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Abstract Hydroxyapatite (HA) macrochanneled porous
scaffolds, with a controlled pore structure, were fabricated
via a combination of the extrusion and lamination processes.
The scaffold was architectured by aligning and laminating the
extruded HA and carbon filaments. The macrochannel pores
were formed by removing the carbon filaments after thermal
treatments (binder removal and sintering). The porosity of
the scaffolds was varied between 48 and 73% with a con-
trolled pore size of ~450 um, by adjusting the fractions of
HA and carbon filaments. As the porosity was increased from
48 to 73%, the compressive strength decreased from 11.5 to
3.2 MPa. However, the osteoblast-like cell responses on the
scaffold, such as the proliferation rate and alkaline phos-
phatase (ALP) activity, were significantly enhanced as the
porosity was increased.

1. Introduction

Hydroxyapatite (HA: Ca;o(PO4)s(OH),) has attracted a great
deal of attention for hard tissue applications due to its high
osteoconductivity and bioactivity [1-6]. Most in vivo studies
have proven that the HA bonds directly with the host tissues
and leads to complete osseointegration. For use as tissue scaf-
folds, HA has been engineered to mimic the 3-dimensional
inorganic component of natural bone, providing the space
and area necessary for vascularization and tissue regenera-
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tion [7-10]. Conventional techniques, such as the hydrother-
mal exchange process [4], the pyrolysis of organic particles
[11-14] and the polyurethane sponge technique [14, 15] have
shown some limitations in the control of various aspects of
the pore configuration, such as the pore size, porosity, pore
geometry and interconnectivity. On the other hand, the solid
freeform fabrication (SFF) method has emerged as a way of
creating a precisely controlled pore structure by means of a
layer-by-layer, sequential building process [16—18]. Another
approach is the extrusion process, in which the thermoplastic
ceramic and fugitive filaments are aligned alternatively, and
then the fugitive material is removed with thermal treatment,
to produce a 3-directional macrochanneled structure [19].

In this study, by combining the extrusion process with
lamination, we fabricated HA porous scaffolds with a well-
defined pore configuration. In particular, the porosity was
precisely controlled, and its effect on the mechanical and
biological properties of the scaffolds was investigated. The
significance of this study lies in the investigation of these
properties in HA porous scaffolds with a well defined pore
configuration and porosity.

2. Materials and methods
2.1. Fabrication of HA porous scaffold

Commercially available HA [Ca;o(PO4)s(OH),, Alfa Aesar
Co., USA] powder was used as the starting material. The HA
powder was calcined at 900°C for 1 h in air to improve its
powder characteristics [20]. The calcined HA powder with 1
wt% stearic acid (Sigma-Aldrich Co., USA) was ball-milled
in ethanol for 24 h using alumina balls as the milling media
and then dried. Carbon black powder (Cabot Black Pearls
BP-120; Cabot Corp., Boston, USA) was used as the fugitive
material, which was removed later by thermal treatment.
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Table 1 Pore configuration of

the macrochanneled HA HA filament size (qvm) 600 500 400 300 200
scaffolds with different degrees Green body Carbon filament size (um) 600 600 600 600 600
of porosity Designed porosity (%) 50 55 60 67 75
Scaffold Porosity (%) 48 53 59 65 73

Sintered body ~ Framework thickness (um) 503 £ 6 405+6 324+5 24347 158 £ 8

Macrochannel size («m) 454+ 16 458+7 465+4 436+14 44819

The ceramic and fugitive powders were blended separately
with ethylene ethyl acrylate (EEA 6182; Union Carbide,
Danbury, CT) and isobutyl methacrylate (Rohm and Haas,
Philadelphia, PA) resins at 110°C in a heated shear mixer
(Jeong-sung Inc, Seoul, Korea). Processing aids were also
added to ensure that the mixtures had a consistent viscos-
ity. Once compounded, each thermoplastic compound was
warm-pressed using a 24 mm cylindrical mold and extruded
using one of the five square type orifices (600 x 600, 500 x
500, 400 x 400, 300 x 300 and 200 x 200 pum) at 145°C
with a crosshead speed of 3 mm/min using a piston extruder
(Jung-min Ind. Co., Korea). Two types of filaments (HA and
carbon black) were aligned alternately and warm-pressed at
140°C with an applied load of 10 MPa to produce a fila-
ment sheet. The sheet was cut and bi-axially stacked into a
24 x 24 mm square mold, followed by warm-pressing at
160°C with 20 MPa, to create a 3-directionally intercon-
nected structure. The porosity of the scaffold was varied from
48 to 74% by adjusting the initial fraction of the carbon black
filament (600 x 600 pm) relative to the HA filament (various
dimensions, as described above). The stacked green body was
heat-treated to 700°C in air to burn out the binder and then to
remove the carbon black. To avoid the formation of defects
in the green body, the samples were heated slowly. After re-
moval of the binder and carbon, the samples were densified at
1300°C for 1 hin air. Data on the pore configuration of the ini-
tial green body and final scaffolds are summarized in Table 1.

2.2. Characterization and mechanical test

The morphology of the macrochanneled HA scaffold was
observed by optical microscopy (PMG3, Olympus, Tokyo,
Japan) and scanning electron microscopy (SEM; JSM-6330,
JEOL Technics, Tokyo, Japan). The phase of the sample was
analyzed by X-ray diffraction (XRD; MXP18A-HF, MAC
Science, Tokyo, Japan) patterns. The compressive strengths
of the scaffolds, with dimensions of 4 x 4 x 6 mm, were mea-
sured using an Instron 5565 (Instron Corp., Canton, MA) at
a crosshead speed of 0.05 mm/min. Both edges were impreg-
nated with paraffin to avoid the edge effect.

2.3. In vitro cellular assay

The human osteosarcoma (HOS) cell line was used to assess
the cellular behaviors on the fabricated scaffolds [15, 21].
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The cells were cultured on the macrochanneled HA scaf-
folds with various porosities at a seeding density of 1 x 10*
cells/ml for periods of 4 and 14 days in an incubator hu-
midified with 5% CO,/95% air at 37°C. For the purpose of
comparison, a dense HA ceramic was also tested. After cul-
turing for 4 days, the cell morphology on the HA scaffolds
was observed using SEM, after fixation with glutaraldehyde
(2.5%), dehydration with graded ethanols (70, 90 and 100%)
and critical point drying. The cell viability was assessed us-
ing the MTT method [21]. After culturing the cells for 4
days, MTT was added to the samples and left for 4 h. The
absorbance of the blue formazan product was detected at
570 nm using a microplate reader. The functional activity
of the cells was evaluated by measuring the alkaline phos-
phatase (ALP) activity after culturing for 14 days [15, 21].
After trypsinization and centrifugation, the cell pellets were
resuspended in 0.1% Triton X-100 and disrupted via a freez-
ing/thawing process. The cell lysates were assayed colori-
metrically using p-nitrophenyl phosphate as the substrate.
The color product, p-nitrophenol, was read at 410 nm using
a spectrophotometer.

Each set of tests was performed in triplicate. Statistical
comparison was carried out by means of analysis of variance
(ANOVA), and significance was considered at p < 0.05, p <
0.005 and p < 0.001.

3. Results and discussion

Fig. 1 shows the three-dimensional morphology of the
HA/carbon green body (A) and its heat-treated samples with
different porosities (B,C). This architecture of the green body
was achieved by aligning the HA (bright area) and car-
bon black (dark area) filaments alternately to form a sheet,
and then stacking the sheet bi-axially (Fig. 1A). The ori-
entations of the filaments are marked as “0°” and “90°”.
The two kinds of filaments were successfully welded to-
gether, without any of the cracks or delaminations which
are often created due to the incoherence of the thermoplastic
compounds. The green body was heat-treated at 700°C, in
order to burn out the binder and to remove the carbon black,
and was then further sintered at 1300°C to densify the HA
framework.

Figs 1B and C show the micrographs of the sintered
HA scaffolds with porosities of 48 and 65%, respectively.
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Fig. 1 Optical micrographs of
the (A) HA/carbon black green
body after being extruded and
alternately laminated in the
0°/90° directions, and the
macrochanneled HA scaffolds
with porosities of (B) 48% and
(C) 65% after sintering at
1300°C for 3 h in air. Bright and
dark contrast in (A) represents
thermoplastic HA and carbon
black, respectively.
Interconnected macrochannel
pores in (B) were formed by
removal of carbon black

filament.

Macrochannels in a square shape, formed by the removal
of the carbon black filaments, constituted a well-defined
pore structure. The porosity increased from 48 to 73%
as the thickness of the framework was decreased, while
the macrochannel size remained almost constant (~450
um), as described in Table I. These results indicate that
the hybrid extrusion and lamination process, using thermo-
plastic HA and carbon black filaments, provides an effi-
cient method of controlling the porosity. Furthermore, the
macrochannels were perfectly straight and interconnected.
This large pore channel and high interconnectivity can pro-
vide an effective tunnel for blood circulation and cell an-
chorage and, ultimately, for bone growth into the scaffold
[18-20].

On closer examination of the scaffold (Fig. 2(A)), the
HA was found to be fully consolidated. The grain structure
was typical of polycrystalline HA, as is usually observed in
sintered bodies. This result indicates that the binders in the
thermoplastic HA filament were completely removed, with-
out generating any defects or preventing densification. The
phase formed in the scaffold was confirmed to be pure HA
by XRD pattern. Examination of the fracture surface of the
scaffolds revealed the existence of good interfacial bond-
ing between the filaments, with orientations of 0° and 90°
(Fig. 2(B)).

The compressive strengths of the macrochanneled HA
scaffolds with different degrees of porosity were measured,
as shown in Fig. 3. As the porosity increased from 48 to 65%,
the compressive strength gradually decreased from 11.5 to
3.2 MPa, and this was attributed to a reduction in the quan-
tity of load-bearing HA framework. The scaffolds possessing
higher porosities of over 70% were highly fragile and, thus,
reliable data were difficult to obtain for these samples.

The biological properties of the macrochanneled HA scaf-
folds were assessed in terms of their osteoblast-like cell re-
sponses. The data were compared among the scaffolds with
different degrees of porosity. All of the scaffolds showed
similar cell growth morphology. A typical morphology of
the cells, grown on the sample with culturing for 4 days, is
shown in Fig. 4. The cell number and growth morphology
on the framework of inside pore channels were similarly ob-
served as those on the outermost surface region, suggesting
the cells had migrated deep into the macrochannels during
incubation. Moreover, the cell membranes were spread out
in intimate contact with the HA surface.

The degree of cell viability on the scaffolds was estimated
by means of the MTT assay, as shown in Fig. 5. The cell via-
bility at day 4 increased gradually as the porosity increased,
and those samples with porosities of 65 and 73% had signifi-
cantly higher cell viability than that with the lowest porosity
of 48%. This result was mainly attributed to the increased
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Interfacial
Bonding

Fig.2 SEM morphology of the HA framework; (A) as-sintered surface
and (B) fractured surface. HA framework was fully densified without
defects, and good interfacial bonding was obtained between the two HA
frames with 0° and 90° alignments.

surface area associated with the increase in porosity and the
consequent larger number of cells initially attached on the
scaffold with higher porosity.
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Fig. 3 Compressive strength of the HA scaffold, represented with re-
spect to the porosity.
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Fig.4 Electron micrograph of the HOS cells grown on the HA scaffold
after culturing for 4 days. Cells migrated deep into the scaffold and
spread and grew well on the framework surface.
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Fig. 5 Proliferation level of the HOS cells on the HA scaffold after
culturing for 4 days, represented with respect to the porosity.

The osteoblastic phenotype expression of the cells was
evaluated by measuring the ALP expression level after cul-
turing for 14 days, since the ALP activity is regarded as an im-
portant marker characterizing osteoblastic or osteogenic cells
undergoing the differentiation step [21, 22]. As the porosity
increased, the ALP activity increased, as shown in Fig. 6.
Compared to the cells on the sample with a porosity of 48%,
those on the samples with higher porosities exhibited signifi-
cantly higher ALP activity, suggesting that the cells grown on
the scaffold with higher porosity exhibited enhanced func-
tional activity.

With regard to the macrochanneled HA scaffolds, the ben-
efits lie principally in the well-defined pore configuration,
which can be controlled in a unique and simple way. In this
study, the porosity was varied from 48 to 73%, while main-
taining a predefined pore size (~450 pwm), and the effects
of porosity on the mechanical and cellular responses were
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Fig. 6 Alkaline phosphatase (ALP) activity of the HOS cells on the
HA scaffolds after culturing for 14 days, represented with respect to the
porosity.

investigated. Based on the change in mechanical and bio-
logical data on the HA scaffolds with respect to porosity,
the porosity range should be adjusted to fit the biological
and mechanical properties required for specific applications,
since both of these properties vary dissimilarly with regard
to the porosity. However, all of the HA scaffolds fabricated
within the porosity range of 48—65% are considered to posses
sufficient strength (11.5-3.2 MPa) for use as hard tissue scaf-
folds, when considering that the compressive strength of the
cancellous bone was approximately 2—12 MPa [23].

4. Conclusion

Hydroxyapatite (HA) porous scaffolds with macrochanneled
pores were fabricated via a hybrid procedure of extrusion and
lamination method. The macrochanneled pores and the HA
framework were formed by a series of processes involving the
stacking of thermoplastic carbon and HA filaments, the sub-
sequent removal of the carbon black with thermal treatment,
and final densification of the HA. The macrochanneled HA
constituted a well-defined pore configuration with porosities
of 48-73% at a pore size of approximately 450 um. The
compressive strength of the scaffolds decreased from 11.5 to
3.2 MPa as the porosity increased. At the same time, the cell
viability and expression of osteoblastic phenotype (alkaline

phosphatase) were significantly improved as the porosity in-
creased.
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