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Abstract

This study presents the design, processing, properties and potential applications of a novel layered bio-ceramic composites consisting
of three different micro-porous calcium phosphate coatings on strong zirconia cores manufactured using a recently developed slip
coating-deposition and coating-substrate co-sintering technique. Detailed microstructures of the three graded micro-porous calcium
phosphate coatings, and the coating/substrate interface have been investigated. Also, the flexural strength of the bio-ceramic composite
and the bonding state between the coatings and zirconia substrate have been characterized. A preliminary and limited in vitro cell test
indicates that the new scaffold composite has no cytotoxicity to the fibroblasts which can attach, proliferate and grow on the coating
surfaces. Because of the combination of bio-function and strength, such layered load-bearing bio-ceramic composites are a potential
candidate for large-scale head bone repairs.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

The intended use of artificial bio-functional bone scaf-
folds is for implantation in critical size hard tissue defects
which in some cases need to sustain mechanical loading [1].
The ceramic scaffolds have drawn significant interest in the
past years and experimental data shows that hydroxyapa-
tite/tri-calcium phosphate (HA/TCP) scaffolds structures
with open pores larger than 100 pm are bio-resorbable and
osteoconductive [2-5]. However, such scaffolds can be
used as implants/spacers mostly for small bone defect
and light-load-bearing bone defect repairs, because of their
inadequate mechanical performance, with a compressive
strength in the range of 2-36 MPa [6]. Even the fully dense
hydroxyapatite ceramic only exhibits a bending strength of
100 MPa.

*Corresponding author. Tel.: +61 8 6488 2812; fax: +61 8 6488 1024.
E-mail addresses: xhu@mech.uwa.edu.au,
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A load bearing device provides mechanical stability at the
time of implantation and, by gradually transferring the load
to the bone, stimulates bone healing [1]. Significant efforts
have been made to build load bearing scaffolds. Cesarano
et al. [7] used a robocasting technique to produce a load
bearing HA lattice scaffold with hierarchical porosity and
the compressive strength similar to the cortical bone. Using
double slip-casting method, Zhang et al. manufactured a
strong HA scaffold with a bending strength of 73.3 MPa [8].

Because the bending strength of compact bones ranges
from 50 MPa to 300 MPa [9] the immediate or heavy load-
bearing capacity of calcium phosphate based scaffolds for
large scale bone defects such as cranioplasty or mandibular
recosntructions is obviously limited.

In addition to carrying the motion generated by muscle
contractions, some clinical applications of rigid scaffolds
require for these to provide physical protection of the
organs they cover, as is the case of titanium plates (Fig. 1a)
and scaffold-like meshes [10,11] used for cranioplasty
defect repair as it is essential to preserve the brain safety.
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Strong zirconia plate coated with
micro-porous bio-ceramic coating

Fig. 1. (a) Commercial cranioplasty titanium plate used in Royal Perth Hospital [12]; (b) sketch of thick bio-ceramic coated zirconia based plate.

For such mechanical demanding environments, titanium is
the current material of choice. For example, there are 15
commercial titanium cranioplasty custom plates available
for clinic applications at Royal Perth Hospital in Western
Australia [12].

The mechanical properties of titanium based metal
implants are excellent, well documented and adequate for
load bearing large scale bone replacement. The major
shortcoming however, is the bio-inert behavior of titanium
that lacks osteoconduction. A common method to improve
the biological integration of an otherwise bio-inert mate-
rial is to cover it with a bio-active coating. Various coating
techniques and materials have been described [13-16] and
amongst which calcium phosphate coated stem surfaces
have shown excellent bone on-growth [17]. A common
shortcoming of coated metal implants is the thickness and
porosity of the coat which is often limited [13,15,16] and
as such offers a reduced volumetric anchorage for bone
in-growth.

An alternative to coated metal could be to use a strong
thin ceramic plate on which a graded scaffold-like porous
bio-ceramic coating is build. A sketch of such a composite
is shown in Fig. 1b.

The scope of the present work is to study the feasibility
of manufacturing a strong layered bio-ceramic composite
consisting of a graded porous bio-active calcium phos-
phate coating bonded on load bearing zirconia substrate
using a newly-developed slip coating deposition and coat-
ing/substrate co-sintering technique [18]. The hierarchical
porous structure of the coating and coating/substrate
interface were characterized and preliminary analyses of
the bending strength and in vitro biocompatibility were
completed to identify the suitability of the proposed
composite as an alternative to titanium.

2. Materials and methods
2.1. Raw materials
The main starting materials employed in this study were

yttria stabilized zirconia (3Y-TZP) (TZ-3Y E, <200 nm,
Tosoh Co., Japan), hydroxyapatite (HA) ( < 200 nm, Sigma-

Aldrich Co., USA), and alumina (a-ALO3) (AKP50, purity
>99.99%, < 300nm, Sumitomo, Japan). Besides, dolapix
(Aschimmer and Schwarz Gmbh, Germany) was used as
dispersant, PVA solution (9 wt%) as binder, and distilled
water as solvent. Polymethylmethacrylate (PMMA, Sigma
Aldrich, USA) micro-beads (20-50 um) and cooking potato
starch powders with size of 1-20 pm were chosen as pore
generators.

2.2. Construction of scaffold-like coating

Zirconia based substrate containing 30 vol% HA was
formed through die-pressing and then pre-sintered at
900 °C. One surface of the substrate was covered with
three layers (transition, middle and top layer) of coating
using slip-coating deposition technique. The processing
details required to obtain the substrate and of the deposi-
tion technique are presented in detail in our previous study
[18]. In brief, green coatings and pre-sintered substrates are
dried in wet air for 24 h and in dry air for another 24 h,
then finally co-sintered at 1300 °C for 2 h. During its final
sintering step, the HA incorporated in the substrate will
further decompose to tri-calcium phosphate and generate
micro-pores. These micro-pores are required for the coat-
ing deposition and its bonding onto substrate. Because the
substrate is pre-sintered, it has a good water-absorption
ability which will facilitate thicker coating deposition
compared with applying slip/slurry coating on the fully
sintered ceramic substrate. After the coating process,
thermal and intrinsic residual stresses are generated inevi-
tably [19] due to the significant mismatch of thermal
expansion coefficient and Young’s modulus of the coating
and the substrate. These residual stresses may cause cracks
and delamination of the interfaces in the scaffold [20,21]. A
number of processing procedures are therefore employed
to reduce the residual stresses and to obtain a crack free
composite material. Firstly, the coating is deposited in a
multilayered fashion with graded composition and poros-
ity and it has been shown previously that this technique
assist with reduction of residual stresses and achieving a
delamination-free substrate/coating interface [18]. Addi-
tionally, because HA is added in the substrate and ZrO, in
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the transition coating layer, TCP can form in the composite
thus improving the substrate-coating bonding. To further
reduce the mismatch of thermal expansion coefficients
between the calcium phosphate coating and ZrO, based
substrate, alumina is also incorporated in the coatings.

To generate the porosity of the scaffold-like coating we
have used PMMA spherical micro-beads. 15 wt%, 15 wt%
and 25 wt% starch powders are also added in the transi-
tional layer, middle layer and top layer respectively to
improve the overall interconnectivity of the coatings. The
distribution of the components to achieve the graded
structure is given in Fig. 2 below. The optimal processing
procedures employed in the production of final composite
have been identified by trial and error.

2.3. Phase composition and microstructure characterization

The phase change of the coating layer after heat treat-
ment was characterized using X-ray diffraction (Siemens
D5000 diffractometer, Munich, Germany) using CuKal
radiation at a scanning rate of 1.2 °/min. The sample used
for XRD is bulk composite with coating. For analyzing the
coating/substrate interface microstructure, the samples
were embedded in the resin (EpoFix epoxy, Struers A/S,
DK-2750 Ballerup, Pederstrupvej 84, Denmark) and
polished with diamond grinding plates with final size of
1 um [22]. The resin embedding was necessary to preserve
the porous structure during sectioning and polishing. Multi-
scale porous structures of the coatings and coating/substrate
interface were then observed with a field emission scanning
electron microscope Zeiss 1555 (Carl Zeiss Inc., Oberkochen,
Germany). A focused ion beam miller (Focused Ion Beam
xP200, FEI Company, Hillsboro, OR 97124 USA) was also
used to obtain views of the inner porous structure of the
coatings.

2.4. Mechanical properties characterization

To determine the load-bearing capacity of newly con-
structed coating-substrate composite we have used a simple
bending strength test [23]. For this purpose, a total of six
samples (3 mm x 4 mm x 40 mm) were tested in three point
bending using with an Instron 4301 (Instron Company,
Norwood, MA 02062-2643, USA) testing machine. The
crosshead speed was 0.5 mm/min and the jig span was

[ ere

Substrate

20 mm. All the coating-substrate composite samples were
placed with the substrate facing the loading roll and the
coating facing the spanners. For control, we have used six
samples identical in size which consisted only of the
substrate (ZrO,+ 30 vol% HA) without the porous coating.

The coating/substrate bonding strength tests were con-
ducted via the method shown in ASTM C633-01. 15 mm x 15
mm x 3 mm square zirconia based ceramic samples with
calcium phosphate coatings were used for bonding strength
measurements. Two steel rods with diameters of 10 mm were
made for connecting the sample and testing machine fixture.
“Araldite super strength A & B glue” was used as bonding
agent, which can get the maximum strength after 24 h. The
steel rods with sample adhering on, as shown in Fig. 2, were
pin-fixed into the testing machine. The cross-head speed was
0.1 mm/min. Two tests were carried out on each type of
sample with single/double/triple layered coatings. The bonding
strength is calculated by maximum load/contact area. In order
to check the coating/substrate interfacial bonding condition
and the microstructure of the coating, the fracture surface
resulting from bonding strength test was observed by scanning
electron microscopy.

2.5. In vitro cell test

A preliminary in vitro cell test was also completed to
investigate if the porous scaffold-like coating has any
cytotoxicity and cells can attach, proliferate and grow on
the coating surfaces. This test was employed because there
are some other minor phases besides TCP main phase in
the coating whose effect in the amount which results from
the processing on the cells cannot be predicted.

For this purpose, cytotoxic and cellar response tests
were carried out in vitro using the Methyl thiazolyl
tetrazoliun (MTT) method [24,25]. A number of rectan-
gular samples were used in this preliminary biocompat-
ibility testing. The cytotoxic and cellular response was
compared with controls groups of titanium, high purity
alumina ceramic and a blank group. We have used
titanium and alumina as controls because they are the
materials most commonly used for bone implants [26-31].
All the samples and negative control materials were
sterilized in an autoclave at 2 bars, 120 °C for 30 min.

L929 mouse fibroblast cells (Beijing Stomatological
Hospital & School of Stomatology, Capital Medical
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Fig. 2. Diagram showing the distribution of the slurry components for coatings.
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University, Beijing, PRC) were cultured in the flasks at
37 °C and 5% CO; in an alpha-minimum essential medium
(x-MEM). 0.25% Trypsin (Sigma-Aldrich Co. LLC., St.
Louis, MO 63178, USA) digests proteins that anchor cells
to the tissue culture substrate, thereby detaching them, and
1 x 10*mL~'cell suspension was prepared with 10%
bovine serum solution (Hangzhou Sijiging Biological
Engineering Materials Co., Ltd., PRC) and filled into
96-well culture plates (Corning Inc., Corning NY 14831
USA), with each well of 100 pL of suspension. The culture
plates were placed in an incubator (5% CO,+95% air) at
37 °C for 24 h.

The culture medium was changed every two days until
the cells reached a confluence of 95%, as determined
visually with an inverted microscope. Then the primary
medium was removed and the remnant was washed with
buffer phosphate solution twice (PBS, Hangzhou Jinuo
Biological Medical technology Co., Ltd., PRC). Then
100 pL of the leached liquids from the four groups (TCP
based coatings, titanium alloy, high purity alumina cera-
mic and blank) were added to the culture plates, respec-
tively, with continued culturing in the environment. An
inverted phase contrast microscope was used to determine
the cellular morphologies after 72 h of the culture. Each
well of the culture plates was added with 20 uL MTT
(Sigma-Aldrich Co. LLC., St. Louis, MO 63178, USA)
liquid with concentration of 5 mg/mL and continued to
culture for 4 h, and then the primary medium was removed
from the wells. 150 uL dimethyl sulphoxide (DMSO,
Chemical Reagent Beijing Co., Ltd., PRC) was added to
each well, and the plates were vibrated in an oscillator for
10 min to dissolve completely the remnant. The absor-
bance at the wave length of 490 nm was a measured on a
plate reader. The relative growth rate (RGR) of cells was
calculated by the following equation:

RGR = (A;/Ap) x 100%

where A, and A, are the absorbance value for the trial
group and blank group, respectively.

After 72 h the cultures were washed with PBS. Cells were
fixed with a solution containing 3 vol% glutaraldehyde
(Sigma, China) and 3 vol% paraformaldehyde (Sigma, China)
in 0.2 M sodium cacodylate buffer (pH 7.4) and rinsed three
times with PBS. For cell observation using scanning electron

L

tri-layer coating

100pm

microscopy, all samples were dehydrated in a graded acetone
series (10, 30, 50, 75, 90, 95, 98 and 100 vol.%). Samples were
maintained at 100 vol.% acetone and super critical-point
dried. The samples were coated with gold before observed by a
scanning electron microscope (SEM) of Hitachi S4800 (Hita-
chi High-Tech. Co., Tokyo, Japan) to characterize the
morphologies of 1929 cells cultured on the coating sample
surface.

3. Results

3.1. Microstructure and composition of the scaffold-like
coating

An SEM overview of the triple-layered TCP based coat-
ing cross-section is shown in Fig. 3a. The coating shows the
three layers, with the top layer consisting of TCP, whereas
the middle and transition layers have different contents of
ZrO, and Al,O; (white phase). The main phase in the
transition/middle layer is TCP (gray phase).

XRD analysis shows the phase composition of TCP-rich
coating. In the sintered top layer the final phases are TCP,
TTCP (Cay(P0Oy),0), a-Al,O3 and CaAl,O (Fig. 4a). By
contrast the in the middle layer the phases are TCP, ZrO»,
a-Al,O5 and CaZr4Oy (Fig. 4b). HA can decompose form
TCP and TTCP when subjected to temperatures over
1350 °C, as illustrated in (1) below. Some of the TCP
and TTCP can be rehydrated to HA when the sintering
temperature is lowered below 1100 °C. The detailed phase
transformation process is reported elsewhere [32,33]

Calo(PO4)6(OH)2 —2Cas (PO4)2 + Ca4(PO4)20 +H,0
(1
Because zirconia and alumina can promote the decom-

position of HA at the temperature below 1300 °C the
process could be described by the following equations:

2Caj9(PO4)s(OH), +4ZrO; — 5Ca3(POy),
+ Ca4(PO4)2O + CaZr409 + 2H2 0] (2)

2Cayo(PO4)s(OH), +2AL 05 — 5Ca3(PO,),
+Cay(PO4),0+CaAl,0;+2H,0 3)

In our samples we could not trace HA in the sintered
coatings.

Fig. 3. Cross-sectional surface microstructure of the gradient porous coating on zirconia based substrate: (a) Overview; (b) close-up of the interface.
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Fig. 4. XRD patterns of the solid coating layers after finally sintering at 1300 °C for 2 h: (a) top layer; (b) middle layer.

It can be seen from Fig. 3 that the resulting scaffold-like
coating has an open porous structure with micro pores
with the size ranging from 20 to 50 um. The total thickness
of the graded porous tri-layer coating is around 200 pm.
Furthermore, the direct observation indicates that the
interfacial bonding state between the coating and zirconia
substrate is excellent, as no cracks or delamination can be
observed along the interface, as shown in Fig. 3b.

SEM observation of the top, middle and transitional
layers shows that they are all crack-free and with an open
gradient porous architecture (Fig. 5). As it is further shown
in Fig. 7 there are some submicro/nano pores in the walls
of the bigger spherical open pores, however the level of
interconnectivity of the whole porous structure still needs
to be increased. The three coating layers have scaffold-like
porous structures with the largest spherical pores of about
50 pm diameter. Micro pores smaller than 20 um can also
be observed in the connecting parts and the walls of pores,
thus preserving the overall microsieve-like aspect through-
out the entire thickness of the porous coating. Considering
the size of the pores, the SEM observation indicates that
the larger pores result from PMMA micro-beads burn-out
whereas the smaller ones mainly derive from starch
powders were burned out and HA particles sintering.

3.2. Mechanical testing of coating-substrate composite

The three-point bending test showed that the coating
/substrate composite has bending strength of 320+
23 MPa. The bending strength of the zirconia based
substrate without coating is 390 &+ 54 MPa. Table 1 shows
the results of the three-point bending testing.

Based on the calculations, the bonding strength averages
24 MPa. During the tensile bonding strength test in the
sample with triple/double-layer coating the fracture occurred
within the coating which is highly porous and rather weak.
Therefore this indicates that the coating/substrate bonding
strength is higher that the strength of the porous coating.
This is further supported by the results of the bonding
strength in single-layer (transitional layer) samples. Here the

adhesive separation occurred at the coating/glue interface
and a maximum tensile load of 1900 N was obtained.

3.3. In vitro test results for the coating

The cytotoxicity of the coatings was evaluated and
relative growth rate (RGR) was calculated after the 1L.929
mouse fibroblast cells growing for 72 h. The RGR values
of transitional/middle/top layer coating and control mate-
rials are 90, 90, 85 and 93, respectively. It is obvious that
the RGR values of the coatings are close to those of
negative control materials, which means the cells can
proliferate well on the non-cytotoxic calcium phosphate
coating. The results further indicate that various composi-
tions and porous structures of the three coating layers have
virtually no influence on the cellar response.

The morphologies of the cells cultured on the coating
surfaces for 72 h were observed by SEM. Fig. 8 shows the
cells attaching on the surfaces of TCP-rich coatings have
similar morphologies compared with negative control
materials of bio-medical titanium alloy. Elongate com-
pressed mouse fibroblast cells can be found on the coating
surface, as displayed in Fig. 8a. As can be seen in Fig. 8b
the cells attached to coating surface have lots of fibre-like
pseudopodia around the cell bodies.

4. Discussions

The main shortcoming of the existing calcium phosphate
ceramics is their limited load-bearing capacity. Load
bearing capacity is required for implants used to repair
and reconstruct critical size bone defects in bones such as
skull, the femur [34,35] or in bones which experience
complex deformation during function loading [36,37] such
as the mandible. Bone has a hierarchical porous architec-
ture [38], and its bending strength upper limit is about
300 MPa [9]. Calcium phosphate ceramic/cement and bio-
polymer scaffolds for bone defect reconstruction have been
developed and studied in vitro and in vivo in the past
decades [3,4,39-42]. HA/TCP scaffolds have good biocom-
patibility but inadequate mechanical properties and the
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Fig. 5. Sintered surface microstructures of coating layers: (a) overview and (b) detailed porous structure of the top layer; (c) overview and (d) detailed
porous structure of the middle layer; (e) overview and (f) detailed porous structure of the transition layer.

Table 1

The bending strengths of coated and uncoated zirconia based substrates.

Samples Bending strength (MPa) Average SD
(MPa) (MPa)

#l O #2 #3 #4 #S  #6

substrate 319.4 4158 353  362.6 362 403 390 54

without

coating

Substrate 337.8 300 321.6 281.3 323.9 351.2 320 23

with coating

typical bending strength of such scaffolds is merely few
MPa [43,44]. Although a scaffold bone replacement does
not have to be as strong as native bone considering that
bone fractures most often heal via the formation of
cartilaginous template that is subsequently ossified and
remodeled and the strength of the implanted scaffold can
be augmented, the immediate load-bearing capacity still
needs to be enhanced to avoid using an extra strong metal
device (must be taken out by the second surgery after the
new bone forms) to support and fix the scaffold.

To achieve an increase in the load-bearing capacity of
the calcium phosphate scaffold one can strengthen the bulk
scaffolds by employing new processing technique [7,8] or
alternatively, one can use porous coatings on strong
substrates. The latter alternative has been employed in
this work to produce load-bearing bone scaffolds. The
method is based on our previous work in which we have
successfully produced a graded micro porous 40 um thick
calcium phosphate coating on zirconia based substrate
using a newly developed low density slip coating-
deposition and coating-substrate co-sintering technique.

By employing this method we have successfully fabricated
scaffold-like TCP-rich thick coatings with micro and sub-
micro/nano porosity on the strong zirconia based substrate.
ZrO, and Al,O3 sub-micro powders were incorporated in the
coating to promote the decomposition of HA to form TCP
and generate sub-micro/nano pores.

The newly developed coating-substrate composite shows
an excellent bending strength, and our limited preliminary
data indicates that it exceeds the one of the bone (320 MPa
vs 300 MPa) which creates an over-abundant mechanical
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reserve for the composite to functionally integrate with the
bone. To best of our knowledge, our work is a first in this
direction. Previous work of other groups produced scaf-
folds with improved mechanical properties, such as Cesar-
ano et al. [7] who manufactured an improved bulk scaffold
with a compressive strength of 195 MPa but they did not
report on the bending strength.

The three-point bending test has shown a decrease in the
bending strength of the coating samples, however the
resulting bending strength still supersedes that of bone.
This modest reduction can be explained by the sensitivity
of mechanical testing of ceramics are to machined surface
conditions. For the coating-substrate composite, the
coated side of the substrate has been roughed with 320#
silicon carbide sand paper for achieving a strong mechan-
ical interlocked interface between the coating and the
substrate before applying the coating. By contrast, the
uncoated zirconia based substrates, the samples were well
polished before measuring their bending strength. During
the three point bending test all the samples were placed
with the substrate facing the loading roll and the coating
facing the spanners and as such the surface quality
influences the stresses profile in the tension area.

Due to its superior mechanical strength, the present
layered ceramic composite may offer an alternative to
metal-only implants (such as titanium) used currently to
replace critical bone defects [28,45,46]. It was shown by
our results that the increase in TCP after sintering has a
limited effect on the bending strength. This can be further
converted into an additional advantage as one can control
the fracturing properties by varying the HA content in the
slurry. Therefore, the bending strength of the TCP-
containing zirconia based substrate can be tailored by
modifying the TCP content. This provides the ability to
create site and patient specific tailored implants.

In addition to superior mechanical strength, the present
composite has a scaffold-like porous coating with a hier-
archical porous structure and enough thickness required for
bone ingrowth and colonization. We have shown that the
coating has an open porous architecture, which has been
shown to have a notable effect on the osteoconductivity and
bone ingrowth rate [3-5]. This was also illustrated by
Woodard et al. [42] that showed that the hierarchical micro
porous structure may be helpful for implant material to
increase osteoconductivity required for bone regeneration.

It has been also shown that nano-scale surface features
for implant materials are promising to enhance the tissue
regeneration capacity [47,48]. The present coating on
strong substrate has sub-micro/nano pores which result
from the decomposition of HA during sintering process,
accompanied by gassy water release.

Because the small amount of ZrO, added in the transi-
tion/middle layer can promote the decomposition of HA
and also react with HA, more sub-micro/nano pores form
in the transition/middle layer compared with top layer.
Fig. 7c and d show the multi-scale porous structure of the
coating across the fracture surface of one of the samples,

illustrating the sub-micron and nano-sized pores. The
degree of interconnectivity needs to be improved to assist
cell migration in enhancing osseointegration and bone
regeneration, although the multi-scale porous component
interconnects to form micro channels.

In addition of the bending strength and hierarchical
porous structure, interfacial bonding condition is also
highly concerned and vital for bio-ceramic coated artificial
bone implants. The bonding strength test and SEM
observations support that the interfacial bonding between
the graded porous bio-coating and strong substrate is quite
strong. Fig. 3b presents that the coating/substrate interface
bonding is good as no delamination or micro cracks along
the interface. As shown in Fig. 6, tensile tests were carried
out on samples with single/double/triple-layer porous
coating to measure the coating/substrate bonding strength.
For the sample with triple/double-layer coating, during the
tensile test, fracture occurred within the coating which is
highly porous and weak. It is suggested that the coating/
substrate bonding strength is higher that the strength of
the porous coating. For the sample with single-layer
(transitional layer) coating, fracture took place along the
coating/glue interface and a maximum tensile load of
1900 N was obtained. Based on the calculation the bond-
ing strength is around 24 MPa. The fracture surface
derived from bonding strength test for the sample with
single-layer coating was observed by SEM to further
understand interfacial bonding condition. As shown in
Fig. 7a, there was still some coating adhering on the
substrate, which indicated that the bonding strength is
even higher. It can be concluded the interface bonding
between the transitional coating and the zirconia based
substrate is quite strong.

The biocompatibility and bioactivity of the present porous
calcium phosphate based coatings was assessed by their
in vitro cellular responses. The relative growth rate (RGR)
values of the coatings are close to those of negative control
materials, which indicate the cells can proliferate well on the
non-cytotoxic calcium phosphate coating. We also show that
various compositions and porous structures of the three
coating layers have minimal, if any influence on the cellular
response and as such indicative of the fact that the coatings
have no cytotoxicity to the cells. We further show that the
cells attach well and spread actively on the coating surface
with some cytoplasmic extensions, typical of the fibroblastic
cellular growth (Fig. 8a and b). This is consistent with other

& @ @ @

tri-layer ctoating

Fig. 6. Sketch of coating/substrate bonding strength test.
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reports in the literature [49] which show a good in vitro and pore size in the scaffold-like coating needs to be further
cellular response on calcium phosphate surfaces. enhanced for cell migration and for cell-cell communication

The results of this work suggest that the layered calcium throughout the entire scaffold structure so that osseointegra-
phosphate and zirconia based composite provides a potential tion and bone regeneration can be realized. Further analysis
promising alternative for large scale and load-bearing bone  of the scaffold inclusive of Fourier Transform Infrared
implant materials. However, the porosity, interconnectivity — Spectroscopy (FTIR), TEM-SAED/EDX and EDX dot

sub-micro/nano pores
S—

Fig. 7. Morphology of fracture surface of the transitional coating on zirconia based substrate after bonding strength test: (a) overview; (b) detailed
porous structure; (c) and (d) close-ups of the round pore and connecting part with micro-sieve-like structure.

Fig. 8. SEM images showing the morphologies of cells proliferated onto the TCP-rich coatings and negative control material: (a) overview and (b) close-
up of cells on top coating surface; (c) overview and (d) close-up of cells on bio-medical titanium alloy surface.
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mapping/SEM-EPMA combined is required to determine
precisely how the compositions and porous structures of
calcium phosphate based coatings influence the biological
and mechanical behavior of such composites.

5. Conclusions

In this paper we have designed a new layered bio-
ceramic composite consisting of graded porous calcium
phosphate coatings on strong load-bearing zirconia based
substrate. These bio-functional-coating/strong-core com-
posite have been manufactured using a slip coating-
deposition and coating-substrate co-sintering technique.
The resulting 200 um thick coating has a hierarchical
porous structure with nano/submicro pores and micro
pores, and the cells can proliferate well on the non-
cytotoxic calcium phosphate coating. The coating-
substrate composite exhibits a very good bending strength
and strong interfacial bonding. This porous bio-coating/
strong-substrate composite provides a potential promising
alternative for large scale and load-bearing bone implant
replacement application.
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