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COVYER STORY

CHEMISTRY IMPROVES WEAR IN ARTIFICIAL JOINTS

Friction of metallic hip
prostheses against
polyethylene-lined cups in
artificial joints causes bone
loss through an inflammatory
response to wear particies. It
is a serious problem with dire
consequences that ultimately
can undermine improvements
in implant design and surgical
techniques. H. Kawaguchi and
colleagues have now found a
way to overcome this problem
through a chemical
maodification of the
polyethylene surface. Through

a photoinduced polymerization Grafting of a blocompatible phospholipid
technigue they grafted a polymer on the articulating surface of

] q . Yo . polyethyiene artificial joints drasticaily
biocompatibie phospholipid reduces wear and may prevent

polymer, 2- periprosthetic bone loss.

methacryloyloxyethyi

phosphoryicholine, to the polyethylene surface. This has a surprisingly
positive effect on the amount of wear. Moreover, biological experiments
suggest that the bone-resorption response wiil be avoided for wear
particles from the phospholipid-grafted surface.

Article
Surface grafting of artificial joints with a biocompatible polymer

for preventing periprosthetic osteolysis

TORU MORO, YOSHIO TAKATORI, KAZUHIKO ISHIHARA, TOMOHIRO KONNO,
YORINOBU TAKIGAWA, TOMIHARU MATSUSHITA, UNG-IL CHUNG, KOZO
NAKAMURA & HIROSHI KAWAGUCHI

Nature Materials 3, 829-836
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Periprosthetic osteolysis—bone loss in the vicinity of
a prosthesis—is the most serious problem limiting the
fongevity of artificial joints. it is caused by bone-resorptive
responses to wear particles originating from the articulating
surface. This study investigated the effects of graft
polymerization of our ofiginal biocompatible phasphalipid
polymer 2-methacryloyloxyethyl phosphonytcholine (MPC)
onto the polyethylene surface. Mechanical studies using
a hip-joint simulator revealed that the MPC grafting
markedly decreased the friction and the amount of wear.
Osteoclastic bone resorption induced by subperiosteal
injection of particles onto mouse calvariae was abolished
by the MPC grafting on particles. MPC-grafted particles
were shown to be biologically inert by culture systems
with respect to phagocytosis and resorptive cytokine
secretion by macrophages, subsequent expression of
receptor activator of NF-«B ligand in osteoblasts, and
osteoclastogenesis from bone marrow cells, From the
mechanical and biclogical advantages, we believe that our
approach will make a major improvement in artificial joints
by preventing periprosthetic osteolysis.

nature materials | ADVANCE GNLINE PUBLICATION | www.nature.com/raturematesizls

treatment of osteoarthritis, rhewmatoid arthritis and other

arthritic diseases affecting major joints of the upper and lower
extremities’. Despite improvements in implant design and surgical
techniques, periprosthetic osteolysis causing aseptic loosening of
artificial joinis remains the most serious problem limiting their
survival and clinical success?.

Pathogenesis of the periprosthetic osteolysls is known to be a
consequence of the host inflammatory response to wear particles
originating from the prosthetic devices™. Many clinical and animal
studieshaveshown that themost abundant and bone-resorptive particie
within the periprosthetic tissues is polyethylene (PE) generated from
the interface between the PE and metal components*®. A key role has
generally been attributed to the phagocytosis of the PE particles by
macrophages, followed by secretion of prostaglandin E, (PGE,) and
the cytokines tamour necrosis factor-a (TNFE-a), interleukin-1 (11-1)
and 1L-6 (ref. 6). These bone-resorptive factors induce the expression
of a receptor activator of NF-kB ligand, the key member-associated
molecule for osteoclastogenesis, in osteoblasts, consequently resulting
in osteoclastic bone resorption™, Hence, reducing the production
of wear particles and bone-resorptive responses may lead to the
elimination of periprosthetic osteolysis. Based on this hypothesis,
we prepared a novel hip PE component grafied with MPC onto its
surface. The MPC polymer is our original biocompatible palymer
whose side chain is composed of phosphorylcholine resembling
phospholipids of biomembranes (Fig.1a)®. The MPC grafting
onto the surface of medical devices has already been shown to
suppress biological reaciions even when they are in contact with
living organisms®™®!, and is mow clinically used on the surfaces of
intravascular stents, intravascular guide wires, soft contact lenses
and the oxygenator (artificial lung) under the authorization of the
Food and Drug Administration of the United States'>, The present
study investigated the mechanical and biological effects of the MPC
grafting onfo the surface of the PE component of artificial joints.

Grafting of the MPC onto the PE surface of hip acetabular
liners was performed by a photoinduced polymerization technique,
producing a covalent bond between the MPC and PE polymers
(Fig. 1a}*’. The stable grafting of MPC on the PB was confirmed
using highly sensitive X-ray photoelectron spectroscopy (XPS;
PHIS409MC, Perkin Ebmer, USA) (Fig. 1b). The peaks in the carbon
atom region (G} at 286.5¢V and 289 &V, indicating the ether

Tota] jaint replacement is the most significant advance in the
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bond and the ester bond, respectively, and thosein the nitrogen atom
at 403 eV (N,,) and phosphorus atom at 133 ¢V {P,,) were specificto
the phosphorylcholine group in the MPC unit,

To assess the lubricity and hydrophilicity, the MPC was grafted
onto the PE plate (MPC-PE plate). The friction coefficient measured
using a tensile test device and the contact angle of a water drop
measured using the sessile drop method with a goniometer on the
MPC-PE plate were about 1/7 and 1/5, respectively, of those on the
non-grafted PE plate (Fig. 1¢,d). These results indicate that the MPC
grafting on PE greatly increases both lubricity and hydrophilicity.

Mechanical effects of the MPC grafting on the hip prosthesis
were examined using a hip-joint wear simulator’® under the
conditions recommended by the International Organization for
Standardization (I150). We prepared crosslinked acetabular PE
liners with photoinduced grafting of MPC onto their surface

natre materials | ADVANCE ONLINE PUBLICATION | wony.ziature com/raturemnaterizls

(MPC-CL-PE liner), and compared them with crosslinked PE Iiners
without the MPC grafting {CL-PE liner) and non-crosslinked PE
liners without the MPC grafting (PE liner). The friction torques of
the three liners against the femoral head were compared before the
loading test. There was no difference between PE and CL-PE liners;
however, the MPC-CL-PE liner showed 80-90% lower torque than
these two (Fig, 2a). Throughout the 3 x 10° cycles of gravimetric
loading by the hip-joint simufator, the wear amourt of the MPC-
CL-PE liner was about 4 and 40 times less than those of the CL-PE
and the PE liners, respectively (Fig. 2b). Clinically, the wear rate at
the initial stage after 3 total hip replacernent is thought to be well
correlated with the incidence of periprosthetic osteolysis, because
the wear particles may gain access to the articulation and accelerate
the additional wear by a three-body mechanism". In fact, the time-
course analysis of the wear amount for every 5 x 10° cycle intervals
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Figure 3 Opticai findings of the surfaces of liners and correspanding femortal heads. a, Three-dimensional morphometric and SEM anatyses of the liner surfaces (fop
and middle, respectively) ard SEM analyses of the femoral head surfaces (bottom) before {Pre} and after 3 x 108 cycles of loading. Scale bars, 500 um and 20 pm in middle
and bottam, respectively. b, FE-TEM images of the thickness of MPC layer before (Pre) and after (Post) the loading. The bubbles on the surface were preduced in the process

of preparing the specimen. Scale bars, 100 nm.

revealed that the amount from the CL-PE liner was about twice as
large as that from the MPC-CL-PE fri theinitial cycles, and somewhat
increased in the later cycles (Fig. 2c). Contrarily, about 70% of the
total wear amount was produced from the MPC-CL-PE liner in the
initial 1 x 10° cycles, and decreased thereafter. In the last 5 x 10°
cycles, the wear amount of MPC-CL-PE was less than 1/20 that of
CL-PE. Although the present 3 x 10° cycles of 280 kgf (kilogram
force) load is assumed equivalent to 3-10 years of physical walking,
this result suggests that the mechanical effect of the MPC grafting
will be maintained or somewhat more pronounced even after
loading beyond 3 x 10° cycles, In fact, our preliminary simulator
experiment with 1 x 107 cyeles of loading revealed much stronger
wear resistance by this grafting (data nat shown). Scamning electron
microscopy (SEM; JSM-5800LV, JEOL, Tokyo, Japan) analysis of the
wear particles isolated from the lubricants revealed no significant
difference of the particle size distribution between CL-PE and MPC-
CL-PE liners, the great majority of which was 0.1-1.0 ym (Fig. 2d).
Opticalexamination of theliner surfaceusing a three-dimensional
morphometric analysis after 3 x 16° cycles of loading revealed that

4

there was little or no wear in the MPC-CL-PE liner, whereas substantial
wear was detected in the PE and CL-PE liners (Fig. 3a, top). The SEM
analysis of the liner surface revealed that the original machine marks
by the mamufacturer’s processing still remained on the MPC-CL-PE
tner surface, which were completely obliterated in the two control
liners (Fig. 3a, middle). Furthermuore, the field etmission transmission
electron microscopy (FE-TEM) antalysis showed that most of the liner
surface was covered by the MPC polymer layer even after 3 x 10° cycles
of loading (Fig. 3b). The XPS analysis also confirmed the remainder
of the specific spectra of C,, P, and N,, on the MPC-PE liner surface
just as in Fig. 1b after the loading (data not shown). Contrarily, the
SEM analysis of the femoral head showed no difference among
the three groups (Fig.3a, bottom}. The femoral heads were free
of visible scratches and the surface roughness expressed by the R,
values was not different before or after the loading in all groups
(R, = 0.05-0.06 pm), suggesting there was no dbrasive contamination
with metal particles from the heads in the hip-joint simulator,

With respect to the reduction of wear by the MPC grafting, we
should consider the lubrication mechanism between the liners and
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Figtme 4 s vive bone resorption in moise calvarias. Resarption induced by a subperiosteal injection of an aliquat of PS particles with and without the MPC grafting
{MPC-PS and PS, respectively} or an equal volume of solvent alone {contral). a, Representative histalogica findings of the injected sites where osteoclasts were stained

red with TRAR Scale bars, 100 ym. b, Histomosphomeitic analyses of the infected sites: number of mature ostenclzsts in 100 mm of bone perimeter (0c.N/8.Pm; top) and
percentage of eroded surfaces (ES} / bone surfaces (BS) (bottom). Data are expressed as means (bars) + s.e.m. feror bars) for 8 calvariae per group. * significant difference

from contral; P<0.01.

metal heads of the hip-joint simulator. Although phospholipids
themselves are known to work as effective bovmdary lubricants™'s,
recent studies of natural synovial joints have shown that fluid film
lubrication by the intermediate hydrated layer is the predominant
mechanisi under physiclogical walking conditions®. Because the
present study revealed that the MPC grafting onto the PE plate
increased the hydrophilicity (Fig.1d) and our previous study
showed that the free-water fraction on the MPC polymer surface is
kept at a higher level”, the reduction of wear is likely to arise from
the hydrated lubricating layer that is formed by the MPC grafting.

As PE particles ate known to be most abundant and catabolic
among wear particles in the periprosthetic tissues®™>, alternative
bearing surfzces have been proposed sich as ceramic-on-ceramic
and metal-on-metal articulations; however, these have their own
potential disadvantages®™®. The long history and popularity of
PE as a bearing surface has led to research in the development
of tougher and more wear-resistant PE materials: the incorporation
of short chepped carbon fibres in PE mafrix (Poly H)**, the
exiension of chain crystallite morphology with thicker lamellae
and higher crystallinity (Hylamer)®, and the creation of a three-
dimensional malecular network by the crosslinking. Among them,
only the crosslinking successfully improved the wear resistance and
suppressed the periprosthetic ostenlysis in the clinical setting®+. It is
therefore noteworthy that the MPC grafting onto the crosslinked PE
surface farther increased the wear resistance over the conventional
crosslinked PE.
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Considering that MPC is a biocorapatible polymer, we next
examined biclogical responses to particles using in vive and in vitre
models. The MPC polymer was grafted using a solvent-evaporation
technique onto the surface of polystyrene (PS) particles whose size
was approximately 500 mm in diameter, based on the result above
(Fig. 2d) and previous findings>™ that the mean particle size from
clinically failed prostheses is around 500 nm with >90% of particles
less than 1 ym. The XPS spectra of C,,, P, and N,, on the surface
of the PS particles grafted with MPC were quite similar to that of
the MPC-PE liner surface as shown in Fig. b (data not shown).
Although the surface electrical potential {{-potential) of the surface
of non-grafted PS particles determined using electrophoretic light
scattering was around -66.0 mV, the MPC grafting neutralized the
potential to —2.5 mV, as we reported previously®. These resulls
indicate that the MPC polymer was stably immobilized on the
surface of the particles.

We first compared the it vivo bone resorption induced by PS
particles with and without the MPC grafting using an established
in vive murine calvarial model™”. When non-treated PS8 particles
were injected beneath the calvarial periostenm, notable stimulations
of tartrate-resistant acid phosphatase (TRAP)-positive osteoclast
formation and bone resorption with inflammatory reaction were
observed (Fig. 4a). However, subperiosteal injection of the MPC-
grafted particles did not induce bone resorption. This effect was
confirmed by histomorphometric analysis: the osteoclast mumber
and the eroded surface of the calvarial bone that were increased
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