression level after culturing for 14 days.

3. Results

3.1. Unidirectionally Macrochanneled Scaffold

Fig. 3(a) and (b) shows cross sections of green 780-micron
filaments consisting of ceramic (calcium phosphate and TZP
clad with calcium phosphate layer) and carbon black. For
macrochanneled TZP scaffold, a bioactive calcium phos-
phate layer continuously and uniformly surrounds the car-
bon black (Fig. 3(b)). These filaments were unidirectionally
aligned without any gap, as shown in Fig. 3(c).

After sintering at 1350°C for 1 h, only crystalline hydroxy-
apatite (HA; Ca, (PO, (OH),) phase was observed for the
macrochanneled calcium phosphate scaffold with full densi-
fication, as shown in Fig. 4(a). On the other hand, the mac-
rochanneled TZP scaffold exhibited a trace of the calcium
phosphate peak with strong tetragonal ZrQO, peaks was
observed. The crystalline phase of the calcium phosphate
was identified as crystalline tricalcium phosphate (TCP;
Ca,(PO,),) instead of HA phase, as shown in Fig. 4(b). When
calcium phosphate is sintered at high-temperatures, the
TCP phase becomes more thermodynamically stable than
crystalline hydroxyapatite phase, leaving CaO (s) phase.”
In addition, with the presence of zirconia, CaO (s) reacts
with the partially stabilized zirconia, forming a CaO-ZrO,
solid solution.™®
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Fig. 3. Optical photographs illustrating (a) the cross-section
of the calcium phosphate/carbon black filament, (b)
the cross-section of the TZP/calcium phosphate/carbon
black filament, and (c) the aligned filament sheet.

After sintering, the uniform array of macrochannel was
formed both macrochanneled HA and TZP scaffold. A typi-
cal optical micrograph is shown in Fig. 5(a). The body con-
sisted of 24 vol% macrochannels as a uniform array of 297-
micron smooth cylinders. Furthermore, each macrochannel
was clad on the inside with a 42-micron thick layer of a bio-
active calcium phosphate, as shown in Fig. 5(b). No cracking
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Fig. 4. XRD patterns (a) of the macrochanneled calcium phos-
phate and (b) of the macrochanneled TZP with a cal-
cium phosphate coating layer sintered at 1350°C for 1
h in air.

at the TZP and calcium phosphate interfaces was observed
despite the high thermal stress. Such good adhesion instead
of cracking is believed to be the result of the formation of a
porous calcium phosphate layer and the reaction between
the ZrO, and Ca™ ions at the interface. Similarly, 28 vol% of
a 312-micron cylindrical array macrochannels was formed
for the macrochannelled-calcium phosphate.

The compressive strength of the macrochanneled calcium
phosphate and TZP were measured, as shown in Table 1.
All samples showed the brittle fracture during compression
test. As expected, the compressive strength of the macro-
channelled-TZP was almost three times higher than that of
the macrochanneled-calcium phosphate because of the
higher mechanical properties of TZP material.

3.2. Three-Directionally Macrochanneled Scaffold

As previously mentioned, the TZP bioceramic was used for
the body, which retained the applied stress, while the TZP
surface was coated with calcium phosphate to ensure an
active osteoconductive behavior. Also, the macrochanneled
calcium phosphate scaffold was fabricated. A cross-sectional
view of a filament of the TZP/calcium phosphate, made by
coextrusion, is shown in Fig. 6(a). As expected, the filament
shows the same design as the initial feedrod, i.e. a 16-
micron calcium phosphate layer continuously and uniformly
surrounded the TZP core. Furthermore, neither a gap nor
overlapping was observed in the unidirectionally aligned fil-
ament sheet (Fig. 6(b)). Each sheet was bi-axially stacked to
build the 3-directionally connected structure. Note, the TZP
surrounded by calcium phosphate and carbon black appear
in the bright and in dark contrast, respectively.

Table 1. Surimary of the Properties of the Macrochanneled-TZP and Macrochanneled-Calcium Phosphate

Samples Macrochannel fraction (vol%) Macrochannel size (um) Compressive strength (MPa)
Macrochanneled TZP 24 297+ 11 398+ 39
Macrochanneled calcium phosphate 28 312+13 132+ 11
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Fig. 5. Optical photographs of the macrochanneled-TZP (a) at
low magnification and (b) at high magnification.
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Fig. 6. Optical photograph illustrating (a) the cross-sectional
view of the TZP/calcium phosphate filament and (b) the
bi-axially stacked filament sheet.

i

Vol. 41, No. 7

Calcium
Phosphate

Fig. 7. Optical photographs (a) at top-view and (b) at side-
view of 3-directionally macrochanneled TZP.

The optical photograph of the top-view of the sintered 3-
directionally macrochannelled-TZP-coated by calcium phos-
phate is shown in Fig. 7(a). The body consisted of a 48 vol%
TZP coated by calcium phosphate and a 52 vol% macrochan-
nel in a uniform array of 290-microns (see Table 2). Corre-
spondingly, 48 vol% macrochannels, 278-micron in size,
were formed in the sintered calcium phosphate body.

The bioactive calcium phosphate coating layer is shown in
Fig. 7(b). The interfaces between the TZP and calcium phos-
phate, indicated by the arrows, showed no cracking. At
higher magnification, a good interfacial bonding was
observed. The macrochannel was clad on the inside with a
bioactive calcium phosphate layer.

As expected, the compressive strength (96 £ 11 MPa) of
the 3-directionally macrochanneled-TZP was almost four
times larger (24 £ 5 MPa) than that of the 3-directionally
macrochanneled-HA, as described in Table 2. The remark-
able improvement in compressive strength was due to the
strong TZP body, which could retain a higher applied com-
pressive stress. Furthermore, its active osteoconductive
behavior is expected because its bio-inert surface is coated
by a bioactive calcium phosphate layer, forming a direct
bonding by being replaced by natural bone.

To investigate the cellular response of macrochanneled
scaffold, the macrochanneled calcium phosphate scaffold
was examined as a representative. Typical cell growth mor-
phologies on the macrochanneled calcium phosphate scaf-
fold after culturing 4 days are shown in Fig. 8. The HA
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Table 2. Summarized Properties of the 3-Directionally Macrochanneled-TZP and 3-Directionally Macrochanneled-Calcium Phosphate

Samples

Macrochannel fraction

Macrochannel size Compressive strength

(vol%) (um) (MPa)
3-Directionally macrochanneled TZP 290+ 17 9611
3-Directionally macrochanneled calcium phosphate 278+ 14 24+5

Fig. 8. SEM micrographs of HOS cells growing (a) on the top,
(b) on the side, and (¢) on the bottom of the macro-
channeled calcium phosphate scaffold after culturing
for 4 days.

framework was completely covered by the osteoblast-like
cells and the cell membranes spread well with an intimate
contact with the HA surface (Fig. 8(a)). Furthermore, the
migration of the cells throughout the macrochannel was
also observed (Fig. 8(b) and (c)), implying the osteoconduct-

ing characteristics of the macrochanneled scaffolds.

The relative number of the proliferated cells was esti-
mated from the absorbance value. The relative absorbance
value of the macrochanneled calcium phosphate scaffold
was increased by a factor of 1.3 compared to that of the
dense calcium phosphate. Such improvement was attrib-
uted to the increase in surface area. Similar ALP activity
values were observed for the macrochanneled calcium phos-
phate scaffold and the dense calcium phosphate, indicating
their excellent biocompatibility.

Compared to the conventional methods for manufacturing
a porous body, the pore structure was precisely controlled
using a hybrid coextrusion and lamination. This process is
simple and effective to control the pore structure. The mac-
rochannel is almost straight with an extremely narrow size
distribution because this macrochannel is formed by remov-
ing the carbon black filament. Furthermore, the macrochan-
nel can be formed in three-directional array, in which the
interconnection size is the same as the macrochannel size,
which is important for osteoconductive behavior. Another
merit is that strong TZP material coated with bicactive cal-
cium phosphate layer can be sintered without any further
treatment, such as dip-coating. A preliminary observation
about the cellular response of macrochanneled calcium
phosphate scaffold implies that such macrochanneled bioce-
ramic scaffolds (both calcium phosphate and TZP with cal-
cium phosphate coating layer) are suitable as porous
implants. Furthermore, it is believed that macrochanneled
TZP scaffold can offer excellent biocompatibility and
mechanical properties since a strong TZP body maintains
its excellent mechanical properties and the calcium phos-
phate layer is expected to be gradually replaced by natural
bone.

4. Summary and Conclusions

The macrochanneled bioceramic scaffolds were fabricated
by a hybrid coextrusion and lamination process. This novel
process was based on the coextrusion of thermoplastic com-
pound (ceramic and carbon black) and unique lamination
(uni or bi-axial lamination). Aligned pore channels were
formed by removing carbon black material, while calcium
phosphate or Tetragonal Zirconia Polycrystals (TZP) with a
calcium phosphate coating layer were used as dense body.
This process offered either uni- or 3-directional macrochan-
nels on dense bioceramic. Such macrochanneled bioceramic
scaffolds exhibited excellent mechanical properties and cel-
lular responses with the precisely controlled pore structure
(pore size, porosity, and interconnection).
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