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f wear particles and wear behavior
of retrieved PEEK-on-HXLPE total knee implants:
a preliminary study†

Xiangchao Meng,‡a Zhe Du‡ab and You Wang *a

Polyether-ether-ketone (PEEK) has been used clinically for intervertebral fusion and internal fixators in spine

and trauma surgery because of its mechanical properties and bioinertness. The present study aimed to

assess the suitability of PEEK as an alternative material to cobalt–chromium–molybdenum alloy in total

knee arthroplasty (TKA) and evaluate the in vivo wear property on the contact surface of the PEEK-on-

highly cross-linked polyethylene (HXLPE). PEEK prosthesis was designed and manufactured using

injection molding based on the computed tomography data of a standard goat right hind limb. Fifteen

goats underwent TKA using PEEK-on-HXLPE prosthesis on the right hind limb. The goats were sacrificed

at 12, 24, and 48 weeks postoperatively. The mean surface roughness (Ra) of the retrieved components,

proinflammatory cytokines in the synovial fluid, and characteristics of wear particles in the synovial

membrane were investigated using laser confocal microscopy, ELISA and polarized light microscopy. The

Ra of the femoral component was about 0.08, 0.1, 0.2, and 0.26 mm at pre-study, 12-, 24-, and 48

weeks in the retrievals, respectively. The Ra of the HXLPE bearing samples was approximately 0.38, 0.4,

0.1, and 0.42 mm at pre-study, 12-, 24-, and 48 weeks in the retrievals, respectively. The median size of

the particles was 2.63 mm, 1.98 mm, and 3.00 mm at 12, 24, and 48 weeks, respectively. The particles

ranged in size from 0.4 mm to 15 mm, and particles <1 mm accounted for 7–13%, those of size 2–5 mm

accounted for 67–76%, and those >5 mm accounted for 11–22%. Levels of interleukin (IL)-6, IL-10, and

tumor necrosis factor-a (TNF-a) were significantly increased in synovial fluids at 24- and 48 weeks after

surgery. Wear occurred on the surfaces of the PEEK and HXLPE material and the size of most wear

particles was 1–5 mm. This induced an inflammatory response in the synovial membrane and release of

proinflammatory cytokines. A high polishing process may be necessary to lengthen the life of the PEEK

prosthesis by reducing the wear and the generation of debris. The PEEK prosthesis as a new generation

of artificial joints is promising to be used clinically in the future.
Introduction

At present, cobalt–chromium–molybdenum (Co–Cr–Mo) alloy is
the most commonly used in vivo metallic biomaterial in the
sliding part of a joint prosthesis.1 However, because of its high
elastic modulus and poor mechanical compatibility with
human bone, it can easily produce stress occlusion and stress
concentration, which lead to bone resorption and atrophy and
eventually cause prosthesis loosening and sinking.2,3 In addi-
tion, meeting the strict surface quality requirements in the
ji Hospital, School of Medicine, Shanghai

ong Road, Shanghai, China. E-mail:

1; Tel: +86 21 53882181

ter, Peking University People's Hospital,

tion (ESI) available. See DOI:

is work.

39
manufacturing process and the time-consuming process of
polishing the surface of Co–Cr–Mo alloy femoral component are
challenging.4

However, there has been growing interest in polyether-ether-
ketone (PEEK) material as an arthroplasty-bearing material,
such as PEEK-on-PEEK articulations in the spine5,6 as well as
total knee implants,3,7 and it is regarded as an alternative to Co–
Cr–Mo alloy in knee arthroplasty. PEEK is a thermoplastic
polymer known to be resistant to fatigue strain. The charac-
teristics of PEEK include a high melting temperature (approx.
335 �C) and a high glass transition temperature (approx. 135
�C), and its mechanical properties match more closely those of
bone compared to titanium.8 It is radiologically transparent and
used clinically in orthopedic applications because of its
mechanical properties and bioinertness, as it does not
demonstrate toxicity or mutagenicity, teratogenicity, and carci-
nogenicity.5 Basically, the toxicity always induced by the wear
debris which generated from the wear between the contacted
materials surface, and these wear debris also lead to osteolysis
This journal is © The Royal Society of Chemistry 2018
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around the prosthesis and, eventually, prosthesis loosening.9

Therefore, wear resistance in vivo and generation of wear
particles are the issues of greatest concern for joint prosthesis.
Previous studies had proved PEEKmaterial resists fatigue strain
and wear in vitro well,7,10,11 but there has been few in vivo study
as yet of PEEK-on- highly cross-linked polyethylene (HXLPE)
TKA implants to investigate the wear behavior under the
complicated mechanical and chemical environment of knee
joints.

In the present study, PEEK was manufactured by injection
molding to a geometry for use as femoral components and tibia
trays in total knee replacement. The aim of the present study
was to assess the suitability of PEEK as an alternative sliding
component material to Co–Cr–Mo alloy in total knee replace-
ments and evaluate the change in surface roughness of the
retrieved components and the properties of the wear particles.

Materials and methods
PEEK material

The PEEK material used is Solvay's Zeniva® PEEK (Zeniva PEEK
ZA-500) which was obtained from Solvay S.A., Brussels, Belgium.
The chemical structure and characteristics of PEEK are
provided on Fig. S1,† and the characteristics of the PEEK
material used can be obtained from the website (http://
www.matweb.com/search/datasheettext.aspx?
matguid¼5f6774aeb3ff4d739709a7579c5a4c8d).

Live subject statement

Fieen adult female standardized goats (weight, 30 kg; height,
66–70 cm) were obtained from Jiagan Biotechnology Company
(Shanghai, China) and randomly assigned into three groups (n
¼ 15). All animals were raised in accordance with Shanghai
Jiaotong University School of Medicine Animal Care and Use
Committee Guidelines. All animal studies were performed
following the appropriate guidelines (no. 2017021) and
approved by the animal ethics committee of the Renji Hospital,
School of Medicine, Shanghai Jiaotong University (Shanghai,
China).

Design and manufacture prosthesis of goat

The goat prosthesis and surgical instruments were designed
based on computed tomography (CT) data (Light speed 16; GE
Medical Systems, Milwaukee, WI, USA) of a standardized goat
right hind limb. The PEEK component and the HXLPE insert
(Zeniva PEEK ZA-500, Chirulen HXLPE 1020X) were provided by
Jiangsu Okani Medical Technology Co., Ltd. (Soochow, JS,
China). The femoral prosthesis was sterilized by irradiation,
and the tibial prosthesis was sterilized by ethylene oxide.

Surgical procedures

Surgery was performed on the right hind limb, and the incision
was made by a lateral para-patellar approach under general
anesthesia. Bone cuts were completed using appropriate
surgical instruments, and bone cement was applied to the
femoral and tibial sides to x the implants, some synovial
This journal is © The Royal Society of Chemistry 2018
membranes were removed, and then closed the incision. Anti-
biotics (penicillin, 60 mg kg�1) were administered for 5 days
aer surgery. Five goats were sacriced at each post-operative
interval: 12, 24, and 48 weeks.
Cytokine detection by ELISA

All animals underwent synovial uid examinations (cytokine
detection) at 12, 24, and 48 weeks aer surgery. The synovial
uids were obtained from the joint when the goats were sacri-
ced. The cytokines interleukin (IL)-1b, IL-6, and tumor
necrosis factor (TNF)-a from synovial uids were measured
using enzyme-linked immunoassay kit specic for goat IL-1b,
IL-6, and TNF-a (Duoset R&D Systems, Abingdon, UK).
Surface topography measurement of implants in retrievals

Implant components, including femoral and tibial compo-
nents, were retrieved when the goat was sacriced. Fieen pairs
of implants retrieved at 12, 24, and 48 weeks were chosen for
testing, and ve pairs of femoral and tibial components, man-
ufactured in the same batch, were chosen as the control. The
regions of interest in surface topography measurement were the
part of the lateral posterior condyle of the femoral component
and the recess of the lateral plateau of the tibial tray. The
surface was assessed by laser confocal microscopy (Leica TCS
SP8 MP, Wetzlar, Germany) and the mean surface roughness
(Ra) was investigated using measurement soware (Keyence VK
H1XP, Osaka, Japan).
Histological analysis and measurement of polymer particles

The goat knee synovial membrane was obtained from the
sacriced animal and xed in 4% paraformaldehyde for 24
hours and then washed with phosphate buffered saline and
dehydrated following a standard process. Aer embedding in
paraffin, the specimens were sliced into 3 mm thick sections and
stained with hematoxylin and eosin. Pathology and wear parti-
cles were observed under white light microscope and polarized
light microscope, respectively. Pathological assessment of the
tissues included tissue architecture, inammatory reactions,
and degenerative changes. The particles were measured by
using Photoshop CS6 soware with polarized light images.
Tribological study in vitro

One preliminary tribological study of 500 000 cycles test in vitro
was carried out on a six-station knee simulator testing machine
(Simulation Solutions, UK). The axial force and exion exten-
sion measurements were taken from the international standard
for wear testing (ISO 14243-3). The test was carried out using the
conventional methods published previously.7
Statistical analysis

A Kruskal–Wallis test was used for the nonparametric data and
a Student's t-test was used for the parametric data. P < 0.05 was
considered statistically signicant.
RSC Adv., 2018, 8, 30330–30339 | 30331
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Fig. 1 Design, manufacture, implementation, and retrieval of the PEEK prosthesis. The right hind limb was obtained from a standardized goat (A
and B). The three-dimensional model of the knee joint was based on the computed tomography data (C and D). The prosthesis model was
designed by a computer and manufactured by injection molding using polyether-ether-ketone (PEEK) material. The goat prosthesis consists of
a PEEKmaterial femoral component and a PEEKmaterial tibial tray with a highly cross-linked polyethylene (HXLPE)material insert (E, F and K). The
tray and insert were embedded tightly together and locked using 1 mmmetal wires (G). The total knee arthroplasty operation for goats (H and I).
Retrievals of PEEK prosthesis at different intervals (J).
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Results
Design, manufacturing, implementation, and retrieval of
PEEK prosthesis and HXLPE tray

We had established a three-dimensional model of the knee joint
(Fig. 1A–D) based on the CT data. Then, the model of the
30332 | RSC Adv., 2018, 8, 30330–30339
corresponding knee joint prosthesis was designed by computer
and manufactured by injection molding using PEEK material
(Fig. 1E and F). The goat prosthesis consists of a femoral
component (injection-molded PEEK material) and a tibial tray
(PEEK material) with an insert (HXLPE). The tray and insert
bearing were embedded tightly together and locked using 1 mm
This journal is © The Royal Society of Chemistry 2018
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metal wires (G). Aer assembly and testing of the PEEK implant
component, we performed TKA on goats according to the
traditional TKA operation (Fig. 1H and I). In the sham-operation
group, the knee capsule was only incised and part of the syno-
vium was resected. These animals were raised under the same
conditions and sacriced at different intervals to retrieve the
PEEK prosthesis (Fig. 1J). A 3D-sketch of the knee prosthesis
indicating the femoral component and the tibial tray and the
respective materials for each that were used in the study is
provided as Fig. 1E, F and K.

Laser confocal prole of the manufacturing samples and
retrievals and Ra changes in vivo and vitro

The surface of the implant components was detected by laser
confocal microscope, and Ra values were obtained using VK
analyzer soware. Compared with the initial surface of the
sample, the relatively shallow grooves on the surface of the
PEEK component increased with time (Fig. 2a–d). The grooves
on the PE-bearing surface increased and deepened at 12 weeks
but disappeared at 24 weeks (Fig. 2f and g). This phenomenon
indicated that the polishing effect of friction occurred during
the wear and friction between PEEK and HXLPE. The grooves of
the specimen deepened and increased at 48 weeks (Fig. 2h). The
Ra of the injection-molded prosthetic femoral component is
about 0.08 mm at pre-study and 0.1, 0.2, and 0.26 mm at 12, 24,
and 48 weeks in the retrievals, respectively (Fig. 2i). The
continuously increasing trend of Ra indicated that the wear of
the PEEKmaterial gradually increased. The Ra of the HXLPE was
about 0.38 mm at pre-study and 0.4, 0.1, and 0.42 mm at 12, 24,
and 48 weeks in the retrievals, respectively (Fig. 2, j). There was
switching of Ra value in the HXLPE component, indicating that
the wear polishing effect occurred on the initial rough surface.
One preliminary tribological study of 500 000 cycles test in vitro
revealed similar tribological changes: the surface of the PEEK
component tended to be rougher while that of HXLPE tended to
be smoother (Fig. S2†).

Morphological observation of wear particles in the synovial
membrane and characterization of polymer particles

Based on the characteristics of PEEK and HXLPE particles,
which show a strong birefringence under polarized light, we
found wear particles in the synovial membrane of the post-
operative knee joint samples (Fig. 3). In the present study, there
were two types of wear particles in the synovial membrane as the
prosthesis is composed of PEEK and HXLPE materials. As both
polymer particles show a strong birefringence under polarized
light, the number, shape, and size of the particles could be
evaluated (Fig. 3A and 4a–c). The wear particles had rod-shaped,
lumpy, or ake-like morphologies. The distribution of debris
size, which is our point of interest, ranged from <1 mm to >15
mm, and most wear particles were close to 1.5 mm (Fig. 3B). The
distribution trends of the three groups were comparable with
regards to the size and area distribution of the particles (Fig. 3B
and C) which was skewed: particles <1 mm accounted for 7–13%,
between 2–5 mm accounted for 67–76%, and >5 mm accounted
for 11–22% (Fig. 3B). The median size of each group was 2.63
This journal is © The Royal Society of Chemistry 2018
mm, 1.98 mm, and 3.00 mm, respectively, with no signicance
between them (Fig. 3B). Particles >5 mm represented only
approximately 17% of the number of particles (Fig. 3B);
however, these particles accounted for about 60% of the area of
particles (Fig. 3C).

The particles were engulfed by macrophages (Fig. S3†). At 12
weeks post-surgery, we observed that particles in the synovial
tissue were aggregated into strips and a large number of
inammatory cells inltrated into the surrounding tissue
(Fig. 4g–i). This is comparable to previous studies that
conrmed that wear particles can stimulate synovial tissue
proliferation, synovial tissue inammation, and capillary
proliferation. In the synovial tissue of the 24 week group, we
found several eosinophilic stained cells near the particles and
gather along the site of the particles (Fig. 4d–f), which suggests
that the particles may cause the local macrophages to express
chemokines which recruited many eosinophilic staining cells.
Inammatory cytokine detection in the synovial uid

We also detected inammatory cytokines in the synovial uid of
the experimental animals. The results show that IL-6 and TNF-
a were lower in normal synovial uid but signicantly increased
at 24 and 48 weeks aer surgery (Fig. 5B and C). IL-1b tended to
increase at 24 and 48 weeks aer surgery but was not signi-
cantly increased compared with the pre-surgery value (Fig. 5A).
IL-10 signicantly increased at the postoperative intervals
(Fig. 5D).
Discussion

PEEKmaterials are expected to be used in the new generation of
knee prostheses as they may resolve complications such as
periprosthetic osteoporosis and fracture, caused by the stress-
shielding effect of traditional metal prostheses.3,12,13 Before
the PEEK prosthesis is used in patients, more in vivo experi-
mental data are needed to prove its suitability and safety.
However, there have been few in vivo studies regarding the wear
characteristics of the PEEK prosthesis and the characteristics of
the associated wear particles and subsequent tissue inam-
matory response. In the present study, we used injection-
molded PEEK material as a component of a TKA prosthesis in
a goat model to assess the suitability of PEEK as an alternative
material to conventional metallic biomaterial. In addition, we
retrieved the PEEK-on-HXLPE prosthesis at different intervals to
evaluate the change in surface roughness of the retrieved
components and the properties of the wear particles.

Wear resistance is an important evaluation of prosthesis
material as it relates to the life of the prosthesis and disease
associated with wear particles, which cause osteolysis around
the prosthesis and prosthesis loosening.8,9 Therefore, less wear
and fewer wear particles are goals of the development of new
prosthesis materials. Wear resistance is mainly determined by
several factors, such as surface hardness, surface smoothness,
and resistance to fatigue and fracture, and, basically, the higher
the hardness or smoothness, the lower the wear.14–17 The Co–Cr–
Mo alloy has a higher elastic modulus (200 GPa) than PEEK
RSC Adv., 2018, 8, 30330–30339 | 30333
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Fig. 2 Laser confocal profile of the initially manufactured polyether-ether-ketone (PEEK) (a–d) and highly cross-linked polyethylene (HXLPE)
components in retrieved prosthesis (e–h). Themean surface roughness (Ra) change in PEEK (i) and HXLPE (j) material in vivo. Magnification�400;
N ¼ 5.
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(3.84–17.94 GPa) and PE (1.0–1.39 GPa), which means the Co–
Cr–Mo alloy has a greater hardness,18–20 but previous studies
have conrmed that the biotribology of PEEK-on-HXLPE bear-
ings is comparable to traditional bearings of metal-on-PE in
vitro.9 In this study, we found that the surface of PEEK becomes
rougher over time, but the HXLPE tended to be smoother at 24
weeks and then became rougher aer 24 weeks. Given the same
change of surface roughness in the wear behavior of previous
studies,10 the phenomenon by which the HXLPE surface tended
to be smoothed and then roughened over time indicates that
wear was generally greater on the HXLPE bearing. The arith-
metic mean for surface roughness (Ra) is one of the most
important factors affecting the wear rate.21 The surface rough-
ness of typical prosthetics varied in the range Ra ¼ 0.005–0.04
mm; this was representative of femoral heads and femoral knee
30334 | RSC Adv., 2018, 8, 30330–30339
components currently used clinically.22 Studies showed that
wear increased obviously with the increased Ra value, but less
rapidly with decreased counterface roughness Ra values < 0.05
mm.23 Nevertheless, the researchers also hold the view that there
were signicant advantages to be gained from improving
counterface roughness to below 0.01 mm Ra.22 In this study, the
initial Ra of PEEK was 0.08 mm and PE was 0.4 mm, which is
much larger than the standard range. On the other hand, the
elastic modulus of the PE was lower than the PEEK, which
indicates that the hardness of PE was lower than that of the
PEEK material and PE experienced more wear.

There was a 24 week running-in period between the two
friction pairs for the high Ra of these femoral components and
bearings that is comparable to the results of 500 000 cycles test
in vitro. This behavior has also been described in previous
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Morphological observation of wear particles in the synovial membrane and characterization of polymer particles. Measurement of the size
and area of particles based on the particle which show a strong birefringence under polarized light (A, i–iii), scale bars¼ 20 mm. The number and
frequency distribution of different size particles (B, i–v) and sizes of the particles in the three groups (B, vi), the red horizontal lines indicate
median values. The area and frequency distribution of different sized particles (C, i–v).
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tribological studies in ductile metallic samples and brittle
ceramic materials.24,25 Studies have conrmed that the reduc-
tion in surface roughness may reduce the wear of materials and
reduce the generation of debris.8,26 Polished surfaces may
This journal is © The Royal Society of Chemistry 2018
decrease the wear baseline at the same time compared with that
rougher components. Therefore, a highly polished bearing
surface is one of the ways to reduce the wear rate and reduce
production of wear debris. The polishing process may shorten
RSC Adv., 2018, 8, 30330–30339 | 30335
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Fig. 4 Morphological observation of wear particles in the synovial membrane. Wear particles in the synovial membrane in 48 week samples (a–
c). A number of eosinophilic stained cells near the particles and gather along the site of the particles (d–f). The inflammatory response, such as
infiltration of inflammatory cells and fibrous tissue hyperplasia, was observed in the surrounding tissues (g–i). The white arrow indicates
inflammatory cells, the yellow arrow indicates particles; black scale bars ¼ 100 mm.
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the breaking-in period, decrease the wear baseline, and reduce
the wear rate and generation of debris mainly produced by wear.

The wear particles have been associated with a locally
aggressive biologic response that can lead to synovitis, peri-
prosthetic bone loss, and aseptic loosening of the implants.9

Both metal alloy and PEEK material produces numerous wear
particles from the wear of the articial implant. The degree of
particle disease would be determined by the functional bio-
logical activity of the particles, which can be estimated from
the biological activity of debris, size distribution, and the total
wear volume over the particle size range.27 In previous studies,
no obvious difference between PEEK particles and HXLPE
particles and Co–Cr–Mo particles was observed in terms of
immunological and inammatory responses and osteolysis,
but the PEEK particles could activate CD8+ T-cells.28,29

However, the mechanisms for activating CD8+ T-cells needs
more research; it may stimulate antigen presenting cells which
then activate the class-I MHCmolecular pathways, resulting in
elevated CD8+ T-cell responses. In the present study, the wear
debris in the synovial membrane of postoperative goats was
identied by a polarized light microscope. The size ranged
from 0.4–15 mm, and median size was close to 1.5 mm. The size
30336 | RSC Adv., 2018, 8, 30330–30339
and distribution of particles are comparable to the charac-
teristics of the particles in previous studies that investigated
the biologic reactivity to orthopedic implant debris.28,29 There
is a consensus that particles between 0.1 and 10 mm would be
easily engulfed by macrophages, causing an inammatory
response,30,31 so these particles would easily induce a biolog-
ical response in the synovial membrane. Previous studies have
shown that CFR-PEEK particles can stimulate the proliferation
of vascular synovial tissue and may even enter the circulatory
system through the capillaries, stimulating the tissue reaction
of other organs.32 In the present study, synovial tissue hyper-
plasia, small blood vessel hyperplasia, and inammatory cell
inltration were found in the postoperative synovial tissue and
several particles were phagocytosed by macrophages of the
synovial membrane. These results indicate that the wear
debris, including the PEEK and HXLPE particles, induces the
immunological and inammatory responses in synovial
membranes. However, the particles may interact with the
outer receptors of the macrophage membranes, as cluster of
differentiation (CD) 11b, CD14, and the Toll-like receptor
(TLR) family, and then activate macrophages to release
proinammatory cytokines.12,33
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Detection of tumor necrosis factor (TNF)-a, interleukin (IL)-1b, IL-6, and IL-10 in the synovial fluid. IL-1b shows an increasing trend at 24
and 48 weeks after surgery, but no statistical significance compared with the values at pre-study (A). IL-6 and TNF-a levels were lower in the
normal synovial fluid, but significantly increased at 24 and 48 weeks after surgery (B and C). IL-10 significantly increased in the postoperative
period over time (D).
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Proinammatory agents of TNF-a, IL-1b, IL-6, and prosta-
glandin E2 are always released in the inammatory response
and among these factors, TNF-a and IL-1b appear to have the
most signicant roles in a cascade that causes osteolysis.34,35

In this study, TNF-a, IL-10, and IL-6 were increased in the
synovia at 24- and 48 week aer TKA. These cytokines reached
the osteoblasts, thereby increasing RANKL activation, which
increases nuclear transcription factor-kappa B gene expres-
sion by binding to RANK and promotes an inux of osteoclast
precursors and drives osteoclastic differentiation and activity,
thereby promoting osteolysis.9,33,34 The results indicated that
a decrease of wear particles or depression of the inammatory
response to particles would help to improve particle-induced
osteolysis. Considering that PEEK particles and HXLPE parti-
cles had comparable functional biological activity,29 the best
way to improve particle-induced osteolysis is highly polished
surfaces (decreased Ra) of the PEEK and HXLPE components.

Some limitations of this study should be noted. It is diffi-
cult to measure and count nanoscale particles <0.4 mm, which
are at the limitations of optical microscopy. Therefore, the
distribution statistics of the particles have certain limitations.
In addition, many particles aggregate into clumps or overlap,
which results in measurement errors. In addition, the goat
model could not completely imitate the mechanical
This journal is © The Royal Society of Chemistry 2018
environment of the human body. The biomechanical and
tribological evaluations of PEEK prosthesis should be further
investigated to determine inuencing factors, such as surface
roughness, sliding speed, pressure, and so on.
Conclusion

The results of this pre-investigation did not show any harmful
inuences of PEEK-on-HXLPE prosthesis in goats. However,
wear did occur on the surface of the materials and the size of
most particles was 1–5 mm, which induced an inammatory
response of the synovial membrane and release of TNF-a, IL-
1b, IL-6, and IL-10. A high polishing process, aimed at
reducing abrasive wear, may negligibly lengthen the life of the
PEEK articial joint by shortening the breaking-in period,
thereby reducing the wear rate and generation of debris.
Unlike traditional implants made of metal alloys, PEEK
implants exhibit a modulus similar to cortical bone, which
may improve patient comfort, provide a more stable xation
over time, and extend implant lifetime by reducing wear of the
TKA prosthesis. In the future, the development of PEEK
production and polishing technologies and 3D printing would
make PEEK-on-HXLPE prothesis more applicable to human
medicine.
RSC Adv., 2018, 8, 30330–30339 | 30337
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