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Technical note

Polymer template fabrication of porous hydroxyapatite scaffolds with
interconnected spherical pores
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bstract

orous hydroxyapatite (HA) scaffolds with interconnected spherical pores were fabricated by slip casting using a polymer template. Templates
ere produced using polymer beads, NaCl, and adhesive (N100). Effects of the preparation process on the pore structures and mechanical properties
f the porous HA scaffolds were investigated. Pore interconnectivity was improved by adding NaCl particles with appropriate diameters to the

olymer template. The size of the adhesive area could be controlled by adjusting the concentration of N100. The pore size could be controlled
etween 200 ± 42 and 400 ± 81 �m, and the porosity between 50.2 and 73.1%, by changing the size of the polymer beads and the volume of the
aCl particles. The compressive strength decreased as the porosity or pore size increased.
2010 Elsevier Ltd. All rights reserved.
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. Introduction

Porous hydroxyapatite (HA) scaffolds have attracted con-
iderable attention due to their high osteoconductivity and
ioactivity for hard tissue applications.1–3 Studies have focused
n porous scaffolds with spherical pores, due to the fact that
heir pore configuration can increase stress tolerance. The prop-
rties of the pores in these scaffolds, such as size, porosity and
eometry, and mechanical properties are the key governing fac-
ors in HA application.4,5 In recent years, meaningful progress
as been made with porous HA scaffolds.6–9 Improvements
n mechanical strength10–12 and control of pore structures13–15

ave been reported. Among the reported approaches, polymer
ead stacking templates are one of the most promising meth-
ds for fabricating spherical porous ceramic scaffolds, and the
onsiderable progress was made in precise control of scaffold
orosity and internal pore structures parameters.16,17 Exten-
ive research on improvement of the compressive strength of

orous HA scaffold has shown that reduced porosity can signifi-
antly improve the mechanical properties of porous scaffolds
ith the same pore size.18–20 However, pore connectivity is
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educed when the number of closed pores increases (i.e., porosity
educes).

In this work, we proposed a new method to fabricate porous
A scaffolds with interconnected spherical pores by using a
olymer template. The strategy for polymer template production
nvolved: (i) distribution of NaCl particles in the gaps between
olymer beads so that the beads did not touch each other; (ii) for-
ation of an adhesive area among the polymer beads by adding

dhesive (N100); and (iii) removal of NaCl particles by wash-
ng for 30 min in deionized water, and then drying. Effects of
he preparation process on the pore structures and mechanical
roperties of the porous HA scaffolds were investigated.

. Experimental procedure

Commercially available HA powder (Fluka Co., UK)
ith a size of 0.5–1.0 �m was taken as the starting material.
oly(styrene-co-divinylbenzene) beads (Sigma–Aldrich Chem-

cal Co. Inc.) with sizes of 300 ± 50 �m, 450 ± 50 �m and
00 ± 50 �m were used as polymer templates. N100 (ethylben-
ene containing 10% polystyrene and other compounds) was

sed as an adhesive. NaCl particles (analytical reagent grade,
70–500 �m, Xi’an Chemical Reagent, China) were served as
filling agent for controlling the connectivity of the polymer

emplate. In addition, deionized water, anhydrous ethanol

dx.doi.org/10.1016/j.jeurceramsoc.2010.09.007
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Fig. 2. Scanning electron microscopy micrographs of polymer templates pro-
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Fig. 1. Photographs of polymer templates.

analytical reagent grade, Xi’an Chemical Reagent, China), and
olyvinyl butyral (PVB, Xi’an Chemical Reagent, China) were
sed as rinse agent, solvent, and binder, respectively.

NaCl particles and polymer beads in different diameter ratios
0.45, 0.5, 0.6 and 0.7) were mixed by drum material mixing
250r/min) without balls and medium and placed in polyethylene
ylinders (diameter 10 mm). Liquid N100 adhesive was filled
rom the top of polyethylene cylinder, went through whole space
nd out-flowed from the bottom, so that it could adhere in gaps
etween the polymer beads to bond them after dried. The dried
olymer template was washed for 30 min in deionized water to
emove the NaCl, and then dried again. The polymer template
s shown in Fig. 1. HA powder (10 g) was mixed with 20 mL
f anhydrous ethanol and 1% PVB, and placed in a ball-mill
or approximately 4 h to form a slurry. The slurry was poured
nto the polymer template and dried for 8 h at 80 ◦C. The sample
as then sintered at 1250 ◦C for 2 h, the heating rate and the

ooling rate were 5 ◦C/min. During sintering, the organic mate-
ial decomposed at 400–600 ◦C, and the HA ceramic underwent
ensification at 1100–1250 ◦C.

The morphologies of the polymer templates and porous HA
caffolds were observed by scanning electron microscopy (SEM,
odel JSM-6700F, JEOL, Japan). The total and open poros-

ty of the scaffolds were tested using Archimedes’ method.
he compressive strength of each scaffold was measured using
computer servo control material testing machine (HT-2402-

00KN, Hungta, Taiwan) at a punch rate of 0.2 mm/min. More
han five specimens were tested to get the averaged results for
ach condition. The size of the adhesive area was determined by
easuring each adhesive area in SEM images of five specimens

f the polymer template using the digital image tool (Commer-
ial software, version 2.0, Digital Liquid Ltd.), and the precision
btained was estimated to be 5%.

. Results and discussion
Polymer templates were constructed by using polymer beads
ith pore diameters of 300 ± 50 �m and different N100 adhe-

ive concentrations (30, 50, and 70%). SEM images (Figs. 2(a)
nd (b)) were obtained for the adhesive area between two poly-

s
s
t
m

uced with different adhesive concentrations: (a) the adhesive area formed when
he mass fraction of N100 was 30%, and (b) the adhesive area formed when the

ass fraction of N100 was 70%.

er beads in the templates produced using 30 and 70% N100.
he capability of N100 to adhere the polymer beads to each
ther increased with increasing N100 concentration. Accord-
ngly, the size of the adhesive area between the polymer beads
ncreased. These results suggest the neck size of interconnected
ores in a HA scaffold produced using a polymer template could
e controlled by changing the adhesive area between the poly-
er beads. The adhesive areas were measured for templates

roduced with different concentrations of N100 (Table 1). In
ddition to the influence of N100 concentration, increasing the
ize of the polymer beads also increased the size of the adhesive
rea (Table 1). Fig. 3 shows SEM images of HA scaffolds made
y slip casting from the polymer templates produced with dif-
erent N100 adhesive concentrations. As hypothesized, the neck
ize of the porous HA scaffold was determined by the size of
he adhesive area between beads in the polymer template.

The size of pores in the HA scaffolds could be controlled
rimarily by varying the size of polymer beads and the sintering
hrinkage, because pores were formed as a result of decompo-

ition of these beads. The shrinkage was defined as the ratio of
he diameter of the pores in porous HA scaffolds to that of poly-

er beads in the polymer template and are found in the range of
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Table 1
The relationship between the N100 concentration and the size of the adhesive area between polymer beads in the polymer templates.

N100 concentration (wt%) Dimension of adhesive area (�m)

Bead size of 300 ± 50 �m Bead size of 450 ± 50 �m Bead size of 600 ± 50 �m

30 55.9 ± 2.3 104.3 ± 3.9 212.6 ± 5.2
50 101.2 ± 3.8
70 128.6 ± 4.9

wt%—weight percentage.

Fig. 3. Scanning electron microscopy micrographs of HA scaffolds illustrating
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the HA scaffold. When the RNaCl/Rpolymer ratio was increased up
to 0.7, there was a large decrease in open porosity (to 48.12%).
With a larger RNaCl, polymer beads could not form adhesive
areas and this resulted in some closed pores and a decrease
he effect of adhesive concentration on neck size of interconnected pores: (a)
ormed when the mass fraction of N100 was 30%, and (b) formed when the mass
raction of N100 was 70%.

1.7–33.5% (Table 2). The key factor for maintaining intercon-
ectivity of pores is the selection of appropriate diameter ratios
f NaCl particles to polymer beads (RNaCl/Rpolymer). If the diam-

ter ratio is too small, NaCl particles will not be large enough
o effectively space the polymer beads. If the ratio is too large,
he polymer beads will be too far apart and the adhesive will not
e able to bind them together. Assuming that NaCl consists of

able 2
he relationship between the sizes of the polymer beads and the pore size of the
orous HA scaffolds.

imension of polymer
eads (�m)

Pore size of HA
scaffold (�m)

Shrinkage
(%)

00 ± 50 199.8 ± 42 33.4 ± 2.6
50 ± 50 307.4 ± 65 31.7 ± 6.2
00 ± 50 399.0 ± 81 33.5 ± 7.3 F

b

176.2 ± 4.2 354.8 ± 6.3
220.6 ± 5.4 442.5 ± 7.1

igid spheres, the packing of NaCl particles and polymer beads
ith octahedral and tetrahedral interstices can be schematically

epresented in Fig. 4.
Here, when the NaCl particle located in an octahedral inter-

tice among polymer beads:

RNaCl

Rpolymer
=

√
2 − 1 ≈ 0.414 (1)

nd, when the NaCl particle is located in a tetrahedral interstice
mong polymer beads:

RNaCl

Rpolymer
=

√
6

2
− 1 ≈ 0.225 (2)

qs. (1) and (2) indicate that when RNaCl/Rpolymer > 0.414, NaCl
an act as a filler. Consequently, in our experiments we used
NaCl/Rpolymer ratios of 0.45, 0.5, 0.6, and 0.7 to investigate

he optimal ratio. Table 3 shows the total porosities and open
orosities of scaffolds prepared with the different RNaCl/Rpolymer
atios. These results show that the RNaCl/Rpolymer ratio affects the
pen porosity, but not the total porosity. With an RNaCl/Rpolymer
atio between 0.45 and 0.6, the changes in open porosity were
ithin about 1%. This demonstrates good interconnectivity of
ig. 4. A schematic representation of mixing of NaCl particles and polymer
eads with: (a) octahedral interstices, and (b) tetrahedral interstices.
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Table 3
The total porosity and the open porosity of the HA scaffolds prepared with
different RNaCl/Rpolymer ratios.

RNaCl/Rpolymer Total porosity (%) Open porosity (%)

0.45 67.6 ± 1.0 66.87 ± 0.04
0.5 67.2 ± 1.2 65.62 ± 0.27
0.6 68.0 ± 0.7 64.89 ± 0.44
0.7 66.8 ± 1.4 48.12 ± 1.20

RNaCl, the diameter of NaCl particles; Rpolymer, the diameter of polymer beads.
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ig. 5. The relationship between the content of NaCl and the total porosity of
orous HA scaffolds.

n interconnectivity. Thus, RNaCl/Rpolymer ratios between 0.45
nd 0.6 effectively maintain good interconnectivity. Since the
NaCl/Rpolymer ratio had minor effect on the total porosity, an
NaCl/Rpolymer ratio of 0.5 was used.

Fig. 5 shows the relationship between the NaCl content and
otal porosity. The total porosity of the samples decreased with

ncreasing NaCl content. This is related to the method of HA
caffold formation, in which the spaces that were previously
ccupied by NaCl particles in the polymer templates were filled
ith HA slurry in the slip casting process after the NaCl par-

ig. 6. The relationship between the compressive strength and the total porosity
f porous HA scaffolds for different pore sizes.

p
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eramic Society 31 (2011) 225–229

icles were washed off. The relationship between compressive
trength and total porosity for porous HA scaffolds with differ-
nt pore sizes was also determined. The compressive strength of
he porous HA scaffolds decreased markedly as the porosity or
ore size increased (Fig. 6). Because the compressive strength
f porous ceramics have greater dependence on the cell wall
trength and on its own density,21 and the effective fracture area
or absorbing load and resistance to deformation decreased as
he porosity or pore size of scaffold increased. When the pore
ize was 199.8 �m and the porosity was 61%, the maximum
ompressive strength reached 7.5 MPa.

. Summary

Porous HA scaffolds with interconnected pores were pro-
uced using a polymer template from polymer beads, NaCl, and
dhesive (N100). Altering the concentration of N100 used in the
emplate production allowed control of the size of the adhesive
rea. The size of pores in the HA scaffolds could be manipulated
etween 200 ± 42 and 400 ± 81 �m and the porosity between
0.2 and 73.1% by controlling the polymer bead diameters to
00 ± 50 to 600 ± 50 �m, and the volume of the NaCl particles.
he interconnectivity of the porous HA scaffolds was improved
hen diameter ratios RNaCl/Rpolymer in the range of 0.45–0.6
ere used. The maximum compressive strength was 7.5 MPa
hen the porosity was 61% and the pore size was approximately
99.8 �m, it decreased markedly as the porosity or pore size
ncreased.
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