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Response to Ultra-high Molecular Weight Polyethylene
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Abstract Ultrahigh molecular weight polyethylene (UHMWPE) is widely used in the field of orthopedics to fabricate
various orthopedic total joint (primarily hip, knee and shoulder) device components. In spite of its biocompatibility and
excellent mechanical properties, wear debris particles are released during use at the articulating surfaces, usually at the im-
plant-implant, bone-implant and cement-bone and cement-implant interfaces. Prior studies have shown that these wear de-
bris particles are responsible for periprosthetic bone resorption (wear-mediated osteolysis) which leads to implant loosening
and eventually failure of the prosthetic device. Previously investigators have implicated the size, shape, and number of
UHMWPE wear particles released from implants in vivo and in situ to the wear-mediated-osteolytic phenomenon. In this
short review [ will discuss some of the in vitro and in vivo studies pertaining to the response to the wear-debris particles.
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1. Cellular and Tissue Responses to
UHMWPE Debris

1.1. In Vitro Studies

In vitro techniques offer a sensitive means to investigate
the responses of cells to wear particles. At present, a diverse
group of cell types have been reported to release inflamma-
tory and chemical mediators in response to particulate as-
sault including macrophages, osteoclast, osteoblasts, giant
cells, and fibroblasts. Numerous studies have been con-
ducted to determine the effect of wear particles in vitro and
in vivo'"®, Murray et al."’, used macrophage cell culture and
used HDPE of approximately 1pm (1200 grit silicon car-
bide paper fabricated) and demonstrated that the particles
were phagocytosed resulting in the release of PGE, and
osteoclastic bone resorption. Shanbhag et al.** co-cultured
fabricated and retrieved UHMWPE particles with human
monocytes and demonstrated that IL-1f, IL-6 and TGF-B
were produced at significantly elevated levels, with fabri-
cated particles eliciting greater quantities of the cytokine
release by cells than retriecved UHMWPE particles. The
results showed that human monocytes were sensitive to
different grades of polyethylene for the release of osteolytic
cytokines. Ingham et al.*' determined the effect of neutrali-
zation of IL-1, IL-6, TNF-a, and PGE, alone and in combi-
nations on the capacity of polyethylene particle to stimulate
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bone resorption in vitro. They showed that only when
TNF-o was neutralized along with neutralization of other
mediators, there was any significant reduction in bone re-
sorption. Several investigators have suggested that endo-
toxin adsorbed to the particulate surface may account for
the increased release of proinflammatory mediators by ac-
tivated macrophages™. Catelas et al.*’ introduced HDPE
(round, 4.5pum) to macrophage cell culture and found in-
creased TNF-a release and decreased cell viability. Green et
al," using a macrophage cell culture treated with different
sizes of UHMWPE (Ceridust 3615: 0.21+0.069um,
0.49+£0.11um, 4.3=1.89um, 7.2+3.15pum) and UHMWPE
(GUR 1120: 884+29um and found elevated levels of TNF-o,
IL-1p and IL-6. They concluded that the size and volume
(number) were the critical factors in macrophage activation.
Horowitz et al.** used macrophage/osteoblasts co-culture
using round HDPE particles (5.4+0.3um) and found in-
creased TNF-a and PGE, release and bone resorption. In
another study Martinez et al."* used human osteoblastic cell
culture and UHMWPE (Hoechst) <80pm and UHMWPE
(Howmedica) <100pum and concluded that UHMWPE par-
ticles inhibited human osteoblastic cell growth.. Shanbhag
et al.”’ used macrophage cell culture UHMWPE (GUR 415)
having two different sizes, 0.47+£0.2um (retrieved) and
0.66+0.6um (fabricated). They concluded that the increase
in the surface area increased cellular response. In another
study, Voronov et al.'> used in vitro macrophage cell culture,
and UHMWPE: 18-20um, HDPE: 4-10um and UHMWPE:
18-20um. The smaller particles were phagocytosed and
released IL-1B, IL-1a, TNF-a and PGE,. Wear debris sti-
mulate the various cell types present in the periprosthetic
region resulting in the secretion of mediators of bone re-
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sorption such as eicosanoids, interleukin-1 (IL-1), tumor
necrosis factor-alpha (TNF-a), and interleukin-6 (IL-6) in
vitro and in vivo®**?7,

Wear mediated osteolysis has been attributed to the
number, size, shape, rate of generation, time of exposure,
and antigenic properties of the wear debris particles, pro-
duced at the articulating surfaces of total joint prosthesis***.
There are numerous studies on cellular response to wear
particles on various cell lineages including macrophages,
osteoblasts, osteoclasts and lymphocytes®. Studies on par-
ticles from wear machines and retrieved tissues from re-
vised arthroplasties have revealed UHMWPE particles
ranging in size from 0.1 to greater than 10pum but majority
of the UHMWPE particles were between 0.1-0.5pum in
size’®. Green et al. '' showed that both the volume of de-
bris and particle size are critical factors in determining the
reactivity of polyethylene particles in vitro. None the less
only particles within the phagocytosable size range
(0.1-10um) and particle volume to cell number ratios
greater than 10pum’:1 induced the secretion of a range of
pro-inflammatory cytokines by murine macrophages. It has
also been shown that particles in the 0.1-1.0pum size range
are the most stimulatory for primary human mononuclear
phagocytes in vitro*'”'. Thus biological activity of wear
debris depends not only upon the total volume of debris and
the number of particles generated but also upon the propor-
tion of those particles which are within the most biological-
ly active size range. Other studies have also correlated the
particle dose to osteolysis®®. It has been estimated that when
the number of UHMWPE particles exceed 1x10'° per gram
of tissue there is a greater possibility of osteolysis®. This
information becomes more important as crosslinked polye-
thylenes may produce a greater percentage of wear particles
in the most biologically active size range.

Sethi et al."” studied macrophage response to cross-linked
UHMWPE (XLPE), conventional UHMWPE, TiAlV and
CoCr. Human peripheral blood monocytes and murine ma-
crophages, were cultured onto disks. Culture supernatants
were collected at 24 and 48 h and analyzed for cytokines
such as IL-1a, IL-1B, TNF-a and IL-6. Total RNA was ex-
tracted from adherent cells and gene expression was ana-
lyzed. In both in vitro models, macrophages cultured on
cross-linked and conventional polyethylene released similar
levels of cytokines, which were also similar to levels on
control tissue culture dishes. Macrophages cultured on
TiAlV and CoCr-alloy released significantly higher levels
of cytokines™’**°.

Researchers in various experiments generated clini-
cally relevant UHMWPE particles in a tri-pin-on-disc tri-
bometer and co-cultured with mouse peritoneal macro-
phages in a agarose gel system at various cell concentration
to particle volume. They found that the particles elicited the
release of various cytokines and that particles within
0.2-7um were most biologically active.

Green et al. used ceridust and GUR416 with different
size ranges using primary murine macrophages and human
peripheral blood mononuclear phagocytes and measured

7,31,36

IL-1B, IL-6, TNF-a, and PGE, production. The critical size
range for biological activity was 0.2— 8.0um and the smaller
particles elicited a higher response as compared to the larger
ones”'".

It has been demonstrated that UHMWPE particles of dif-
ferent sizes stimulate macrophages to produce bone resorp-
tive cytokines and chemikines in vitro'****’. Green et al.
and Matthews et al. found that the critical size range was
higher for ceridust was higher and for working with human
cells the critical size is 0.2-8um''*. Furthermore Catellas et
al, using a macrophage cell culture line and PE particles
found that cytotoxicity increased with size and dose™.
Green et al.” studied the in vitro bone resorption response of
C3H murine peritoneal macrophages in response to clini-
cally relevant GUR 1120 UHMWPE particles. They
co-cultured macrophages with GUR 1120 particles with a
mean size of 0.24, 0.45, 1.71 and 7.62 and GUR 1120 po-
lyethylene resin with a mean size of 88um at various par-
ticle volume (um)’: macrophage ratios (0.1:1; 1:1; 10:1; and
100:1). The conditioned supernatants were incubated with
*Ca radio-labeled mouse calvariae, and bone resorption
was measured as *°Ca release. The results showed that the
smaller 0.24pm particles stimulated the macrophages to
generate bone resorbing activity at a ratio of 10(um)’ per
macrophage. The 0.45 and 1.71um particles were active at a
ratio of 100(um)’ per macrophage, and the 7.62 and 88 pm
particles were inactive at all the doses tested. The co-culture
supernatants were also assayed for TNF-a, IL-1p, IL-6, and
PGE,. The results followed the same trend. Moreover
Goodman and colleagues® also showed that inhibition of
tissue ingrowth and differentiation in a rabbit bone-harvest
chamber model was greater with 2.7 um particles compared
to 4.7 pm particles. The reason may be attributed to the fact
that more number of the smaller particles were phagocy-
tosed by the cells and as we know phagocytosis is the hall-
mark phenomenon that initiates the cells to release the cy-
tokines responsible for the wear mediated osteolytic
process.

1.2. In Vivo Studies

Animal models have contributed greatly in elucidating
the tissue response to wear mediated particles. They are
useful for various reasons, like standard animal models may
be developed to characterize the particulate response for
that particular model, the particle properties may be mani-
pulated so that particles with known physico-chemical
properties may be introduced into the animal body and end
points may be predetermined. But the shortcomings include
the cost involved and that the animal model may not fully
mimic the human system. Moreover it may not fully take
into account other factors such as human gait cycle and
resulting mechanical stress.

There are numerous in vivo models that have been estab-
lished to study the effects of particles on various animal
models. The studies include the mouse air pouch model***,
calvarial defect models*', rabbit models™'>**** rat mod-
els***, canine models’’ and sheep models™.
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Allen et al.>® used an in vivo rat model. They examined

the effects of HDPE, having a round morphology of about
2.03pm and found that the particles caused chronic inflam-
matory response with numerous foreign-body giant cells in
peri-prosthetic tissues. Goodman et al.*® used rabbits and
drilled a hole into the proximal tibia. HDPE particles that
were round with mean diameter of (4.7+2.1)um were tested
and found that 10° to10° particles/ml evoked a histiocytic
reaction. In another experiment they examined the histo-
logic effects of different size of polyethylene particles im-
planted into rabbit tibia found that larger polyethylene par-
ticles elicited a higher response than smaller particles’ .
Howie et al.*’ used a rat model to test particulate effect at
the cement-bone interface. Irregular shaped UHMWPE
(Howmedica) particles having diameter of 20-200pm were
placed at the bone-cement interface. They found that it
caused bone resorption.

1.3. Tissue Retrieval Studies

There are numerous studies on the analysis of explanted
tissue””** to characterize wear debris particles. Chiba et
al.’” demonstrated that UHMWPE wear debris (0.3—15um)
isolated from explanted human tissues stimulated human
peripheral blood monocytes to release elevated levels of
IL-6, TNF-a and IL-8 in tissue culture.

2. Discussion and Conclusions

Bone is a dynamic tissue in a state of homeostasis ba-
lanced by both formation and resorption of bone®*®'. Nor-
mal turnover of bone is disrupted by either increased os-
teoclast activity or decreased osteoblast function. This dis-
ruption may be caused by the biological response to
wear-debris. The response to wear debris depends on par-
ticle number, size, shape and time of exposure. Numerous
researchers have studied the effects of phagocytosis of wear
particles (including UHMWPE) on the functions of MG63
cells and found phagocytosis of particles reduced cell proli-
feration and procollagen gene expression. Numerous other
studies have demonstrated that wear particles including
metals and UHMWPE inhibit cellular differentiation and
viability® %

Figure 1-2 are X-ray images of the implants of patients
who are undergoing revision of total joints showing the
extensive bone resorption as a result of component wear
around a hip (Figure 1) and knee implant (Figure 2). Figure
3 is a representative SEM micrograph of a retrieved tibial
tray showing wear and delamination.

The particulate wear debris present in failed joint re-
placements has been isolated and characterized*®®, the re-
sponse of various cell types including macrophages, fibrob-
lasts and osteoblasts to such debris has been explored; ani-
mal models have been developed and the molecular me-
chanisms of this wear mediated osteolytic process have
been dissected. The information gained from these studies
will help us in better understanding and discerning a com-

prehensive role of size and dose of UHMWPE wear par-
ticles on wear mediated osteolysis.

Figure 1. (top, hip implant) and Figure 2. (bottom, knee implant) are
X-ray images of the periprosthetic region of patients undergoing revision
surgeries. Note the extensive osteolysis around the peri-implant region as
marked by the arrows.

Figure 3. Representative image of a retrieved tibial component from
patient with a failed implant device. Note the extensive wear, delamination
and cracks.
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