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bstract

CP/BCP–ZrO2/ZrO2 scaffold with a functionally gradient layered structure (FG BCP/ZrO2) was fabricated by the polymeric sponge replica
ethod and subsequent dipping process. To enhance the compressive strength and bioactive properties of monolithic ZrO2 scaffold, ZrO2 and BCP

hases were selected as a main frame and surface layer, respectively. The formation of microcracks was significantly decreased by incorporating
n intermediate layer consisting of BCP–ZrO2 phase. The thicknesses of the monolithic ZrO2, BCP–ZrO2, and BCP layer were around 10–30 �m,

–5 �m, and 2–3 �m, respectively. The FG BCP/ZrO2 scaffold showed highly interconnected pores as well as good material properties, which
ere 68% porosity and 7.2 MPa of compressive strength. Average pore size of FG BCP/ZrO2 scaffold was about 220 �m in diameter. From MTT

ssay and SEM observation of osteoblast-like MG-63 cells, FG BCP/ZrO2 scaffold showed good cell viability and faster proliferation behavior.
2011 Elsevier Ltd. All rights reserved.
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. Introduction

Porous scaffolds have been widely used for hard tissue
ngineering due to their structural resemblance to natural can-
ellous bone. It is generally agreed that microstructures of
ighly porous scaffolds with interconnected pores and large
urface areas are conducive to the growth of hard tissues
ecause they provide blood for the ingrowth of connective tis-
ue. Especially, the minimum pore size for regeneration of
ineralized bone is considered to be greater than 100 �m.1,2

here are several methods for fabricating scaffold materials,
uch as polymeric sponge replica,3 freeze casting,4 polymer
mpregnating method,5 etc. Among them, the sponge replica
ethod is widely used to fabricate desirable microstructures

aving interconnected pores and large surface areas. As a bone
ubstitute material, calcium phosphate ceramics such as hydrox-
apatite (HAp, Ca10(PO4)6(OH)2) and tricalcium phosphate

TCP, Ca3(PO4)2) have attracted great attention due to their
xcellent biocompatibility and bioactivity as well as chem-
cal similarity to natural bone. Especially, biphasic calcium

∗ Corresponding author. Tel.: +82 41 570 2427; fax: +82 41 577 2415.
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hosphate (BCP), which consists of HAp and TCP phase, is
onsidered a more efficient material in the medical field for den-
al implants, orthopedics, bone fillers, and drug delivery systems
ue to its controllable biological properties, like the bioresorp-
ion rate.6–9 However, the application area of calcium phosphate
eramics to heavy load-bearing parts has been limited due to
nsufficient mechanical properties such as strength and frac-
ure toughness.10,11 Several approaches such as microstructure
ontrol or the development of composites by the addition of
secondary phase were developed to enhance the mechanical

roperties.12,13 One of the key points that must be considered
n these approaches is retaining the superior biocompatibility of
alcium phosphate ceramics while employing a second phase.

ZrO2 has been used as a matrix as well as a reinforce-
ent phase due to its excellent mechanical properties and good

iocompatibility.14–18 However, ZrO2 has no biological activi-
ies such as direct bone bonding properties or osteoconduction
ehavior.2 Therefore, surface modification of ZrO2 using bioac-
ive materials is required. Especially, hydroxyapatite coatings
ere developed in the 1980s to modify the surfaces of non-
ioactive materials. Several techniques have been used for HAp

oatings, such as plasma spray coating, sol–gel coating, sputter
oating, and the dip coating method.19–21 When ZrO2 scaffold is
oated with calcium phosphate ceramics, there are several prob-

dx.doi.org/10.1016/j.jeurceramsoc.2011.03.019
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ems such as delamination and microcracks during sintering that
ccur due to mismatch of their thermal expansion coefficients. In
ur previous works, a functionally gradient layer structure, i.e.,
Ap, HAp/(Al2O3–ZrO2), and Al2O3–ZrO2, were developed

o overcome those problems.22

In this study, a porous monolithic ZrO2 scaffold, which had
structure similar to that of cancellous bone, was fabricated

s a main frame by the polymeric sponge replica method. To
nhance its bioactive properties and decrease microcracking,
he BCP–ZrO2 and BCP slurries were coated on the monolithic
rO2 scaffold as an intermediate layer and outer layer, respec-

ively. Materials properties, detailed microstructures, and cell
rowth behavior using MG-63 cells of monolithic ZrO2 and
he functional gradient BCP/BCP–ZrO2/ZrO2 (FG BCP/ZrO2)
caffold were characterized using XRD and FE-SEM tech-
iques.

. Experimental procedure

.1. Fabrication of monolithic ZrO2 scaffold

Monolithic ZrO2 scaffold was fabricated as a main frame by
he sponge replica method. The starting materials included com-

ercial tetragonal ZrO2 powder (3 mol% Y2O3, TZ-3Y, Tosoh,
apan); polyvinyl butyral (PVB, Acros, USA) as a binder; and
olyurethane (PU) sponge (60 ppi, HD sponge, Korea). To pre-
are the ZrO2 slurry, 5 wt% of PVB was dissolved in ethanol
nd 10 vol% of ZrO2 powder was subsequently added while stir-
ing. After homogeneous mixing of the slurry for 1 h, ultrasonic
aves were applied to minimize the agglomeration of powder.
he polyurethane (PU) sponge was immersed in the prepared
lurry to coat the strut with ZrO2. Then, compressed air was
lown onto the sponge to maintain the interconnected pores. The
rO2 slurry-coated PU sponge was dried at 60 ◦C for 1 h, and the
ipping and drying steps were repeated three times to achieve
omplete coating. Then, the ZrO2 slurry-coated PU sponge was
lowly heated to 1000 ◦C at a heating rate of 1 ◦C/min and then
ept for 2 h in air to remove all organic materials. For densi-
cation of the ZrO2 scaffold, microwave sintering (UMF-01,
.45 GHz, Unicera, Korea) was carried out at 1500 ◦C for 10 min
t a heating speed of 100 ◦C/min.

.2. Multilayer coating

As a starting material, BCP nanopowder was synthesized by
he microwave hydrothermal method.8 To fabricate the multi-
ayer structure, BCP/ZrO2 (volume fraction 50:50) and BCP
lurries were prepared by mixing powder homogeneously in
thanol containing 5 wt% of PVB. The sintered monolithic ZrO2
caffold was immersed in the BCP/ZrO2 slurry and dried at 60 ◦C
or 1 h. This step was repeated twice to obtain the uniform inter-
ediate layer. After heat treatment at 1000 ◦C for 2 h to remove

◦
inder and at 1500 C for 10 min for sintering, BCP slurry coat-
ng was conducted twice to obtain the outer layer. Following
he burning out and microwave sintering steps, the multilayer
tructure was fabricated.

w
s
f
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.3. Characterization and material properties test

X-ray diffraction (XRD, D/MAX-250, Rigaku, Japan) was
sed to identify the crystal structure and phases of the scaf-
old. The microstructure and composition of the scaffolds were
haracterized using a scanning electron microscope (SEM,
EOL, JSM-6701F, Japan) equipped with energy dispersive
pectroscopy (EDS). The specimens (7 mm × 7 mm × 4 mm)
ere subjected to compression tests using a universal testing
achine (UnitechTM, R&B, Korea) with a crosshead speed of

.5 mm/min under ambient conditions. A mercury porosime-
er (PoreMasterTM, Quantachrome Instruments, FL, USA) was
sed to analyze the porosity and pore size distribution.

.4. In vitro study

To investigate the compatibility of the biomaterial in living
ystems in vitro, MG-63 human osteoblast-like cells were used.
nitially, cells were maintained in Dulbecco’s Modified Eagle

edium (DMEM: Hyclone, Logan, UT) supplemented with
0% fetal bovine serum and 1% penicillin/streptomycin antibi-
tics. The adhesion behavior of MG-63 cells was determined
y seeding (1 × 106 cells/ml) on the surfaces of the scaffolds.
ell-seeded samples were incubated at 37 ◦C in 5% CO2. After
0 min and 5 days of incubation, cell-seeded samples were fix-
ted with 2.0% glutaraldehyde, dehydrated with a graded ethanol
eries, and then treated with hexamethyldisilazane for critical
oint drying. Scaffolds were coated with Pt and examined by
eld emission scanning electron microscopy.

Cytotoxicity of the scaffolds was measured by MTT (3-(4,5-
imethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay
sing the ISO 10993-5 standard. Cell viability was calculated
s the percentage absorbance of treated wells relative to the
bsorbance of wells without extract solution.

. Results

.1. Porous monolithic ZrO2 scaffolds

Typical microstructures of monolithic ZrO2 scaffolds using
0 ppi of PU foam are shown in Fig. 1(a–c). The structure of the
caffolds maintained the initial shape of the PU sponge with-
ut blocking the pores or collapsing the frame. The pores were
pherical in shape, highly interconnected with each other, and
istributed throughout the ZrO2 scaffold. The sizes of the inter-
onnected pores ranged from 120 �m to 600 �m, as shown in
ig. 1(a). The struts of the sintered ZrO2 scaffolds were approx-

mately 100–250 �m thick. From the cross-sectional image (b),
triangle-shaped hollow space was observed due to the burning
ut of the PU sponge. After the microwave-sintering step, the
rO2 scaffolds were well-densified, and the average grain size

as about 300 nm in diameter, as shown in Fig. 1(c). Table 1

hows the results of the morphological analysis of the scaffolds
rom SEM micrographs and the porosimeter.
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Fig. 1. SEM micrographs of monolithic ZrO2

Table 1
Morphological characteristics of the scaffolds.

Pore diameter
(�m)

Thickness of
strut (�m)

Thickness of outer
layer (�m)

ZrO2 120–600 100–250 10–30
B
F

3
s

(
w
w
a
w
c
m
w
f
l
m
m

B
1
o
a
F
d
T
3

w
o
T
e
a
d

3

(
(
T
r
w
(
p
s
o
F
m
w
a
p

m
f
e
p
porosity decreased to around 77%, whereas the compressive
CP–ZrO2/ZrO2 140–600 110–300 3–5
G BCP/ZrO2 140–600 110–300 2–3

.2. Microstructure and sinterability of FG BCP/ZrO2

caffold

FG BCP/ZrO2 scaffolds were fabricated without (a)/with
b and c) the intermediate (BCP–ZrO2) layer and the effects
ere observed in Fig. 2. After BCP coating, the spherical pores
ere well-interconnected with each other without any blocking,

s shown in Fig. 2(a and b). The strut of BCP–ZrO2 scaffold
as around 110–300 �m in thickness. When BCP was directly

oated onto the monolithic ZrO2 scaffold, there were many
icrocracks in the BCP layer (Fig. 2(a)). On the other hand,
hen the intermediate layer was employed, FG BCP–ZrO2 scaf-

old showed remarkably different microstructures, i.e., the BCP
ayer became very smooth without any microcracks. Further-

ore, the surface microstructure of FG BCP/ZrO2 scaffold was
icroporous, as shown in Fig. 2(c).
Fig. 3 shows a cross-sectional SEM micrograph of the FG

CP/ZrO2 scaffold after microwave sintering at 1500 ◦C for
0 min along with the EDS profiles of each layer. The layers
f the FG BCP/ZrO2 scaffold are clearly marked with arrows
nd were confirmed to have different morphologies, as shown in
ig. 3(a). The layers were directly bonded to each other without

elamination or formation of microcracks between the layers.
he thicknesses of the intermediate and BCP layers were around
–5 �m and 2–3 �m, respectively. Especially, high densification

s
l
s

Fig. 2. SEM micrographs of FG BCP–ZrO2 scaff
scaffold sintered at 1500 ◦C for 10 min.

as observed in the intermediate layer. The EDS profiles were
btained from each layer of the strut, as shown in Fig. 3(b–d).
he EDS profiles clearly show the relevant elemental peaks of
ach layer, i.e., Zr and O peaks of the ZrO2 layer, Zr, O, Ca,
nd P peaks of BCP–ZrO2, and Ca, P, and O peaks of BCP were
etected.

.3. Phases and material properties of scaffolds

The XRD profiles of the calcined raw powder at 750 ◦C
a), along with the monolithic ZrO2 (b) and FG BCP/ZrO2
c) scaffolds sintered at 1500 ◦C, are presented in Fig. 4.
he HAp and �-TCP phases were clearly detected in BCP

aw powder (Fig. 4(a)). The phase ratio of BCP powder
as calculated by the reference intensity ratio (RIR) method

PDXL, Rigaku, Japan).23 The RIR values of HAp and �-TCP
hases were 68.4 wt% and 31.6 wt%, respectively. Fig. 4(b)
hows the XRD profile of sintered monolithic ZrO2 scaffold;
nly the ZrO2 peaks were detected without any other phases.
or the FG BCP/ZrO2 composite, ZrO2 was detected as a
ain peak while a little amount of HAp and �-TCP phase
as observed. Due to the high sintering temperature, large

mounts of HAp and �-TCP phases were transformed to �-TCP
hase.

Fig. 5 shows the compressive strength and porosity of the
onolithic ZrO2, BCP–ZrO2/ZrO2, and FG BCP/ZrO2 scaf-

olds. Monolithic ZrO2 scaffold without any layer coatings
xhibited approximately 86.9% porosity and 4.3 MPa of com-
ressive strength. After the intermediate layer coating, the
trength increased to around 6.6 MPa. By coating the BCP–ZrO2
ayer onto the monolithic ZrO2 scaffold, an increase in compres-
ive strength of about 50% was achieved only by decreasing the

old without (a)/with (b) intermediate layer.
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Fig. 3. SEM images and EDS

orosity by 9%. However, for the FG BCP/ZrO2 scaffold, its

alues were 7.2 MPa and 68.3%, respectively.

The typical pore size distributions are presented in Fig. 6:
onolithic ZrO2 (a) and FG BCP/ZrO2 (b) scaffolds. The major

ig. 4. XRD profiles of BCP raw powder (a), ZrO2 (b), and FG BCP/ZrO2 (c)
caffolds.
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es of FG BCP/ZrO2 scaffolds.

ore size was from 140 �m to 600 �m in diameter for both
he monolithic ZrO2 and FG BCP/ZrO2 scaffolds. Especially,
ores with diameters between 200 �m and 300 �m were the

ost prevalent. Furthermore, both scaffolds contained some

ores with diameters between 10 �m and 20 �m. These pores
ere formed due to the removal of the PU sponge. Based on

ig. 5. Material properties of the scaffolds depending on the layer coatings.
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Fig. 6. Pore size distribution of the scaffo

ur previous research, we confirmed that the scaffolds derived
y the sponge replica method always show this range in pore
ize.

.4. In vitro study

To assess the preliminary biological properties of the mono-
ithic ZrO2 and FG BCP/ZrO2 scaffolds, cell proliferation
ehavior was observed using MG-63 osteoblast cells. The mor-
hologies of growing cells on the monolithic ZrO2 (a and c)
nd FG BCP/ZrO2 (b and d) scaffolds after 60 min and 5 days
f culture are presented in Fig. 7. Extracellular material from
steoblast cells was seen to attach to the scaffold after 60 min
f incubation, as evidenced by incremental cytoplasmic projec-
ions protruding from the cell center. Significant elongation of
he cell body along with cell shape changes were noted as well as
ttachment of extracellular material to the scaffolds after 5 days
f incubation. The manner of extracellular material deposition,
owever, can be differentiated. The growth of osteoblast cells on
he monolithic ZrO2 scaffold occurred in a bidirectional manner
Fig. 7(c)), whereas centrifugal or outward growth in all direc-
ions was observed when monolithic ZrO2 scaffold was coated
ith BCP (Fig. 7(d)). Cell growth on the FG BCP/ZrO2 scaf-

old was also observed to be denser after 5 days of incubation
ompared to monolithic ZrO2 scaffold.

Cytotoxicity of the scaffolds was determined by MTT assay
nd quantified as the percentage of cell viability against non-
reated wells (Fig. 8). It was observed that both scaffolds
isplayed more than 80% cell viability in all dilutions of the

xtracted solutions. It was also observed that cell viability
ncreased moderately upon exposure to the extract solution of
he FG BCP/ZrO2 scaffold compared to monolithic ZrO2.

a
i
t

rO2 (a) and FG BCP/ZrO2 (b) scaffolds.

. Discussion

In this study, we successfully fabricated a functional gradi-
nt porous BCP/ZrO2 scaffold with excellent mechanical and
ioactive properties using ZrO2 and BCP nanopowders by the
ponge replica method. To avoid mismatch of the thermal expan-
ion coefficient and stronger adhesion, the intermediate layer of
CP–ZrO2 mixture was incorporated.

The obtained scaffolds were characterized by well-
nterconnected pores, and a high degree of interconnection
etween the pores allowed subsequent homogeneous multi-
ayer coatings. The average pore diameter in the scaffold was
etween 200 �m and 300 �m (Fig. 6). It is well known that
arge pores between 100 �m and 300 �m show significant bone
ngrowth.24 In addition, the BCP layer was found to be porous
Fig. 2(c)), and these pores were found to be between 1 �m
nd 5 �m by pore size distribution analysis (Fig. 6(b)). Sur-
ace roughness and micropores (size <10 �m) play important
oles upon implantation of bone substitutes. Micropores con-
ribute to higher protein adsorption during bone formation, and
he rough surface enhances cell adhesion, proliferation, and
ifferentiation.1 Moreover, for a successful implantation of hard
issue, the materials should be bio-active, such that they can
e transformed into natural hard tissue. Further, such materials
hould have optimum porosity and pore size that would allow
torage and transmission of bone forming cells throughout the
ntire scaffold. A high degree of interconnectivity between the
ndividual pores is also very important, as this would make the
ndividual pores available for proliferating cells and physiolog-
cal fluid. The PU foam was pyrolysed into the final structure

long with the coated slurry (Fig. 1(b)). Therefore, the mechan-
cal properties and structural stability of the coating depend on
hickness and homogeneity.
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ig. 7. SEM micrographs of proliferated MG-63 cells on the scaffolds after cu
d) FG BCP–ZrO2 for 5 days.

The monolithic ZrO2 scaffold was coated with BCP
anopowder along with a BCP–ZrO2 layer in order to augment
ts bioactive properties. One of the main reasons that BCP–ZrO2

caffold without the intermediate layer showed poor microstruc-
ure was due to mismatch of the thermal expansion coefficient
etween the BCP and ZrO2 phases (αHAp = 13.6 × 10−6 ◦C−1,

a
l
c
w

Fig. 8. Cell viability of ZrO2 and FG BC
; (a) ZrO2 for 60 min, (b) FG BCP–ZrO2 for 60 min, (c) ZrO2 for 5 days, and

t-ZrO2 = 10.3 × 10−6 ◦C−1). However, when the intermediate
ayer was incorporated, the BCP layer showed excellent sinter-

bility without microcracks (Figs. 2 and 3). The intermediate
ayer can effectively reduce mismatch of the thermal expansion
oefficient during the sintering step.22 The phases of each layers
ere confirmed by the EDS profiles (Fig. 3(b–d)). The zirconium

P/ZrO2 scaffolds using MTT assay.
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eak represents ZrO2 phase, and calcium peak represent HAp
nd TCP phases. So, each layer was formed distinctly without
ny intermixing during the fabrication processes. The thick-
esses of the BCP–ZrO2 and BCP layers were around 3–5 �m
nd 2–3 �m, respectively, even though they underwent the same
umber of coatings. Since ZrO2 and BCP had different shrink-
ge rates, the layers appeared to have different thicknesses.
oreover, a dense structure for the BCP–ZrO2 composite layer
as achieved using microwave sintering techniques. Typically,

t has difficulty of achieve satisfied sinterability of calcium
hosphate-zirconia composite, so that several techniques were
ried. Furthermore, enhanced sinterability of HAp–ZrO2 com-
osite was achieved using microwave sintering technique.25,26

urther, upon BCP layer coating of BCP–ZrO2/ZrO2 scaffold,
esidual pores in the intermediate layer were covered with BCP,
hich formed a dense microstructure after the final sintering

tep.
The peak intensity of the ZrO2 phase was higher due to a

igh quantity of ZrO2 and high crystallinity. Most of the HAp
nd �-TCP phases were transformed to �-TCP phase due to the
igh sintering temperature of 1500 ◦C in this process (Fig. 4(c)).
enerally, phase transformation of HAp to TCP occurs at tem-
eratures near 1200 ◦C, while �-TCP phase is also transformed
o �-TCP above 1400 ◦C.27 �-TCP is considered to be more
asily degradable under in vivo conditions, and this can lead to
ast osteointegration on the scaffold surface.28

After multilayer coatings, the scaffolds exhibited improved
ompressive strength from 4.3 MPa to 7.2 MPa, whereas poros-
ty decreased from 86.9% to 68.3%. Compared to the monolithic
rO2 scaffold, this is a significant improvement, as is the

mprovement in bio-compatibility due to the incorporation of
CP. Dip coatings were repeated two times for each layer, after
hich it was confirmed that the porosity decreased by approxi-
ately 9% after two coatings. Although the porosity decreased,

uch a material is still acceptable as a scaffold material in clin-
cal applications.1 On the other hand, when BCP–ZrO2 layer
as coated, the compressive strength increased by around 50%,
hereas a little higher value (0.6 MPa increase) was observed
pon BCP layer coating. The outer layer imparted little mechan-
cal improvement, but it definitely improved the biological
esponse of the implant in the host site.

It is known that ZrO2 displays excellent biocompatibility and
as been widely used as a bone substitute and dental implant.
owever, ZrO2 is a biologically inert material that does not

nduce a specific host response upon implantation.24 In this
tudy, BCP was used to coat and improve the bioactivity of
onolithic ZrO2 scaffold. It was observed that the interaction

etween the implant and host site occurred on the surface of the
mplant, which is vital to the formation of a biological apatite
n which the bone-forming cells perform the regeneration. BCP
hich consists of a mixture of HAp and TCP is a soluble form
f calcium phosphate that has biocompatibility, bioactive, and
steoconductive properties. From the SEM micrographs of cell

dhesion and MTT assay (Figs. 7 and 8), it was found out that
oth samples were able to support cell growth and maintain
ore than 80% cell viability. However, it is worth noting that

ell adhesion and cell viability in the FG BCP/ZrO2 scaffold
ramic Society 31 (2011) 1541–1548 1547

mproved more than in the monolithic ZrO2 scaffold. Coating
f BCP, therefore, contributes to the improvement of not only
he mechanical but also biological properties of monolithic ZrO2
caffold as well.

The present approach was used to promote balance between
he mechanical properties and biological properties, especially
ompressive strength and biocompatibility, without compromis-
ng the structural integrity of the system, which may occur due to

ismatch in the thermal expansion coefficients of the constituent
aterial.

. Conclusions

Monolithic ZrO2 scaffold was successfully fabricated by
he sponge replica method using 60 ppi of sponge. Multilayer
oatings of BCP and BCP–ZrO2 mixture (volume fraction
0:50 vol%) were employed onto the surface of the porous
rO2 scaffold for strengthening and to improve bioactive prop-
rties. The sizes of interconnected pores and struts were around
00–250 �m and 110–300 �m after multilayer coatings, respec-
ively. At 1500 ◦C by microwave sintering, BCP layer showed
he highest sinterability, whereas the HAp and �-TCP phases
ere transformed to �-TCP phase due to high temperature.
he intermediate layer effectively decreased the mismatch in

hermal expansion coefficient, which consequently helped to
revent any cracks between the layers. The values of porosity
nd compressive strength were 86.9% and 4.3 MPa in mono-
ithic ZrO2 scaffold, whereas those in FG BCP/ZrO2 scaffold
ere 68.3% and 7.2 MPa, respectively. The in vitro experiment

howed improved bioactive properties of FG BCP/ZrO2 scaf-
old.
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