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Apatite-forming ability of glass-ceramic apatite—
wollastonite — polyethylene composites: effect of
filler content
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The bioactivity of a range of glass-ceramic apatite—wollastonite (A—W) — polyethylene
composites (AWPEXs) with glass-ceramic A-W volume percentages ranging from 10 to 50,
has been investigated in an acellular simulated body fluid (SBF) with ion concentrations
similar to those of human blood plasma. The formation of a biologically active apatite layer
on the composite surface after immersion in SBF was demonstrated by thin-film X-ray
diffraction (TF-XRD) and field-emission scanning electron microscopy (FE-SEM). An apatite
layer was formed on all the composites, with the rate of formation increasing with an
increase in glass-ceramic A-W percentage. For composites with glass-ceramic A-W filler
contents >30vol %, the apatite layer was formed within 12 h of immersion, which is a
comparable time for apatite formation on monolithic glass-ceramic A-W. Inductively coupled
plasma atomic emission spectroscopy (ICP-AES) demonstrated that the apatite formation on
AWPEX samples with 50 vol % filler content occurred in a manner similar to that seen on pure
glass-ceramic A-W, in that the calcium, silicon, and magnesium ion concentrations increased
and, conversely, a decrease was observed in the phosphate ion concentration. These results
indicate that a suitable in vitro response was achieved on a composite incorporating
particulate glass-ceramic A-W with a particularly favorable response being observed on the

AWPEX sample with 50 vol % filler content.
© 2003 Kluwer Academic Publishers

1. Introduction

In 1982, Kokubo et al. [1] developed glass-ceramic A—W
containing crystalline apatite (Ca;,(PO,)¢(O,F,) and
wollastonite (CaO - Si0,) in a MgO-CaO-SiO, glassy
matrix. This glass—ceramic has mechanical strength
superior to both Bioglass® and sintered hydroxyapatite
[2-5], as well as human cortical bone [6,7]. Since its
discovery, glass-ceramic A—W has widely been used as a
bone substitute in applications such as iliac crest
prostheses and artificial vertebrac due to its high
bioactivity and the ability to bond spontaneously to
living bone without the formation of a fibrous layer [8, 9].
The superior mechanical performance of glass-ceramic
A-W can be maintained for a long period in the body
environment, making it a highly desirable implant
material [10, 11]. However, glass-ceramic A—W has a
relatively low fracture toughness, which makes it
unsuitable for major load-bearing applications such as
in the femoral and tibial bones. It is also difficult for a
surgeon to readily shape the material with a scalpel prior
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to implantation, which would be particularly useful when
the volume of the implant needs to be altered to fit
precisely the volume of bone which it is to replace.
Following the success of HAPEX™ (hydroxyapatite—
polyethylene composite) as an implant material [12—15]
and, in an attempt to widen the use of glass-ceramic A—
W so as to take advantage of its high stiffness and
bioactivity, a composite was created incorporating glass-
ceramic A—W in a matrix of polyethylene. Preliminary
studies have already shown this composite to possess
promising mechanical properties [16]. In the present
study, the bioactivity was analyzed by immersion into
SBF with ion concentrations almost equal to those of
human blood plasma, since it has been proven to be able
to produce an apatite layer on glass-ceramics and glasses
[17]. Composites were created using five different glass-
ceramic A—W filler contents; 10—-50vol %. The forma-
tion of a bone-like apatite on the surface of each
composite was evaluated in SBF at a constant
temperature of 36.5°C, so as to identify the most
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suitable compositions for potential implant applications.
The change in calcium, phosphate, magnesium and
silicon ion concentration during apatite formation was
evaluated by inductively-coupled plasma atomic emis-
sion spectroscopy (ICP-AES) to assist in this selection.

2. Experimental procedure
2.1. Materials
Glass-ceramic A—W (supplied by Nippon Electric Glass
Co. Ltd., Japan) was incorporated into high-density
polyethylene (Rigidex HM4560XP, BP Chemicals Ltd.,
UK) by twin screw extrusion and compression molding
[18]. The glass-ceramic A—W filler content was set at 10,
20, 30, 40, and 50 vol % (the composites being denoted as
AWPEX-10, -20, -30, -40, and -50). HAPEX™ (filler
content set at 40vol %) was also produced as a
comparison with the AWPEX samples.

The amount of each component needed in AWPEX and
HAPEX™ was calculated from the following equations:

(vol %r X pr)
vol %p X p) + (vol %oy X pyy)

wip (g) = (

x 1000 (in order to convert to grams)

(vol %oy X piy)

% 1000
vol %p X pg) + (vol Yoy X pyy)

WtM (g) = (

where subscript F denotes glass-ceramic A-W or
hydroxyapatite, M denotes polyethylene, wt is the
weight in grams, and p is the density of A-W or PE,
taken as 3.07mgm ~ 3 and 0.94 mgm ~3, respectively.
Prior to processing, the glass-ceramic A—W powder
was characterized in terms of size and morphology using
a laser scattering particle size distribution analyzer (LA-
700S, Horiba Co., Japan) and a field-emission scanning
electron microscope (FE-SEM: S-4700, Hitachi, Japan).
Hydroxyapatite (HA) powder used in HAPEX™ was also
evaluated for comparison. Before FE-SEM analysis, the
powders were dried fully and then sprinkled onto a metal
stub onto which carbon adhesive had been placed. Excess
powder was gently removed using an air duster. The
stubs with attached powders were vacuum-sealed into a
coating chamber and coated with Au—Pd for 34 min.
During FE-SEM analysis, an accelerating voltage of
15kV and a working distance of 12 mm were used.

2.2 Bioactivity

Samples of dimensions 2 x 10 x 10mm?® were created
from the compression molded plates of AWPEX, as well
as pure glass-ceramic A—W, pure high-density poly-
ethylene (HDPE) and HAPEX™. All samples were
ground to an 8 pm finish with silicon carbide paper and
then washed in ethanol in an ultrasonic bath. The samples
were then allowed to dry fully. Each batch was soaked in
30 ml of simulated body fluid (SBF) [17] at 36.5 °C with
pH and ionic concentrations nearly equal to those in
human blood plasma (Table I). At periodic intervals, the
specimens were removed from the solution, washed with
distilled water to remove excess SBF, and then allowed to
air dry. The surfaces were analyzed using thin-film X-ray
diffractometry (TF-XRD: RINT-2500, Rigaku Co.,

490

TABLE I Table showing ionic concentrations and pH of simulated
body fluid in comparison to human blood plasma

Ton Concentration (mM)

Human blood plasma Simulated body fluid

Nat 142.0 142.0
K* 5.0 5.0
Mg* 1.5 1.5
Ca’* 2.5 2.5
Cl™ 103.8 147.8
HCO;3 27.0 42
HPO2 - 1.0 1.0
Noras 0.5 0.5
pH 7.20-7.40 7.40

Japan) and FE-SEM before and after soaking in SBF.
The TF-XRD measurement was performed using CuK,,
(A=0.15405nm) radiation as the source, at a rate of
260=2°/min and a glancing angle of 1° against the
incident beam on the composite surface.

2.3. ICP-AES analysis

Samples of AWPEX-30, -40, -50, as well as pure glass—
ceramic A—W and HAPEX™", were cut and polished to a
size of 2x10x 10mm?®. Final polishing of all the
samples was performed using 8pm silicon carbide
paper. The specimens were then soaked in 30ml of
SBF with pH 7.40 at 36.5 °C for up to 14 days.

The changes in the elemental concentrations (calcium,
phosphate, magnesium, and silicon ions) of the SBF after
immersion of the most bioactive composites (AWPEX-
30, -40, and -50 in comparison to pure glass-ceramic A—
W and HAPEXTM, were measured using ICP-AES (Model
SPS1500, Seiko Inst., Japan).

3. Results

The as-received glass-ceramic A—W powder showed a
broad size distribution, with a median particle size of
4.38 um. The HA particle size distribution was narrower
and the median particle size was 3.42 um (Fig. 1). Both
the powders had significant amounts of sub-microscopic
sized particles. While the hydroxyapatite particles
demonstrated smooth surfaces at a sub-microscopic
level (Fig. 2(b)) with nodular protrusions of = 0.5 um,
the glass-ceramic A—W particles possessed a smooth
surface, but with angular surfaces on a macroscopic scale
(Fig. 2(a)). After compounding, the particles in both
HAPEX™ and AWPEX were observed to be well-
dispersed in a homogeneous distribution within the
polymer matrix.

Fig. 3 shows the TF-XRD patterns of the surface of the
composites after soaking in SBF, as well as that of the
untreated specimens. The peaks ascribed to apatite and
wollastonite were observed for all AWPEX samples. For
HAPEX", the peaks for apatite were present (Fig. 3). A
large peak for PE was seen for all the composite samples,
as well as pure HDPE prior to immersion in SBE. After
only 3 h of treatment, a decrease was observed in the PE
peaks for all the composites with 30 vol % or greater filler
content. At this point, no change was observed for pure
PE, as expected, due to its ‘‘inert’’ nature, and the
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Figure 1 Particle size distribution of filler powders. Glass-ceramic A-W (a) and HA (b).

Figure 2 FE-SEM showing morphologies of glass—ceramic A—W (a) and HA (b) powders.
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Figure 3 TF-XRD traces for AWPEX, glass-ceramic A—W and HAPE)(TT,:]/I samples before and after soaking in SBF; AWPEX-20 (a), AWPEX-30 (b),
AWPEX-40 (c), AWPEX-50 (d), glass-ceramic A-W (e), and HAPEX = (f). A =apatite, W = wollastonite and PE = polyethylene.
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AWPEX samples with 10 and 20 vol % filler content. A
decrease in the major wollastonite peak was also
observed, in the case of AWPEX samples. A sharp
decrease in both these crystalline phases was observed
between 12h and 1 day for the AWPEXs with filler
contents >30vol%. In addition to the decrease in
wollastonite and polyethylene that were detected, a
gradual increase in apatite was observed both in the TF-
XRD and FE-SEM results for all composites. With
increasing filler content, the increase in the apatite peaks
was more pronounced at an earlier stage of immersion.
After just 1 day immersion the AWPEXs with filler
contents 30, 40, and 50 vol %, and HAPEX™ all had a

bioactive layer of apatite covering their entire surfaces.
However, it took 3 days for the same degree of coverage
to be achieved on the AWPEX samples with 10 and
20vol % filler content. The coverage of apatite on
HAPEX™ after 1 day consisted mainly of apatite nuclei
and less growth of these sites compared to AWPEX-40.
The FE-SEM image (Fig. 4) shows these growths on
HAPEX™ at a higher magnification than on pure glass-
ceramic A—W and its composites, since when using a
lower magnification, the surface appeared to have no
growth at all. FE-SEM of pure PE demonstrated that it
did not cause a bioactive response when placed in vitro.
Apatite was seen to form on all the other samples that

Figure 4 ApTa’\EIite formation on samples immersed in SBF for one day; AWPEX-10 (a), AWPEX-40 (b), AWPEX-50 (c), pure glass-ceramic A—W (d),
and HAPEX "~ (e).
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Figure 5 Graphical representation of the time taken for total apatite
coverage.

contained glass-ceramic A—W and HA. With increasing
SBF immersion time, the apatite layer that was detected
showed an increase in crystallinity, indicated by the
increase in peak height due to the apatite phase. As the
immersion time increased to 7 days, the main apatite
phase peaks at the 211, 112, 300, and 002 planes, were
found to become broader. The apatite layer formed on the
AWPEXs with 40 and 50vol% glass-ceramic A-W
content demonstrated a similar rate of apatite growth to
that observed on samples of pure glass-ceramic A—W. It
was found that with increased filler content the number of
sites available for apatite nucleation increased, hence
increasing the overall growth and coverage that could be
achieved. Therefore, with increased filler content, the
time taken for total sample coverage to be achieved
decreased (Fig. 5).

Fig. 6 shows the changes in calcium, phosphate,
magnesium, and silicon ion concentrations in SBF with
immersion time for AWPEX-30, -40, and -50, pure glass-
ceramic A-W, and HAPEX™".

The levels of magnesium ion concentration in the SBF
did not alter significantly with time and remained at
approximately 1.5mM for all samples although pure
glass-ceramic A—W and AWPEX-50, indicated a slight
increase as the materials released magnesium ions into
the surrounding fluid. However, a marked decrease in
both the calcium and phosphorus ion concentrations was
observed. Simultaneously with these decreases and the
formation of the apatite layer, an increase in the
concentration of silicon ions was observed in the SBE.

Overall, the rate of calcium and phosphorus ion
concentration decrease (i.e. the consumption of these
ions for apatite formation) occurred in the following
sequence: AWPEX-50 > AWPEX-40 > AWPEX-30.
Closer observation of the calcium ion concentrations
demonstrated a slight increase occurring for glass-
ceramic A—W and AWPEX-40 and -50 after 1 day
immersion in SBF, where AWPEX-30 and HAPEX™
consumed calcium from zero time point causing a steady
decrease in the calcium ion concentration of the SBF. An
appreciable amount of silicon ions were detected in the
SBF for all the AWPEX samples tested. The rate of

Calcium

Magnesium

= 3

Concentration (mM)
i~

1.0 Phosphorus
R

0.8 *—_-%:Eﬁ

Silicon
0.4
Fant o
2
0.2 AT
0.0
0 2 4 6 8 10 12 14

Time (Days)

Figure 6 Variation in calcium, phosphorus, magnesium, and silicon ion
concentrations of SBF with increasing soaking %ne of AWPEX (A =30
vol %, O =40vol %, x =50vol %), HAPEX = (<), and pure glass-
ceramic A—W ([J) samples.

increase in silicon ion concentration, which implied the
release of silicon from the samples, increased with
increasing filler content, i.e. AWPEX-30 > AWPEX-
40 > AWPEX-50.

4. Discussion

The results showed that a homogeneous distribution of
glass—ceramic A—W was achieved in all the composites,
a factor that is important for optimal mechanical and
bioactive properties. The SBF results demonstrated that
apatite formed on the entire surface of all composites
after only 1 day immersion. The decreases in wollasto-
nite and PE intensities and the increases in the major
apatite peaks occurred at a faster rate as the filler content
was increased. Once apatite nuclei are formed, they
spontaneously grow by consuming the calcium and
phosphate ions from the fluid, since it is already
supersaturated with respect to the apatite, as the ICP-
AES results demonstrated. The broadening of the major
apatite peaks with increasing SBF immersion time is
characteristic of low crystallinity apatite, which is known
to form on the surface of pure glass-ceramic A—W in vivo
[19,20] and is due to small crystallites and/or defective
structures. Detailed characterization indicated that this
apatite layer consisted of small crystallites subtly
different in composition and structure to synthetic HA;
the apatite being structurally defective, deficient in
calcium, and containing carbonate as seen in natural
bone [20]. The method of apatite formation on the
AWPEX samples can be explained considering the
mechanism by which apatite forms on the surface of
pure glass-ceramic A—W in SBF. As the ICP-AES results
demonstrated, glass-ceramic A-W, whether in the
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composite or in the monolithic form, released appreci-
able amounts of calcium ions into the SBF immediately
on immersion. However, this was neither observed at
30 vol % filler, nor for HAPEX™. From previous work by
Kokubo et al. [21], the release from glass—ceramic A—W
is as expected, since on immersion, the calcium ions
further increase the degree of supersaturation of the
surrounding fluid with respect to apatite [21].
Simultaneously, phosphate ions are consumed by all
the composites and the pure glass-ceramic A—W as the
apatite layer is formed — these ions, necessary for
forming the apatite layer, only being supplied by the
surrounding SBE. During these elemental changes,
silicon was detected in the SBF for the AWPEX samples.
This is as expected, since the glassy and wollastonite
phases within the glass-ceramic A-W filler release
silicon ions into the surrounding SBF [21]. The release
of silicate ions has a role in the formation of apatite in the
bone of mammals [21, 22] and has been shown to provide
favorable sites for nucleation of the apatite on the surface
of glass-ceramic A—W [21, 23] as well as other substrates
such as metals and organic polymers [24-26]. The work
performed by Takadama et al. [24] demonstrated that by
a simple biomimetic model system, the method of silanol
groups inducing apatite formation in the body could be
explained. The silicate ions, with silanol groups available
for bonding, were released from the bioactive glass and
attached to a collodion film. These groups were then able

to combine with calcium ions to form a calcium silicate,
which bonded with phosphate ions in the SBF to form an
amorphous calcium phosphate that eventually trans-
formed into crystalline apatite with a higher Ca/P ratio of
1.67 — that of bone-like apatite. Research by Miyaji et al.
[25] also showed that silicate ions were released and
could be absorbed onto the surface of the polymerized
composite surface and induce apatite formation.
Tanahashi et al. [26] showed how apatite could form
on the surface of organic polymers by a biomimetic
process. Among the polymers tested was PE which
showed apatite formation via the attachment of silicate
groups, but the bonding of this apatite layer was
relatively low compared to that of other surfaces such
as poly(ethylene terephthalate) (PET), since PE could
only bond to the apatite by weak van der Waals forces.
These findings demonstrate that in the composites
studied in the current investigation, the silicate ions are
released from the glassy and wollastonite phases of the
filler glass-ceramic A—W and attach to the surface of the
PE matrix. These ions induce apatite nuclei to form on
the surface of the bioinert matrix as well as on the
bioactive filler, causing the bond within the apatite layer
to be stronger, as well as the bond strength between the
apatite layer and the composite to be increased due to
more points of bonding. This mechanism may also have
operated for AWPEX-10 and -20 allowing for a
continuous surface apatite layer to be formed after 3
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Figure 7 Apatite formation on AWPEX when immersed into SBE An initial release of calcium, silicon and magnesium ions into the surrounding SBF
takes place (a) followed by the growth of apatite on the glass-ceramic A—W particles and the attachment of silicon to the composite surface (b). Due to
the attachment of the silicon ions, a calcium silicate can form on the surface of the sample (c) which can in turn attract phosphate groups, creating
amorphous calcium phosphates (d), and then the eventual coverage of the entire surface with crystalline apatite (e). The Si** would be in the form of
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days of immersion. Therefore, the mechanism of apatite
formation on AWPEX (with greater glass-ceramic A—W
filler contents) can be described as shown in Fig. 7,
which shows the initial release of calcium, silicon, and
some magnesium ions into the surrounding SBF
followed by the growth of apatite on the glass-ceramic
A-W particles and the attachment of silicon to the
composite surface. Due to the attachment of the silicon
ions, a calcium silicate can form on the surface of the
sample, which can in turn attract phosphate groups,
creating amorphous calcium phosphates, and then the
eventual coverage of the entire surface with crystalline
apatite.

Comparing AWPEX-40 with HAPEX™, demonstrated
that AWPEX would potentially provide a stronger bond
of the apatite layer with the substrate due to the silicate
ion attachment to the polymer. The smaller particles of
the glass-ceramic A—W were able to fill the gaps created
by the larger particles, which permitted a greater
bioactive surface area to be exposed and, hence, greater
dissolution of calcium and silicate ions into the
surrounding SBF to occur. This effect increased the
rate of apatite nucleation and growth more than that seen
on HAPEX™ where no dissolution of the HA particles
takes place, hence, slowing the formation of apatite. The
nodular nature of the HA particles also resulted in less
bioactive surfaces being exposed to the SBF from the
matrix polymer compared to the dense, angular glass-
ceramic A—W particles.

5. Conclusions

All the AWPEX samples tested in this study were able to
induce the formation of an apatite layer. The composites
with 40 and 50 vol % filler content achieved this result in
a much shorter space of time of less than 1 day,
comparable to that observed on pure glass-ceramic A—W.
As well as pure glass-ceramic A—W, the AWPEX samples
with 30, 40 and 50 vol % filler content initially released
calcium and silicon ions, helping to increase the rate of
apatite formation. Overall, the results of the present
bioactivity investigations demonstrate that, the compo-
site. AWPEX-50 is the most promising for use as an
implant material.
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