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Summary

Non-resorbable thermoplastic polymers have become more important for reconstructive surgery due to
their excellent chemical and physical properties. Polyetheretherketone-b-tricalcium phosphate (bTCP-
PEEK) composites were developed as alternative materials for load-bearing applications. This study
presents the effect of polyetheretherketone (PEEK) specimens incorporated with 5, 10, 20 and 40 wt%
b-tricalcium phosphate (bTCP) and processed by injection molding on cultivated osteoblast cells. Normal
human osteoblast (NHOst) cells were seeded onto polymer discs to evaluate cell viability and proliferation
after 24, 72 and 120 h of cultivation by employing the WST-1 assay. Standard tissue culture plastic was
used as a control. The osteoblast cells were found to be viable in all PEEK groups, while the cell prolif-
eration was progressively inhibited due to the incorporated b-tricalcium phosphate. bTCP-PEEK showed
concentration independent decrease of cell proliferation compared to the unfilled PEEK and the control
group. In summary, this study confirms the non-toxic nature of pure PEEK, whereas this could not
definitely be verified for bTCP-PEEK as a composite material in chosen concentrations of b-tricalcium
phosphate in vitro.

Introduction

Sufficient strength and stiffness, biocompatibility
and long-term stability are important properties of
polymers for successful implant applications in
bone replacement. Polyetheretherketone (PEEK)
is a semi crystalline thermoplastic, which is char-
acterized by high chemical and thermal stability
combined with good strength, stiffness and tough-
ness. Due to these properties pure and carbon-
fibre reinforced PEEK is used in a wide range of

medical applications (spinal cages, hip prosthesis,
dental implant systems and fracture fixation
plates) [1, 2]. Furthermore PEEK offers additional
advantages including its ability to be repeatedly
sterilized and shaped readily by machining and
heat contouring due to its very high glass transi-
tion temperature and a melting point of about
345 �C.

Investigations of composite materials for the
development of implants in bone surgery were
originated by observations of bone loss around
metallic fracture fixation plates [3]. This bone loss
was attributed to stress shielding due to the
mismatch in modulus of elasticity and stiffness
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between implant and bone, indicating the impor-
tance of a strong interface between implant surface
and bone [4]. According to reported tissue reac-
tions around PEEK implants, it is believed that
this reactions can be avoided by coating PEEK
with materials known for their favorable response
in bone tissue, such as calcium phosphates. The
new bone formation could be observed adjacent to
the bone-implant interface in close apposition in
vivo [5]. Calcium phosphate compounds have long
been the subject of intensive investigation as bone
substitutes and several materials consisting of
hydroxyapatite, a-tricalcium phosphate (aTCP),
or b-tricalcium phosphate (bTCP) have been
clinically applied in various forms [6]. However,
by controlling the calcium phosphate ratio in the
process of synthesis, ideal calcium phosphate
composites can be produced with reasonable
solubility and biomechanical strength.

This study aims on investigating the potential
of PEEK composites, containing different concen-
trations of bTCP as a possible bone analogue
substitutes, suitable for load bearing functions.
The tensile properties and the evaluation of
osteoblast cell proliferation carried out in vitro
will be presented.

Materials and methods

Characterization and processing of polymer
substrates

The specimens tested in the osteoblast prolifera-
tion assays were made of the standard viscosity
grade polyetheretherketone PEEKTM 450 G
(Victrex PLC, Manchester, UK). The physical
properties as given by the manufacturer are shown
in Table 1.

The polymer matrix was filled with b-tricalcium
phosphate (bTCP, Merck, Darmstadt, Germany),
classified as dry and purest, and follows European
pharmaceutical guidelines (E141, Ph Eur, British
Pharmacy). The grain size given by the manufac-
turer was stated as 98% of the particles have a
diameter smaller than 63 lm. Samples with five
different filler contents (0 wt%, 5 wt%, 10 wt%,
20 wt%, 40 wt%) were compounded in a twin-
screw extruder (Leistritz LSM 34, Nuremberg,
Germany). The polymer melt was cooled down in
a water bath and then chopped into regular shaped

granules with an average size of 3 mm. After
drying the bTCP-PEEK material at 120 �C for at
least 24 h, it was injection moulded (Arburg
Allrounder 320S, Loßburg, Germany) into
dumb-bell shaped tensile bars. The parameters
were chosen according to the processing instruc-
tions of the manufacturer. Tensile testing was
performed according to ISO 527 at room temper-
ature using the tensile testing machine Zwick Z 050
(Zwick, Ulm, Germany). A crosshead speed of
10 mm/min and a gauge length of 50 mm were
used. To provide an accurate measurement of the
elastic modulus a Multisens extensometer (Zwick,
Ulm, Germany) was fitted to the specimen.

The discs for the cell culture tests with a
diameter of 15 mm were cut out from the shoulder
region of the tensile bars by use of a CO2-Laser.
The thickness was about 3 mm. To avoid topo-
logical surface effects on cell proliferation all
specimens were ground with a P800 silicon carbide
paper. The surface of an unfilled PEEK specimen
(Figure 1a) and a specimen with 5 wt% bTCP
content after the grinding process is shown
(Figure 1b) in the scanning electron micrographs
(LEO 435VP, LEO Electron Microscopy Ltd.,
Cambridge, UK). The SEM micrographs show the
uniform, regular structure of the polymer surfaces
with a roughness and scrub marks below 10 lm.

Cell culture

Normal human osteoblasts (NHOst, Cambex Bio
Science Verviers, Belgium) were seeded in T-150
culture flasks with fresh culture media (aMEM,
Invitrogen Life Technologies, Germany) supple-
mented with 20% fetal calf serum (Gibco BRL,
Paisley, Scotland, United Kingdom), 105 I.U.
penicillin and 100 mg/l streptomycin (Abbod
GmbH, Germany). According to the company,

Table 1. Properties of polyetheretherketone 450 G (PEEK).

Density (ISO 1183)

Crystalline 1.32 g/cm3

Amorphous 1.26 g/cm3

Typical cristallinity 35%

Tensile strength (ISO 527) 97 N/mm2

Elastic modulus (ISO 527) 3.5 GPa

Water absorption (ISO 62, saturation) 0.5 weight

Glass transition temperature 143 �C
Melting point 343 �C
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the cells were alkaline phosphatase-positive and
formed von Kossa-positive nodules. Cultures of
90% confluent cells were trypsinized (2.5 g/l tryp-
sin containing 1 mmol/l EDTA, Gibco, BRL,
Paisley, UK), washed and suspended in fresh
media. Twenty thousand cells diluted into 100 ll
of media were added to the surface of each
biomaterial or to an empty well of tissue culture
polystyrene (TCPS), and incubated for 30 min at
37 �C in humidified 5% CO2 conditions to allow
the cells to adhere. Consecutively 1 ml culture
medium was added to cover the biomaterials.

Cell proliferation assay

Cell proliferation was assessed using the labelling
kit WST-1 (ROCHE Diagnostics GmbH, Mann-
heim, Germany) after 24, 72 and 120 h. The assay
is based on the cleavage of the tetrazolium salt
WST-1 to formazan by cellular mitochondrial
dehydrogenases. Expansion in the number of
viable cells results in an increase in the overall
activity of the mitochondrial dehydrogenases. The
medium was removed and 450 ll of fresh medium
with 50 ll WST-1 labelling solution was added.
The determination of cell proliferation was per-
formed after 1 h in microplate ELISA-reader
(Vmax, Molecular Devices, Germany) at absor-
bance of 450 nm.

Statistical analysis

All measurements were performed at least five
times and expressed as the mean. Single-factor
analysis of variance (ANOVA) for multiple com-
parisons was employed to assess the statistical

significance of the data. A p-value of less than 0.05
was considered to be significant.

Results

Mechanical properties

The observed tensile properties were strongly
influenced by the bTCP content. The ceramic
particle filled polymers showed the typical rein-
forcement effects. With increasing amount of
bTCP, the elastic modulus increased significantly
from 4.1 GPa for unfilled PEEK until a maximum
value of 7.2 GPa at 40 wt% for filled polymers.
The tensile strength slightly increased from unfilled
PEEK up to a maximum of 94.8 N/mm2 at
20 wt%, but then drops to 86.6 N/mm2 for
40 wt% of bTCP. Figures 2 and 3 show the elastic
modulus and the tensile strength depending on the
bTCP content in the PEEK matrix.

Cell proliferation

When comparing the results with the control
group, all groups showed viable cells during the
observation period of 120 h, allowing the cleavage
of tetrazolium salt WST-1 to formazan by cellular
mitochondrial dehydrogenase. The cell population
of the control persistently increased with time. The
cell population of pure PEEK had the same
tendency as that of the control, but during the
time of incubation the cell population of pure
PEEK was significantly lower than that of the
control (p<0.05).

Figure 1. SEM micrographs of the surface of PEEK after grinding with P800 silicon carbide paper (a) unfilled PEEK (b) PEEK
filled with 5 wt% bTCP (white spots).
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During the culture period, the cell population
of all bTCP-PEEK groups were persistently lower
than that of the control or pure PEEK (p<0.05).
Despite the slightly higher proliferation rate in
the 5 wt% bTCP-PEEK group after 120 h, the
inhibition of cell growth was not dependent on
the concentration of b-tricalcium phosphate in
the composite (p>0.05). These findings corre-
spond to the growth curves of cells, as shown in
Figure 4, demonstrating that none of the b-
tricalcium phosphate compounds supported the
proliferation of osteoblast cells in vitro when
comparing to the control (100%) and the pure
PEEK group.

Discussion

To reduce the number of biomechanical studies,
and above all unnecessary animal trials, evalua-
tion of new biomaterials should nowadays begin
with in vitro tests. This applies for the develop-
ment of both temporary and permanent implants
and prostheses, and for permanent implants
particularly under the aspect that toxic potential
is often the consequence of chronic exposure to
minute concentrations. The potential of PEEK–
bTCP composites with different amounts of
b-tricalcium phosphate ranging from 5 up to
40 wt% was demonstrated in this study.

Figure 2. Plot of elastic modulus versus bTCP content, presenting the reinforcement effect of the ceramic filler particles.

Figure 3. Plot of tensile strength versus bTCP content, showing the limitation effect of the high filler contents.
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When evaluating the mechanical properties, it
was found that the modulus of PEEK composite
lies within the low range of the natural bone
modulus which ranges from 4.4 to 30 GPa [7]. The
tensile strength of the bTCP composite materials
(i.e. 94.8 N/mm2 at 20 wt%) did not reach the
strength of natural bone, which is about 117 MPa,
and decreases with higher filler contents [7].

To make the biomaterials more comparable,
the investigated bTCP-PEEK specimens were
processed with a similar surface structure and a
macrointerconnection size minor than 10 lm as
observed with SEM (Figure 1). To exclude the
possibility that results might be influenced by
fibre length great care was taken during the
cutting of PEEK samples to ensure that the disc
were of identical size. Topographical features in
the micrometer range can affect activation,
adhesion, orientation, morphology and move-
ment of cells and the expression of genes [8]. It
has already been considered that not only the
chemical properties and the chemical composi-
tion, but also the physical quality of a bioma-
terial surface affects cell–biomaterial interactions
by influencing the attachment and subsequent
modulation of the intracellular signals that are
involved [9–11]. In general cells cultured on
rougher surfaces tended to exhibit attributes of
more differentiated osteoblasts than did those
cells cultured on smoother surfaces for compa-
rable periods, including reduced cell numbers
and increased total protein content [12]. Those
can be explained by the hypothesis for cells not
to colonize on a macropore but to pass through
interconnections [13].

The proliferation in the present study was
evaluated by WST-1 of cells attached to the
PEEK composites discs after a cultivation time of
120 h. According to other studies in the literature
detailing aspects of the biocompatibility of
PEEK, the results of the present study show that
PEEK allows cell proliferation and do not induce
cytotoxicity under the chosen study conditions
[14]. On the contrary, neither the chemical
composition nor the structure of the bTCP-PEEK
surface was able to modulate or support similar
cell proliferation. This has resulted in discussion
that calcium phosphate compounds might not
have a favorable effect on bone growth. It is very
difficult to find a common cause for the inhibition
of cell proliferation by calcium phosphates,
because the diversity of the specifications of the
calcium phosphates makes it difficult to link the
biological results obtained with the characteristics
of the material [8, 15]. The mitochondrial cell
activity during the total assay was not blocked,
showing that bTCP-PEEK do not induce cyto-
toxicity but inhibit the cell proliferation under the
chosen study conditions. This finding is in accor-
dance to the results of previous study, which
demonstrated that pure bTCP has an inhibitory
effect on the growth of osteoblast cells in vitro
[16, 17].

The present study verified the effect of pure
PEEK, and pointed out that there is no advanta-
geous effect of PEEK composites containing
calcium phosphate on the proliferation of osteo-
blast cells. More detailed in vitro studies of the
precipitated calcium phosphate fillers have to be
investigated.

Figure 4. Proliferation of osteoblast cells on injection moulded PEEK with different concentrations of bTCP in comparison to the
control group expressed as the mean in percent of absorbance.
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Conclusion

The potential of bTCP-PEEK composites contain-
ing up to 40 wt% bTCP, as a possible bone
analogue substitute, has been investigated by
observing mechanical characteristics and the effect
on osteoblast cell proliferation. It was found, that
the mechanical properties of the composite match
partly this of human bone. Cell proliferation tests
have verified the effect of pure PEEK, but failed to
confirm the advantageous effect of PEEK com-
posites containing calcium phosphate on the
proliferation of osteoblast cells. The proliferation
rates of osteoblasts growing on bTCP-PEEK were
lower than that of pure PEEK. From these
findings, bTCP-PEEK is thought to have an
inhibitory effect on the growth of osteoblasts
in vitro.
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