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Biological activity and migration of wear particles in the knee
joint: an in vivo comparison of six different polyethylene materials
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Abstract Wear of polyethylene causes loosening of joint
prostheses because of the particle mediated activity of the
host tissue. It was hypothesized that conventional and
crosslinked polyethylene particles lead to similar biological
effects around the knee joint in vivo as well as to a similar
particle distribution in the surrounding tissues. To verify
these hypotheses, particle suspensions of six different
polyethylene materials were injected into knee joints of
Balb/C mice and intravital microscopic, histological and
immunohistochemical evaluations were done after 1 week.
Whereas the biological effects on the synovial layer and the
subchondral bone of femur and tibia were similar for all the
polyethylenes, two crosslinked materials showed an ele-
vated cytokine expression in the articular cartilage. Fur-
thermore, the distribution of particles around the joint was
dependent on the injected polyethylene material. Those
crosslinked particles, which remained mainly in the joint
space, showed an increased expression of TNF-alpha in
articular cartilage. The data of this study support the use of
crosslinked polyethylene in total knee arthroplasty. In
contrast, the presence of certain crosslinked wear particles
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in the joint space can lead to an elevated inflammatory
reaction in the remaining cartilage, which challenges the
potential use of those crosslinked polyethylenes for unic-
ondylar knee prostheses.

1 Introduction

It is known, that the generated wear debris of articulating
biomaterials is a major factor in the longevity of total joint
arthroplasty, because the released particles can elicit
complex biological responses resulting in periprosthetic
osteolysis and subsequent aseptic loosening [1-3].
Numerous factors can influence the cellular response to
wear particles, including composition, dose, volume, size
and shape of the particles [2, 4, 5]. These challenges have
prompted investigators to introduce novel bearing materi-
als, such as crosslinked polyethylene (XPE) in an effort to
improve wear performance and revision rates.

While there is a wealth of information about the inter-
action of particles with bone and the consecutive peri-
prosthetic osteolysis [1-3], relatively little is known about
the effects of particles on the surrounding soft tissues like
synovial layer and cartilage [6, 7]. Therefore, it is useful to
investigate potential interactions of new bearing materials
with these soft tissues, respectively. To date, XPE is only
used in total knee arthroplasty (TKA). But in effort to bring
XPE into play especially in unicondylar knee replacement
(UKA), in which only one compartment of the joint is
replaced, the biological effect of these polyethylenes on
remaining cartilage should be investigated.

The hypothesis of this study was that conventional ultra-
high-molecular-weight-polyethylene (UHMWPE) and
crosslinked polyethylene, similar in size and morphology,
lead to similar biological effects in the knee joint: The
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synovial layer, the subchondral bone of tibia and femur as
well as the articular cartilage had been taken into account.
The second hypothesis was that the UHMWPE as well as
the XPE particles show a similar migration behaviour in-
and outside of the joint, respectively in the tissues around
the joint.

2 Methods
2.1 Particle generation and characterization

Four crosslinked polyethylene (XPE) and two conventional
polyethylene (UHMWPE) inserts, which differed in virgin
powder and/or processing history (Table 1), were utilized
for this study. The inserts were tested over 5 x 10° cycles
according to the ISO standard using a knee-joint-simulator
(Stallforth—-Ungethum) [8]. All polyethylene materials
articulated against matching cobalt-chromium femoral
condyles (Table 1). Whereas the material combinations A—
C, E and F are actual product devices, D is an experimental
product and not commercially available (Table 1). The
setup of this experiment has been described in detail earlier
[9]. Before testing, the inserts were left at 37 °C for

Table 1 Types of prostheses and tested tibial inserts

Prosthesis
design

Manufacturing process of polyethylene

Scorpio® (Stryker®)
A Crosslinked Polyethylene (XPE) Fixed-bearing, CR,
24 mm, GUR 1020, 3 x 30 kGy Gamma

irradiation and annealing and sequential irradiated,
Gasplasma sterilised (X3™/Stryker®)
Natural Knee 1I® (Zimmer®)

B Crosslinked Polyethylene (XPE) Fixed-bearing, ultra-
congruent, 19 mm, GUR 1050, 95 kGy E-beam,
remelted, EtO sterilised (DurasulTM/Zimmer®)

NexGen® (Zimmer®)

C Crosslinked Polyethylene (XPE) Fixed-bearing, CR,
14 mm, GUR 1050, 65 kGy E-beam, remelted,
Gasplasma sterilised (ProlongTM/Zimmer®)

LCS® complete (DePuy®)

D Crosslinked Polyethylene (XPE) Mobile-bearing,

15 mm, GUR 1020, 50 kGy E-beam, remelted,
Gamma sterilised (XPE*/DePuy®:expen'menta1
combination: not a commercially available product)

LCS® complete (DePuy®)

E Conventional polyethylene (UHMWPE) Mobile-
bearing, 15 mm, GUR 1020, Gamma sterilised
(DePuy®)
Natural Knee 11® (Zimmer®)
F Conventional polyethylene (UHMWPE) Fixed-

bearing, congruent, 13 mm, GUR 1050, Gamma
sterilised (Zimmer®)

@ Springer

30 days to achieve thermal equilibrium and dimensional
stability [8]. The applied lubricant which was changed
every 6 days was 25 % (v/v) newborn calf serum with
0.1 % (m/v) sodium azide solution in sterile water [10].
The inserts were weighed every 0.5 million cycles. The
lubricant was changed every 0.5 million cycles as well.

After 5.0 million cycles the samples were poured toge-
ther, then particles were separated by the acid digestion
method (20 nm-nucleopore-filter [11]), analyzed by scan-
ning electron microscopy (SEM; Leica Stereoscan 420,
Leica Microsystems, Wetzlar, Germany) and image ana-
lyzer (Leica QWin). The particle analysis of the particles
used in the current study has been already characterized
before in detail [12]. For all tested groups more than 85 %
of the particles were submicron [12]. The mean equivalent
circle diameter (ECD) of the particles was 0.39 &+ 0.37 and
0.42 + 0.44 um for the two UHMWPEs and for the XPEs
the mean ECD ranged from 0.33 4+ 0.23 um up to
0.46 & 0.46 um [12]. The particles were nearly round in
shape and showed a similar Aspect ratio in both groups,
XPEs as well as UHMWPEs [12].

2.2 Elimination of endotoxin and preparation
of particles

To avoid any side effects by lipopolysaccharides (LPS), the
particles were cleaned from endotoxin by using a recently
published method based on ultracentrifugation [13]. For
detection of the endotoxin a standard chromogenic LAL
assay was used (Limulus Amoebocyte Lysate Test,
Lonza®). The particles of each type of polyethylene (group
A-F, Table 1) were adjusted in sterile phosphate-buffered
saline (PBS) solution, creating a 0.1 vol% concentration
[14, 15]. Particle induced cell activation can be influenced
by the volume of particles [16—18], thus, only equivalent
particle volumes were used to compare the different
materials.

2.3 Animals

Seventy female Balb/c mice, weighing 18-25 g, were
received (Charles River Wiga, Sulzbach, Germany). Seven
groups were matched. All mice were assigned to their
group randomly: control (n = 10), A-F (each with
n = 10). The letters A-F represent the type of polyethylene
as shown in Table 1. Fourteen mice had to be excluded
because of complications, such as bleeding or damage to
the synovial tissue during surgical preparation, so that each
group finally consisted of eight mice.

The mice were killed with 10 mg pentobarbital i.v.-
injections after all procedures were completed. During the
experiments all national legal forms of animal protection
were hold.
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2.4 Particle injection, surgical preparation
and intravital microscopy

In order to avoid agglomeration of the particles, the sus-
pensions were sonicated for 1 h. Afterwards, 50 pl of each
particle suspension (A—F) were injected into the murine left
knee by a microcannula (FST Heidelberg, Germany) under
sterile conditions. The suspension for the control group
solely contained PBS.

Each knee was evaluated 1 week after injection [19-21].
The leukocyte—endothelial cell interactions and the syno-
vial microcirculation were evaluated by intravital fluores-
cence microscopy to identify the level of inflammatory
reaction by injecting intravenously the fluorescent marker
rhodamine 6G (Sigma, Deisenhofen, Germany) in a single
bolus of 0.15 mg/kg immediately before the measurement
[19-21]. The inflammatory reaction was defined by the
rolling fraction, the adherent cells and the functional cap-
illary density (FCD; [19-21]). FCD was defined as the
length of the rbc perfused capillaries in the observation
area (expressed as cm/cm?), using fluorescent plasma
marker FITC-dextran (Sigma, Deisenhofen, Germany,
15 mg/kg body weight) [19-21].

A computer-assisted microcirculation analysis system
(Cap-Image) was used for data analysis [22]. Velocity of
the rbc in centerline in post-capillary venules, using the
unit mm/s, was also measured [22]. Vessel diameter and
rbc velocity were evaluated from the rhodamine images,
the FCD from the FITC images.

2.5 Histology and Immunohistochemistry

After euthanization, the knee joints were removed, fixed
with 4 % paraformaldehyde (24 h, pH 7.2) and incubated
(with 4 % EDTA, pH 7.1) for 1 week at room temperature
for decalcification. Washing with PBS dehydration with an
automatic dehydrator model and coating with paraffin
followed. The paraffin embedded joints were cut into 6 pm
thin slices and stained with hematoxylin and eosin (HE).
The thickness of the synovial membrane in six selected
areas of the knee was evaluated (Cap-Image; [23]). Besides
a histological score, established by Brackertz et al. [24],
was used to classify the synovial tissue [19-21].

For the immunohistochemical staining two slices per knee
were stained with the primary antibodys IL-18 and TNF-a
(R&D Systems, Minneapolis, USA). A negative control was
generated for each knee as well, using PBS instead of a
primary antibody. Semiquantitativley evaluation of each
sample with a light microscope (Carl Zeiss Micro Imaging
GmbH, Germany) followed. The classification included five
groups: Group 1: 0 % positive cells, group 2: <25 % positive
cells, group 3: >25-50 % positive cells, group 4: >50-75 %
positive cells and group 5 with more than 75 % positive cells

in synovial layer, subchondral bone from femur and tibia as
well as in the articular cartilage [25].

2.6 Distribution of particles

The localization of the particles was performed using the
above described light microscope with polarization filter
[26, 27]. Four HE-sections per mouse were evaluated and
the amount of the particles in the joint space, the synovial
layer and the subchondral bone was determined. The
amount of detected particles in each case was categorized
into none (no particles present), few, moderate and many.
For graphical representation, these values were then con-
verted to the following point system: no particles = 0
points, few particles = 0.5 points, moderate particles = 1
point, many particles = 2 points.

2.7 Statistics

As part of the governmental animal experiment proposal a
sample-size calculation was performed analogous to pre-
vious studies using this animal model [19, 25]. All mea-
sured data showed a non-parametric distribution. For the
statistical analysis we applied the Kruskal-Wallis analysis
for the differences within the tested groups, followed by a
pairwise multiple comparison procedure, for the immun-
histochemical data with a Bonferroni correction. The level
of significance was set at P < 0.05. Within all tests the
level of significance of the Bonferroni correction (imm-
unhistochemical data) was at P = 0.0024.

3 Results

3.1 Microcirculatory and intravital microscopy
measurements

The FCD showed a difference between the control group and
the test groups (P < 0.05), a difference between the partic-
ular test groups could not be determined (P > 0.05) as well
as any differences in the vessel diameter (P > 0.05). Fur-
thermore, there were no differences at all concerning the rbc
centerline velocity in all groups (Table 2).

In addition, the fraction of rolling leukocytes as well as
the number of adherent cells was increased in all groups
compared with the control group (P < 0.05; Fig. la)
without any statistically significant difference between the
test groups (P > 0.05).

3.2 Histology

The synovial tissues showed increased inflammatory activity
in all groups and a similar thickening of the synovial layer
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Table 2 Microcirculatory parameters of the intravital microscopic measurements 7 days after intraarticular particle injection in the murine knee

joint

Control group A B C D E F

n=2_8 n=328 n=38 n=2_8 n=28 n=28 n=38
Vessel diameter (um) 19 £ 1.2 22 +£12 20 £+ 0.7 24 £ 1.0 21 £ 1.0 22 £ 0.7 24 £ 0.7
rbe velocity (mm/s) 0.28 £ 0.02 0.33 £ 0.03 0.34 £ 0.02 0.30 £ 0.03 0.31 £ 0.03 0.31 £ 0.03 0.35 £ 0.02
FCD (cm/cm?) 368 £ 10 412 £ 10* 423 + 8* 409 £ 6* 414 £ 7* 420 £+ 9% 394 £ 11*

Data are given as mean £ SEM
Rbc red platelet count, FCD functional capillar density
* P < 0.05
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Fig. 1 Results of the leukocyte-endothelial cell interaction by
intravital microscopy after intraarticular injection of different poly-
ethylene wear particles suspensions. a Fraction of rolling leukocytes.
b Adherent cells The values are illustrated by mean £+ SEM.
*P < 0.05. There was no difference between the testing groups
A-F (A-D crosslinked polyethylene; £ and ¥ UHMWPE; P > 0.05)

compared with the control (P < 0.05) without any difference
between the different polyethylenes (P > 0.05; Table 3). All
particle-stimulated groups showed an enhanced cellular
infiltration in the synovial layer (Fig. 2).

3.3 Immunohistochemistry
In the synovial tissue of the murine knee joint there was an

increased expression of IL-1f in all test groups in relation
to the control (P < 0.001; Fig. 3a). Furthermore, the cells
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Table 3 Histopathological Score of the synovial tissue according to
Brackertz et al. [24] and measurement of the synovial membrane

Thickness of
synovial membrane
(um; mean =+ SEM)

Histopathological
score (median)

Control 0 46 + 6

Am=238) 1.3% 100 £ 5*
B (n=238) 1.5% 120 &+ 6*
C(n=238) 1.8% 118 & 4*
D (n =28) 1.8% 121 &+ 6*
E(n=28) 1.5% 115 &+ 6*
F(n=238) 1.5% 91 + 3%

There was no significant difference within the test groups, but all
groups differed significantly from the control group (¥ P < 0.05)

of the murine synovial layer of all groups except of C and F
expressed significantly more TNF-o than these of the
control mice (P < 0.0001; Fig. 3b). In addition to this, a
disparity between the different polyethylenes concerning
the release of TNF-a in the synovial layer was not detected
(P > 0.005; Figs. 3b, 4).

In the subchondral bone all polyethylene groups secreted
more IL-1f than the control group (P < 0.002; Fig. 5a). The
TNF-a release was also significantly increased in all test
groups in comparison to the control group except group F
(P < 0.001; Fig 5b). Figure 6 illustrates visually as an
example the elevation of the secretion of IL-1f in the murine
bone.

In the articular cartilage IL-1 was not increased in the
experimental groups A-F (P > 0.0024), whereas TNF-a
was significantly increased in the experimental groups A
(P < 0.001) and B (P < 0.001; Figs. 7, 8).

3.4 Distribution of particles around the joint

The XPE particles of the groups A and B were predomi-
nantly localized in the joint space. For the other XPEs
(group C and D), however, absolutely no particles were
seen in the joint space, but mainly in the subchondral bone
and also in the synovial tissue. In the UHMWPE groups
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Fig. 2 Histological appearance of the synovial tissue of murine knee (marked by asterisk) can be seen in all the testing groups (a-f),
joints 1 week after injection of different polyethylene wear particles. compared to the control group. Magnification x400
A marked thickened synovial cell layer with cellular infiltration

particles of group E were almost evenly distributed in the  group F, the particles were predominantly seen in the
joint space and partially in the subchondral bone, while  subchondral bone, partly in the synovial layer and no
almost no particles were seen in the synovial layer. In  particles in the joint space (Fig. 9).
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Fig. 3 Elevation in the release of IL-1p (a) and TNF-o (b) in all
polyethylene groups compared to the control in the murine synovial
layer, shown as a boxplot. The positive cells are given in percent.
*Significant difference compared to the control group (PBS)
(P < 0.0024). *Significant difference between the testing groups
(P < 0.0024)

4 Discussion

The aim of this study was to test the biological activity of
conventional (UHMWPE) and crosslinked polyethylene
(XPE) particles on the synovial tissue, the articular carti-
lage as well as the subchondral bone of the femur and tibia.
The hypothesis of this study was that UHMWPE and XPE,
similar in size and morphology, lead to similar biological
effects in the knee joint. The second hypothesis was that
the UHMWPE as well as the XPE particles migrate simi-
larly in- and outside of the joint as well as in the tissues
around the joint.

The first hypothesis has been partially confirmed. Wear
particles of XPE and UHWMPE showed similar biological
activity in the synovium and adjacent bone, however, dif-
ferences were observed with articular cartilage. The second
hypothesis has to be rejected. Although XPE and
UHMPWE wear particles of similar size and shape were
used, different particle distributions around the joint were
detected, clearly dependent on the material that was used.

@ Springer

The results of the present study show that there is a
similar inflammatory reaction in the synovial tissue as well
as in the subchondral bone by contact with UHMWPE and
XPE particles without any effect of the different manu-
facturing process of these polyethylenes. The intravital
microscopy findings could be confirmed by the histological
findings.

The cytokines IL-1 and TNF-o were chosen as impor-
tant parameters of a macrophage activation and because of
that as parameters for the osteolytic potential [2, 28-30].
The current immunohistochemical analysis showed a close
match to the intravital microscopic and histological eval-
uations. IL-1 was increased in both the synovial layer and
bone marrow in all experimental groups compared with the
control (P < 0.0024). TNF-o was detected in the sub-
chondral bone for all experimental groups except group F
(P < 0.001). An increase was also reflected in the synovial
layer, which was, however, in groups C and F not signifi-
cant (P > 0.0024). Thus, it will be understood that refer-
ence to the up-regulation of TNF-o and IL-1 all applied
polyethylenes lead to increased macrophage activation [2,
28, 29]. Furthermore it can be assumed, that XPE leads to
similar macrophage activation and thereby initiation of the
osteolytic cascade as well as conventional UHMWPE.
Overall, the similar inflammatory results in the present
study for XPE as well as UHMWPE in context with the
lower wear rates of the XPE inserts published in a recent
study [9] allow the conclusion that XPE can be recom-
mended for the use in bicompartimental knee arthroplasty.

In the present study, across materials, particles had
similar size and shape parameters. Thus, an effect of par-
ticle size or shape cannot account for the differences in
migration behaviour. Thereby, it can be concluded that
crosslinking as itself seems to have no effect on the
inflammatory response.

The biological activity of wear particles has been stud-
ied most in in vitro macrophage models [31-37]. However,
since the inflammatory response to wear particles is an
extremely complex process with many cells are involved
[2], it is essential to measure the biological activity of wear
particles even in in vivo models.

With the model used the beginning of the inflammatory
response is certainly adequately measurable. The initiation
of the inflammatory response to wear particles by leuko-
cyte recruitment had already been confirmed in other
studies [38, 39]. In addition, this model can perform
intraarticular intravital microscopic measurements in the
synovial tissue and then be compared with histological and
immunohistochemical methods. Intraarticular particle
application represents an important point, since this is the
only way to simulate the intra-articular release of wear
particles including the distribution of the particles by the
synovial fluid in the joint space [40, 41].
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Fig. 4 The synovial tissue of
the testing groups (a—f) and the
control stained with TNF-a. In
contrast to the control, present
all test groups positive stained
cells (marked by arrow) in the
synovial layer. Magnification
%1000
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Fig. 5 Increase in the expression of IL-1p (a) and TNF-o (b) in all
polyethylene groups compared to the control (PBS) in the adjacent
bone marrow, shown as a boxplot. The positive cells are given in
percent. *Significant difference compared to the control group (PBS)
(P < 0.0024)

However, there is no conclusion on the differences in
the biological effects of wear particles from XPE compared
to UHMWPE [42]. Tligen et al. [43] were able to demon-
strate increased osteolysis after 6 days using XPE particles
of the same size. However, they used no simulator parti-
cles, but irradiated commercial Ceridust® powder with 100
and 400 kGy, so that in this case effects of the different
material as well as the higher radiation dose can influence
the results. Moreover, the study does not indicate in which
way and to what extent a subsequent heat treatment of
polyethylene was carried out after irradiation, so it is not
clear whether the increased rates of osteolysis are due to
charge any of these radicals during irradiation. In addition,
in the present study, the initial inflammatory reaction to
XPE was measured in contrast to Illgen et al., so that the
results are not directly comparable. Furthermore, their
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measurements were extraarticular, away from the primary
effector of the particles took place.

Beyond that, there is lack of data documenting the
clinical performance of XPE in knee replacement [44].
Overall, there are only few studies showing clinical results
over the first years [45—47]. Hodrick et al. [46] and Minoda
et al. [47] conducted comparative studies of XPE and
UHMWPE. Minoda et al. [47] reported no revisions,
osteolysis or loosening using XPE in a follow-up of
2 years. In the study by Hodrick et al. [46], the XPE group
(n = 100) had two tibial radiolucencies and no sign of
loosening or polyethylene wear at an average of 6 years,
whereas the UHMWPE group (n = 100; mean follow-up
7 years) had 20 patients with radiolucencies and four
patients with tibial loosening.

In the present study it was shown that the particles may
migrate already within a week by the synovial membrane
and synovial tissue to the bone marrow. After reviewing
the current literature, no publication could be found that
could show the pathway of the particle from the point of
origin (intra-articular) into the synovial layer and the bone
marrow exactly in vivo.

So far, the transport of wear particles to the implant-
bone interface, where bone resorption takes place, remains
unclear [48]. One hypothesis is that there will be micro
fissures between the prosthesis and bone, so that the par-
ticles pass through the synovial fluid into these fissures [26,
30, 49]. On the other hand, there was already evidence that
particles can penetrate bone or be transported by bone
in vitro [48, 50]. Due to the present study the notes may be
confirmed that particles were transported from the joint
into the synovial membrane and the subchondral bone
within 7 days without micro fissures. Based on the present
study, the question arises whether the particles are not
solely transported from the joint into the synovial mem-
brane but also to the bone and then initiate osteolysis there.
Against the theory of particle transport via ingress of
synovial fluid into micro gaps speaks the fact that wear
particles were also found in lymph nodes and distant
organs [27, 51].

Moreover, for the first time a different localization of
different polyethylene particles in the surrounding tissue
was detected. For particle localization, a polarizer was used
[26, 27]. To represent the amount of particles semiquanti-
tatively and make them comparable with each other, the
particles were slightly, moderately, and much divided into
each of the areas of joint space, synovial layer and bone
marrow. This methodology was developed itself, as there is
no literature for this purpose.

It was notable that in the XPEs A and B, many particles
were localized in the joint space, whereas in the XPEs C
and D, however, the particles were mainly transported from
the joint space into the adjacent bone and also the synovial



J Mater Sci: Mater Med (2014) 25:1599-1612

1607

Fig. 6 Adjacent bone marrow
of the murine tibia and femur
stained with IL-1f. All particle-
stimulated groups demonstrate
many positive, red stained bone
marrow cells whereas the
control shows mainly negative
blue bone marrow cells.
Magnification x200

layer. Since the particles had similar size and shape rela-
tionships, this cannot be used to explain the different dis-
tribution of the particles in the joint space and the
surrounding tissue. The different sterilization methods give
no pattern that could explain the separation by the method
of sterilization. The radiation doses of the XPEs were

Control

similar for A and B as well as for C and D, which could
explain the localization. However, these irradiation doses
were not similar to those of the UHMWPEs, so that the
distribution pattern cannot be explained solely on the
irradiation dose. A possible explanation for the similar
distribution may lie in surface structures, such as similar
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Fig. 7 Expression of IL-1B (a) and TNF-a (b) in all polyethylene
groups compared to the control (PBS) in the articular cartilage, shown
as a boxplot. The positive cells are given in percent. *Significant
difference compared to the control group (P < 0.001)

surface roughness or surface charge, by which the particles
are faster or slower phagocytized and thus resulting in a
different distribution in the surrounding tissue.

In contrast to TKA, in UKA only one compartment of
the joint is replaced. Thus, there remains cartilage in the
opposite compartment of the knee. When XPEs are to be
used also in UKA, the biological effect on the chondrocytes
of these materials must be investigated. The effect of
polyethylene particles on the remaining cartilage is
unclear. The effect of particles on chondrocytes has been
studied only in a very few studies [6, 7, 52]. Chang et al.
found that chondrocytes are able to incorporate polyeth-
ylene particles and then increased nitric oxide (NO) and
prostaglandin E 2 (PGE 2) was produced. They concluded
that polyethylene particles lead via increase of NO and
PGE 2 to cartilage degeneration and ultimately to osteo-
arthritis [6]. Castillo et al. [7] observed that chondrocytes
phagocytosed latex particles as evaluated by confocal
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microscopy and flow cytometry. In a very recent study by
Park et al. [52] the authors proved in vivo effects of con-
ventional UHMWPE particles, which were produced by a
micro-cutting process, on soft tissues like cartilage and
synovium. They conclude that UHMWPE particles per se
lead to detrimental effects in these tissues. As these parti-
cles show a largely different size distribution compared to
wear particles generated for this study, the expressiveness
of the study by Park et al. is not directly transferable on the
results presented in this investigation, as there definitively
smaller particles can be found [12].

In the current study, no significant upregulation of IL-1
in all experimental groups, XPEs as well as UHMWPEs
(P > 0.0024), could be shown in the cartilage. However,
the expression of TNF-o in the articular cartilage was
significantly increased (P < 0.001) in the XPE groups A
and B. One possible explanation for that fact could lie in
the particle distribution: The most fraction of these parti-
cles could be found in the joint space and therefore these
particles had direct contact with the chondrocytes. Poly-
ethylene E, as the third material, which was also found to
be increased in the joint gap, however showed no signifi-
cant increase in TNF-a in the articular cartilage compared
to the control group. The differences in these three mate-
rials in relation to the expression of TNF-a in the chon-
drocytes may be attributed to the fact that the difference of
the materials is located in the irradiation. While the groups
A and B are highly irradiated XPEs, E is a conventional
UHMWPE. This fact must be pursued in further studies, as
the effects on the remaining cartilage using these XPEs
may be relevant in unicondylar knee prostheses.

In summary it can be stated that the current model
certainly is not a model of osteolysis, which is a limitation
of this study, but it has to be discussed which part of the
reaction cascade of inflammatory response to wear parti-
cles would actually be measured with the respective model
[53]. Additionally, for the animal experiments no implants
were used. The wear particles solely were injected into the
murine knee joint. Thus, it is not possible to investigate the
reaction between the bone—implant interface. Using this
inflammatory reaction based animal model, it is only
indirectly possible to draw conclusions concerning osteol-
ysis. Furthermore, to verify even clearer results, larger
sample sizes would have been necessary, which was not
possible due to the applicable regulations by law for animal
experiments.

In conclusion, according to the data of this study,
crosslinked polyethylenes have to be suggested for TKA.
Especially the combination of similar inflammatory reac-
tions of XPE and UHMWPE particles and the previously
described lower wear rates using XPE [9] promise lower
osteolytic reactions and consecutive increased survival
rates of those TKAs.
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Fig. 8 Articular cartilage stained with TNF-a.. The XPE groups A and B present many positive, red stained chondrocytes. Magnification x200

The presence of certain crosslinked wear particles in the  bearing material in UKA, this reaction on the cartilage
joint space elevates the inflammatory reaction in the  must be further investigated and must not be
remaining cartilage. If XPEs are planned as alternative  underestimated.
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Fig. 9 Distribution of wear particles out of different polyethylenes
around the joint. It can be found a clear distribution according to the
different materials

Whether the different particles distributions influence
the inflammatory osteolytic potential on long term needs to
be clarified in further studies. As there is no data on this
aspect in the literature, it must be examined whether the
retention of particles in the joint space ultimately leads to
an increased inflammatory response and to the maintenance
of this process or the rapid removal into the bone lead to an
increased osteolytic potential.

Acknowledgments This study was supported by the private foun-
dation for medical research “Dr.-Auguste-Schaedel-Dantscher” and
Stryker Orthopedics.

References

1. Asano T, Akagi M, Clarke IC, Masuda S, Ishii T, Nakamura T.
Dose effects of cross-linking polyethylene for total knee arthro-
plasty on wear performance and mechanical properties. ] Biomed
Mater Res B Appl Biomater. 2007;83(2):615-22. doi:10.1002/
jbm.b.30835.

2. Purdue PE, Koulouvaris P, Potter HG, Nestor BJ, Sculco TP. The
cellular and molecular biology of periprosthetic osteolysis. Clin

@ Springer

10.

11.

13.

14.

15.

16.

17.

18.

Orthop Relat Res. 2007;454:251-61. doi:10.1097/01.blo.00002
38813.95035.1b.

. Oral E, Wannomae KK, Hawkins N, Harris WH, Muratoglu OK.

Alpha-tocopherol-doped irradiated UHMWPE for high fatigue
resistance and low wear. Biomaterials. 2004;25(24):5515-22.
doi: 10.1016/j.biomaterials.2003.12.048.

. Fisher J, McEwen HM, Tipper JL, Galvin AL, Ingram J, Kamali

A, et al. Wear, debris, and biologic activity of cross-linked
polyethylene in the knee: benefits and potential concerns. Clin
Orthop Relat Res. 2004;428:114-9.

. Campbell P, Doorn P, Dorey F, Amstutz HC. Wear and mor-

phology of ultra-high molecular weight polyethylene wear par-
ticles from total hip replacements. Proc Inst Mech Eng [H].
1996;210(3):167-74.

. Chang CH, Fang HW, Ho YC, Huang HT. Chondrocyte acting as

phagocyte to internalize polyethylene wear particles and leads to
the elevations of osteoarthritis associated NO and PGE2. Bio-
chem Biophys Res Commun. 2008;369(3):884-8. doi:10.1016/j.
bbre.2008.02.123.

. Castillo EC, Kouri JB. A new role for chondrocytes as non-

professional phagocytes. An in vitro study. Microsc Res Tech.
2004;64(3):269-78. doi:10.1002/jemt.20080.

. 14243 ISOI Implants for surgery—wear of total knee-joint-

prostheses—part 1: loading and displacement parameters for
wear-testing machines with load control and corresponding
environmental conditions for tests. Geneva: International Stan-
dard Organization. 2002.

. Utzschneider S, Harrasser N, Schroeder C, Mazoochian F, Jansson

V. Wear of contemporary total knee replacements: a knee simu-
lator study of six current designs. Clin Biomech. 2009;24(7):
583-8. doi:10.1016/j.clinbiomech.2009.04.007.

Niedzwiecki S, Klapperich C, Short J, Jani S, Ries M, Pruitt L.
Comparison of three joint simulator wear debris isolation tech-
niques: acid digestion, base digestion, and enzyme cleavage.
J Biomed Mater Res. 2001;56(2):245-9.

17853. IASI. Wear of implant particles—polymer and metal wear
particles—isolation, characterization and quantification. Geneva:
International Organization for Standardization. 2008.

. Utzschneider S, Paulus A, Datz JC, Schroeder C, Sievers B,

Wegener B, et al. Influence of design and bearing material on
polyethylene wear particle generation in total knee replacement.
Acta Biomater. 2009;5(7):2495-502. doi:10.1016/j.actbio.2009.
03.016.

Paulus A, Schroder C, Sievers B, Frenzel J, Jansson V, Ut-
zschneider S. Evaluation of different methods to eliminate
adherent endotoxin of polyethylene wear particles. Wear.
2012;295:319-25.

Vermes C, Chandrasekaran R, Jacobs JJ, Galante JO, Roebuck
KA, Glant TT. The effects of particulate wear debris, cytokines,
and growth factors on the functions of MG-63 osteoblasts. ] Bone
Joint Surg Am Vol. 2001;83(A(2)):201-11.

Yao J, Cs-Szabo G, Jacobs J1J, Kuettner KE, Glant TT. Sup-
pression of osteoblast function by titanium particles. J Bone Joint
Surg Am Vol. 1997;79(1):107-12.

Catelas I, Petit A, Marchand R, Zukor DJ, Yahia L, Huk OL.
Cytotoxicity and macrophage cytokine release induced by cera-
mic and polyethylene particles in vitro. J Bone Joint Surg Am
Vol. 1999;81(3):516-21.

Green TR, Fisher J, Stone M, Wroblewski BM, Ingham E.
Polyethylene particles of a ‘critical size’ are necessary for the
induction of cytokines by macrophages in vitro. Biomaterials.
1998;19(24):2297-302.

Matthews JB, Green TR, Stone MH, Wroblewski BM, Fisher J,
Ingham E. Comparison of the response of primary murine peri-
toneal macrophages and the U937 human histiocytic cell line to


http://dx.doi.org/10.1002/jbm.b.30835
http://dx.doi.org/10.1002/jbm.b.30835
http://dx.doi.org/10.1097/01.blo.0000238813.95035.1b
http://dx.doi.org/10.1097/01.blo.0000238813.95035.1b
http://dx.doi.org/10.1016/j.biomaterials.2003.12.048
http://dx.doi.org/10.1016/j.bbrc.2008.02.123
http://dx.doi.org/10.1016/j.bbrc.2008.02.123
http://dx.doi.org/10.1002/jemt.20080
http://dx.doi.org/10.1016/j.clinbiomech.2009.04.007
http://dx.doi.org/10.1016/j.actbio.2009.03.016
http://dx.doi.org/10.1016/j.actbio.2009.03.016

J Mater Sci: Mater Med (2014) 25:1599-1612

1611

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

challenge with in vitro generated clinically relevant UHMWPE
particles. Bio-Med Mater Eng. 2000;10(3—4):229-40.
Utzschneider S, Becker F, Grupp TM, Sievers B, Paulus A,
Gottschalk O, et al. Inflammatory response against different
carbon fiber-reinforced PEEK wear particles compared with
UHMWPE in vivo. Acta Biomater. 2010;6(11):4296-304. doi:10.
1016/j.actbio.2010.06.002.

Zysk SP, Gebhard H, Plitz W, Buchhorn GH, Sprecher CM,
Jansson V, et al. Influence of orthopedic particulate biomaterials
on inflammation and synovial microcirculation in the murine
knee joint. J Biomed Mater Res B Appl Biomater.
2004;71(1):108-15. doi:10.1002/jbm.b.30075.

Zysk SP, Gebhard HH, Kalteis T, Schmitt-Sody M, Jansson V,
Messmer K, et al. Particles of all sizes provoke inflammatory
responses in vivo. Clin Orthop Relat Res. 2005;433:258-64.
Zeintl H, Sack FU, Intaglietta M, Messmer K. Computer assisted
leukocyte adhesion measurement in intravital microscopy. Int J
Microcire Clin Exp. 1989;8(3):293-302.

Wooley PH, Morren R, Andary J, Sud S, Yang SY, Mayton L,
et al. Inflammatory responses to orthopaedic biomaterials in the
murine air pouch. Biomaterials. 2002;23(2):517-26.

Brackertz D, Mitchell GF, Mackay IR. Antigen-induced arthritis
in mice. I. Induction of arthritis in various strains of mice.
Arthritis Rheum. 1977;20(3):841-850.

Lorber V, Paulus AC, Buschmann A, Schmitt B, Grupp TM,
Jansson V, et al. Elevated cytokine expression of different PEEK
wear particles compared to UHMWPE in vivo. ] Mater Sci Mater
Med. 2014;25(1):141-9. doi:10.1007/s10856-013-5037-8.
Schmalzried TP, Jasty M, Harris WH. Periprosthetic bone loss in
total hip arthroplasty. Polyethylene wear debris and the concept
of the effective joint space. J Bone Joint Surg Am Vol.
1992;74(6):849-63.

Urban RM, Jacobs JJ, Tomlinson MJ, Gavrilovic J, Black J,
Peoc’h M. Dissemination of wear particles to the liver, spleen,
and abdominal lymph nodes of patients with hip or knee
replacement. J Bone Joint Surg Am Vol. 2000;82(4):457-76.
Gallo J, Slouf M, Goodman SB. The relationship of polyethylene
wear to particle size, distribution, and number: a possible factor
explaining the risk of osteolysis after hip arthroplasty. J Biomed
Mater Res B Appl Biomater. 2010;94(1):171-7. doi:10.1002/jbm.
b.31638.

Greenfield EM, Bi Y, Ragab AA, Goldberg VM, Nalepka JL,
Seabold JM. Does endotoxin contribute to aseptic loosening of
orthopedic implants? J Biomed Mater Res B Appl Biomater.
2005;72(1):179-85. doi:10.1002/jbm.b.30150.

Revell PA. The combined role of wear particles, macrophages
and lymphocytes in the loosening of total joint prostheses. J R
Soc Interface. 2008;5(28):1263-78. doi:10.1098/rsif 2008.0142.
Catelas I, Huk OL, Petit A, Zukor DJ, Marchand R, Yahia L.
Flow cytometric analysis of macrophage response to ceramic and
polyethylene particles: effects of size, concentration, and com-
position. J Biomed Mater Res. 1998;41(4):600-7.

Endo M, Tipper JL, Barton DC, Stone MH, Ingham E, Fisher J.
Comparison of wear, wear debris and functional biological
activity of moderately crosslinked and non-crosslinked polyeth-
ylenes in hip prostheses. Proc Inst Mech Eng [H]. 2002;216(2):
111-22.

Fisher J, Bell J, Barbour PS, Tipper JL, Matthews JB, Besong
AA, et al. A novel method for the prediction of functional bio-
logical activity of polyethylene wear debris. Proc Inst Mech Eng
[H]. 2001;215(2):127-32.

Green TR, Fisher J, Matthews JB, Stone MH, Ingham E. Effect of
size and dose on bone resorption activity of macrophages by
in vitro clinically relevant ultra high molecular weight polyeth-
ylene particles. J Biomed Mater Res. 2000;53(5):490-7.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Illgen RL 2nd, Forsythe TM, Pike JW, Laurent MP, Blanchard
CR. Highly crosslinked vs conventional polyethylene particles—
an in vitro comparison of biologic activities. J Arthroplast.
2008;23(5):721-31. doi:10.1016/j.arth.2007.05.043.

Ingham E, Fisher J. Biological reactions to wear debris in total
joint replacement. Proc Inst Mech Eng [H]. 2000;214(1):21-37.
Ingram JH, Kowalski R, Fisher J, Ingham E. The osteolytic
response of macrophages to challenge with particles of Simplex
P, Endurance, Palacos R, and Vertebroplastic bone cement par-
ticles in vitro. J Biomed Mater Res B Appl Biomater.
2005;75(1):210-20. doi:10.1002/jbm.b.30308.

Kraft CN, Schlegel U, Pfluger D, Eijer H, Textor J, Hansis M,
et al. Radiological signs of osteitis around extramedullary metal
implants. A radiographic-microbiological correlative analysis in
rabbit tibiae after local inoculation of Staphylococcus aureus.
Arch Orthop Trauma Surg. 2001;121(6):338-42.

Kraft CN, Diedrich O, Burian B, Schmitt O, Wimmer MA.
Microvascular response of striated muscle to metal debris. A
comparative in vivo study with titanium and stainless steel.
J Bone Joint Surg Br. 2003;85(1):133-41.

Howie DW, Vernon-Roberts B. The synovial response to intra-
articular cobalt-chrome wear particles. Clin Orthop Relat Res.
1988;232:244-54.

Howie DW, Manthey B, Hay S, Vernon-Roberts B. The synovial
response to intraarticular injection in rats of polyethylene wear
particles. Clin Orthop Relat Res. 1993;292:352-7.

Oral E, Muratoglu OK. Vitamin E diffused, highly crosslinked
UHMWPE: a review. Int Orthop. 2011;35(2):215-23. doi:10.
1007/s00264-010-1161-y.

Iligen RL 2nd, Bauer LM, Hotujec BT, Kolpin SE, Bakhtiar A,
Forsythe TM. Highly crosslinked vs conventional polyethylene
particles: relative in vivo inflammatory response. J Arthroplast.
2009;24(1):117-24. doi:10.1016/j.arth.2008.01.134.

Kurtz SM, Costa L. UHMWPE for arthroplasty: from powder to
debris. Editorial comment: a perspective on polyethylene. Clin
Orthop Relat Res. 2011;469(8):2260-1. doi:10.1007/s11999-011-
1853-7.

Inacio MC, Cafri G, Paxton EW, Kurtz SM, Namba RS. Alternative
bearings in total knee arthroplasty: risk of early revision compared to
traditional bearings: an analysis of 62,177 primary cases. Acta Ort-
hop. 2013;84(2):145-52. doi:10.3109/17453674.2013.784660.
Hodrick JT, Severson EP, McAlister DS, Dahl B, Hofmann AA.
Highly crosslinked polyethylene is safe for use in total knee
arthroplasty. Clin Orthop Relat Res. 2008;466(11):2806—12.
doi:10.1007/s11999-008-0472-4.

Minoda Y, Aihara M, Sakawa A, Fukuoka S, Hayakawa K, To-
mita M, et al. Comparison between highly cross-linked and
conventional polyethylene in total knee arthroplasty. Knee.
2009;16(5):348-51. doi:10.1016/j.knee.2009.01.005.

Libouban H, Massin P, Gaudin C, Mercier P, Basle MF,
Chappard D. Migration of wear debris of polyethylene depends
on bone microarchitecture. J Biomed Mater Res B Appl Bio-
mater. 2009;90(2):730-7. doi:10.1002/jbm.b.31341.

Otto M. Classification of prosthetic loosening and determination
of wear particles. Der Pathol. 2008;29(Suppl 2):232-9. doi:10.
1007/s00292-008-1070-7.

Massin P, Chappard D, Flautre B, Hardouin P. Migration of
polyethylene particles around nonloosened cemented femoral
components from a total hip arthroplasty-an autopsy study.
J Biomed Mater Res B Appl Biomater. 2004;69(2):205-15.
doi:10.1002/jbm.b.30001.

Burian B, Wimmer MA, Kunze J, Sprecher CM, Pennekamp PH,
von Engelhardt LV, et al. Systemic spread of wear debris: an
in vivo study. Z Orthop Ihre Grenzgeb. 2006;144(5):539-44.
doi:10.1055/s-2006-942168.

@ Springer


http://dx.doi.org/10.1016/j.actbio.2010.06.002
http://dx.doi.org/10.1016/j.actbio.2010.06.002
http://dx.doi.org/10.1002/jbm.b.30075
http://dx.doi.org/10.1007/s10856-013-5037-8
http://dx.doi.org/10.1002/jbm.b.31638
http://dx.doi.org/10.1002/jbm.b.31638
http://dx.doi.org/10.1002/jbm.b.30150
http://dx.doi.org/10.1098/rsif
http://dx.doi.org/10.1016/j.arth.2007.05.043
http://dx.doi.org/10.1002/jbm.b.30308
http://dx.doi.org/10.1007/s00264-010-1161-y
http://dx.doi.org/10.1007/s00264-010-1161-y
http://dx.doi.org/10.1016/j.arth.2008.01.134
http://dx.doi.org/10.1007/s11999-011-1853-7
http://dx.doi.org/10.1007/s11999-011-1853-7
http://dx.doi.org/10.3109/17453674.2013.784660
http://dx.doi.org/10.1007/s11999-008-0472-4
http://dx.doi.org/10.1016/j.knee.2009.01.005
http://dx.doi.org/10.1002/jbm.b.31341
http://dx.doi.org/10.1007/s00292-008-1070-7
http://dx.doi.org/10.1007/s00292-008-1070-7
http://dx.doi.org/10.1002/jbm.b.30001
http://dx.doi.org/10.1055/s-2006-942168

1612 J Mater Sci: Mater Med (2014) 25:1599-1612

52. Park DY, Min BH, Kim DW, Song BR, Kim M, Kim YJ. Poly- 53. Catelas I, Wimmer MA, Utzschneider S. Polyethylene and

ethylene wear particles play a role in development of osteoarthritis metal wear particles: characteristics and biological effects.
via detrimental effects on cartilage, meniscus, and synovium. OARS. Semin Immunopathol. 2011;33(3):257-71. doi:10.1007/s00281-
2013;21(12):2021-9. doi:10.1016/j.joca.2013.09.013. 011-0242-3.

@ Springer


http://dx.doi.org/10.1016/j.joca.2013.09.013
http://dx.doi.org/10.1007/s00281-011-0242-3
http://dx.doi.org/10.1007/s00281-011-0242-3

	Biological activity and migration of wear particles in the knee joint: an in vivo comparison of six different polyethylene materials
	Abstract
	Introduction
	Methods
	Particle generation and characterization
	Elimination of endotoxin and preparation of particles
	Animals
	Particle injection, surgical preparation and intravital microscopy
	Histology and Immunohistochemistry
	Distribution of particles
	Statistics

	Results
	Microcirculatory and intravital microscopy measurements
	Histology
	Immunohistochemistry
	Distribution of particles around the joint

	Discussion
	Acknowledgments
	References


