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ISO.” TR 16142 Medical devices--Guidance on the selection of standards in support of
recognized essential principles of safety and performance of medical devices
ISO TR 14283 Implants for surgery--Fundamental principles
ISO 16061 instrumentation for use in association with non-active surgical implants--General
requirements
ISO 14630 Non-active surgical implants--General requirements
ISO 21534 Non-active surgical implants--Joint replacement implants--Particular requirements
ISO 21535 Non-active surgical implants--Joint replacement implants--Specific requirements for
hip-joint replacement implants

ISO 7206-1 Implants for surgery--Partial and total hip joint prostheses--Partl : Classification and
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designation of dimensions

ISO 7206-2 Implants for surgery--Partial and total hip joint prostheses--Part2 : Articulating
surfaces made of metallic, ceramic and plastics materials

ISO 7206-3 Implants for surgery--Partial and total hip joint prostheses--Part3 : Classification and
designation of dimensions

ISO 7206-4 Implants for surgery--Partial and total hip joint prostheses--Part4 : Determination of
endurance properties of stemmed femoral components without application of torsion

ISO 7206-6 Implants for surgery--Partial and total hip joint prostheses--Part6 : Determination of
endurance properties of head and neck region of stemmed femoral components

ISO 7206-8 Implants for surgery--Partial and total hip joint prostheses--Part8 : Endurance
performance of stemmed femoral components with application of torsion

ISO 7206-10 Implants for surgery--Partial and total hip joint prostheses--Part10: Determination of
resistance to static load of modular femoral heads

ISO 5834 —4 Implants for surgery--Ultra-high-molecular-weight polyethylene--Part 4:0Oxidation
index measurement method

ISO 5834 — 5 Implants for surgery--Ultra-high-molecular-weight polyethylene--Part
5:Morphology assessment method

ASTM F1440-92 Standard Practice for Cyclic Fatigue Testing of Metallic Stemmed Hip
Arthroplasty Femoral Components Without Torsion (Reap proved 1997)

ASTM F2003-00 Standard Guide for Accelerated Aging of Ultra-High Molecular Weight
Polyethylene

ASTM F2003-02 Standard Practice for Accelerated Aging of Ultra-High Molecular Weight
Polyethylene after Gamma Irradiation in Air

ASTM F2009-00 Standard Test Method for Determining the Axial Disassembly Force of Taper
Connections of Modular Prostheses

ASTM F1612-95 Standard Practice for Cyclic Fatigue Testing of Metallic Stemmed Hip
Arthroplasty Femoral Components with Torsion

ASTM F1820-97 Standard Test Method for Determining the Axial Disassembly Force of a
Modular Acetabular Device (Reap proved 2003)

ASTM F2009-00 Standard Test Method for Determining the Axial Disassembly Force of Taper
Connections of Modular Prostheses

ASTM F2028-00 Standard Test Methods for the Dynamic Evaluation of Glenoid Loosening or
Disassociation

ASTM F2033-00a Standard Specification for Total Hip Joint Prosthesis and Hip Endoprosthesis
Bearing Surfaces Made of Metallic, Ceramic, and Polymeric Materials

ASTM F2102-01 Standard Guide for Evaluating the Extent of Oxidation in

Ultra-High-Molecular- Weight Polyethylene Fabricated Forms Intended for Surgical Implants
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ISO TR9325 Implants for surgery--Partial and total hip joint prostheses--Recommendations for
simulators for evaluation of hip joint prostheses
ISO TR9326 Implants for surgery--Partial and total hip joint prostheses--Guidance for laboratory
evaluation of change of form of bearing surfaces
ISO 14242-1 Implants for surgery--Wear of total hip-joint prostheses--Part 1 : Loading and
displacement parameters for wear-testing machines and corresponding environmental conditions
for test
ISO 14242-2 Implants for surgery--Wear of total hip-joint prostheses--Part 2 : Methods of
measurement
ISO 14243-1 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 test
ISO 17853 Wear of implants materials--Polymer and metal wear particles--Isolation,
characterization and quantification
ASTM F732-00 Standard Test Method for Wear Testing of Polymeric Materials for Use in Total
Joint Prostheses
ASTM F2025-00 Standard Practice for Gravimetric Measurement of Polymeric Components for

Wear Assessment

4. A—T 4 VT NEE
ISO 13779-2 Implants for surgery--Hydroxyapatite--Part 2 : Coatings for hydroxyapatite
ISO 13779-4 Implants for surgery--Hydroxyapatite--Part 4 : Determination of coating adhesion
strength
ASTM C 633-01 Standard Test Method for Adhesion or Cohesion Strength of Thermal Spray
Coatings
ASTM F1044-99 Standard Test Method for Shear Testing of Calcium Phosphate Coatings and
Metallic Coatings
ASTM F1659-95 Standard Test Method for Bending and Shear Fatigue Testing of Calcium
Phosphate Coatings on Solid Metallic Substrates
ASTM F1854-01 Standard Test Method for Stereological Evaluation of Porous Coatings on
Medical Implants
ASTM F1875-98 Standard Practice for Fretting Corrosion Testing of Modular Implant Interfaces:
Hip Femoral Head-Bore and Cone Taper Interface
ASTM F1926-99 Standard Test Method for Evaluation of the Environmental Stability of Calcium

Phosphate Coatings
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ASTM F1047 Standard Test Method for Tension Testing of Calcium Phosphate and Metallic
Coatings’

ASTM F1147-99 Standard Test Method for Tension Testing of Calcium Phosphate and Metal
Coatings

ASTM F1160-00 Standard Test Method for Shear and Bending Fatigue Testing of Calcium
Phosphate and Metallic Medical and Composite Calcium Phosphate/Metallic Coatings

ASTM F1714-96 Standard Guide for Gravimetric Wear Assessment of Prosthetic Hip-Designs in
Simulator Devices

JISH 8666 [+5 3 v R RIRAEREK)

ASTM C633 KA Y#1& (DIN 50 160-A) 735 2 A& (AFNOR NF A91-202) DEAZE

5. RMEERUHRM L AL TOFE S EEE
ISO 5834-1 Implants for surgery--Ultra-high-molecular-weight polyethylene--Part 1:Powder form
ISO 15374 Implants for surgery--Requirements for production of forgings
ISO 16428 Implants for surgery--Test solutions and environmental conditions for static and
dynamic corrosion tests on implantable materials and medical devices
ISO 16429 Implants for surgery--Measurements of open-circuit potential to assess corrosion
behavior of metallic implantable materials and medical devices over extended time periods
ISO 17475 Corrosion of metals and alloys--Electrochemical test methods--Guidelines for
conducting potentiostatic and potentiodynamic polarization measurements
ASTM F746-87 (1999) Standard Test Method for Pitting or Crevice Corrosion of Metallic
Surgical Implant Materials
ASTM F1659-95 Standard Test Method for Bending and Shear Fatigue Testing of Calcium
Phosphate Coatings on Solid Metallic Substrates
ASTM F1854-01 Standard Test Method for Stereological Evaluation of Porous Coatings on
Medical Implants
ASTM F1854-98 Standard Test Method for Stereological Evaluation of Porous Coatings on
Medical Implants
ASTM F1875-98 Standard Practice for Fretting Corrosion Testing of Modular Implant Interfaces:
Hip Femoral Head-Bore and Cone Taper Interface
ASTM F1926-99 Standard Test Method for Evaluation of the Environmental Stability of Calcium
Phosphate Coatings
ASTM F2003-00 Standard Guide for Accelerated Aging of Ultra-High Molecular Weight
Polyethylene
ASTM F2024-00 Standard Practice for X-ray Diffraction Determination of Phase Content of
Plasma-Sprayed Hydroxyapatite Coatings

ASTM G3-89 Standard Practice for Conventions Applicable to Electrochemical Measurements in

12



(15)

(16)

a7

(M

2

3)

“)

)

(6)

(7

®)
©)

(1]

(2]

[3]

Corrosion Testing (Reap proved 1999)

ASTM G5-94 Standard Reference Test Method for Making Potentiostatic and Potentiodynamic
Anodic Polarization Measurements (Reap proved 1999)

ASTM G82-98 Standard Guide for Development and Use of a Galvanic Series for Predicting
Galvanic Corrosion Performance (Reap proved 2003)

ASTM G99-04 Standard Test Methods for Wear Testing with a Pin-on-Disk Apparatus

6. FDA 510k Bg &
Draft Guidance Document for The Preparation of Premarket Notification [511K] Applications for
Orthopedic Devices
Requirements for Ultrahigh Molecular Weight Polyethylene (UHMWPE) Used in Orthopedic
Devices
Class @I Special Controls Guidance Document: Hip Joint Metal/Polymer Constrained Cemented
or Uncemented Prosthesis; Guidance for Industry and FDA
Guidance Document for The Preparation of Premarket Notifications for Ceramic Ball Hip
Systems
Guidance Document for Testing Acetabular Cup Prostheses
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Periprosthetic osteolysis—bone loss in the vicinity of
a prosthesis—is the most serious problem limiting the
longevity 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 original biocompatible phospholipid
polymer 2-methacryloyloxyethyl phosphorylcholine (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-«xB ligand in osteoblasts, and
osteoclastogenesis from bone marrow cells. From the
mechanical and biological advantages, we believe that our
approach will make a major improvement in artificial joints
by preventing periprosthetic osteolysis.

nature materials | VOL 3 | NOVEMBER 2004 | www.nature.com/naturematerials

treatment of osteoarthritis, rheumatoid 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 joints remains the most serious problem limiting their
survival and clinical success?.

Pathogenesis of the periprosthetic osteolysis is known to be a
consequence of the host inflammatory response to wear particles
originating from the prosthetic devices'. Many clinical and animal
studies have shown that themostabundantand bone-resorptive particle
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 tumour necrosis factor-a (TNF-a), interleukin-1 (IL-1)
and IL-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*”8. 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 grafted with MPC onto its
surface. The MPC polymer is our original biocompatible polymer
whose side chain is composed of phosphorylcholine resembling
phospholipids of biomembranes (Fig.la)’. The MPC grafting
onto the surface of medical devices has already been shown to
suppress biological reactions even when they are in contact with
living organisms'®'!, and is now 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 onto 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 PE was confirmed
using highly sensitive X-ray photoelectron spectroscopy (XPS;
PHI5400MC, Perkin Elmer, USA) (Fig. 1b). The peaks in the carbon
atom region (C,,) at 286.5eV and 289 eV, indicating the ether

Total joint replacement is the most significant advance in the
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Figure 2 The friction torque and the wear amount in the hip-joint simulator with three kinds of PE liners. a, Friction torque of the three liners against the femoral
heads measured before the loading test. b, Time course of the wear amount produced from the three liners during 3 x 108 cycles of loading. The CL-PE and MPC-CL-PE
data are shown in an expanded scale on the right. ¢, The wear amount from the CL-PE and MPC-CL-PE liners for every 5 x 10° cycle intervals. d, Representative SEM
images of the wear particles isolated from lubricants of the simulators with CL-PE and MPC-CL-PE liners. The graph below shows the distribution of particles in each size
range. Data are expressed as means (symbols and bars) + s.e.m. (error bars) for 10 liners per group. * significant difference from PE; P<0.01.

bond and the ester bond, respectively, and those in the nitrogen atom
at 403 eV (N,,) and phosphorus atom at 133 eV (P,,) were specific to
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. 1c,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 (ISO). We prepared crosslinked acetabular PE
liners with photoinduced grafting of MPC onto their surface

nature materials | VOL 3 | NOVEMBER 2004 | www.nature.com/naturematerials

(MPC-CL-PE liner), and compared them with crosslinked PE liners
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 simulator, the wear amount 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 a total hip replacement 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 Optical findings of the surfaces of liners and corresponding femoral heads. a, Three-dimensional morphometric and SEM analyses of the liner surfaces (top
and middle, respectively) and SEM analyses of the femoral head surfaces (bottom) before (Pre) and after 3 x 10° cycles of loading. Scale bars, 500 um and 20 um in middle
and bottom, respectively. b, FE-TEM images of the thickness of MPC layer before (Pre) and after (Post) the loading. The bubbles on the surface were produced 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 in the initial 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 cycles of loading revealed much stronger
wear resistance by this grafting (data not shown). Scanning 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 pm (Fig. 2d).
Optical examination of theliner surface usinga three-dimensional
morphometric analysis after 3 x 10° cycles of loading revealed that
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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 manufacturer’s processing still remained on the MPC-CL-PE
liner surface, which were completely obliterated in the two control
liners (Fig. 3a, middle). Furthermore, the field emission transmission
electron microscopy (FE-TEM) analysis 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 abrasive 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

nature materials | VOL 3 | NOVEMBER 2004 | www.nature.com/naturematerials
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metal heads of the hip-joint simulator. Although phospholipids
themselves are known to work as effective boundary lubricants'®**,
recent studies of natural synovial joints have shown that fluid film
lubrication by the intermediate hydrated layer is the predominant
mechanism under physiological 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 are known to be most abundant and catabolic
among wear particles in the periprosthetic tissues®”, alternative
bearing surfaces have been proposed such 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 chopped carbon fibres in PE matrix (Poly II)>*, the
extension of chain crystallite morphology with thicker lamellae
and higher crystallinity (Hylamer)®, and the creation of a three-
dimensional molecular network by the crosslinking. Among them,
only the crosslinking successfully improved the wear resistance and
suppressed the periprosthetic osteolysis in the clinical setting??’. It is
therefore noteworthy that the MPC grafting onto the crosslinked PE
surface further increased the wear resistance over the conventional
crosslinked PE.

nature materials | VOL 3 | NOVEMBER 2004 | www.nature.com/naturematerials

Considering that MPC is a biocompatible polymer, we next
examined biological responses to particles using in vivo and in vitro
models. The MPC polymer was grafted using a solvent-evaporation
technique onto the surface of polystyrene (PS) particles whose size
was approximately 500 nm 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 um. 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. 1b (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 results
indicate that the MPC polymer was stably immobilized on the
surface of the particles.

We first compared the in vivo bone resorption induced by PS
particles with and without the MPC grafting using an established
in vivo murine calvarial model”*®. When non-treated PS particles
were injected beneath the calvarial periosteum, 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 number
and the eroded surface of the calvarial bone that were increased

833

89



ARTICLES

* 800 -
* Control
[ TNFa I IL-1 e ol L)
PS MPC-PS 401 L []ps
; —1B < L = B vPC-Ps
= E 400 -
: S20t 2
Phase _—p— [
L H - -
Fluor L x [ *
uorescence 4F IL-6 s sl ok PGE, —_
Tl Tt
€ £
2 2f =
e o]
. = -, .
[] Control
400 J_ ,
_ Tr- [] Non-immune serum
[ - >
= 5 Anti-TNF-a
@ <
py Anti-ILF1
2 300 .
8 4 anti-iLe
== ;E m Celecoxib
T 150 ; 200 l:] Osteoprotegerin
3 C
2 £
E 100 - =
@
£ 100 : L
0 —_ —— 0 r 7, : 7| : /.
Control PS MPC-PS Control PS MPC-PS

Figure 5 Bone-resorptive responses in cultures exposed to PS particles with and without the MPC grafting (MPC-PS and PS, respectively). a, Phagocytosis of
fluorescence-labelled particles by cultured mouse intraperitoneal macrophages. Phase: phase contrast microscopic image. Fluorescence: fluorescence microscopic image.
Scale bars, 100 um. b, Concentrations of bone-resorptive factors TNF-q, IL-1, IL-6 and PGE, in the supernatants of the mouse macrophage-like cell line J774 culture with
or without exposure to particles. ¢, RANKL expression by mouse primary osteoblasts isolated from neonatal mouse calvariae and cultured in the three kinds of conditioned
media of the J774 cell cultures above. RANKL mRNA levels were determined by semiquantitative RT-PCR (top) and real-time RT-PCR (bottom). GAPDH is glyceraldehyde 3-
phosphate dehydrogenase. d, Osteoclastogenesis in the coculture of mouse bone marrow cells and osteoblasts by the three kinds of conditioned media of J774 cells above,
and inhibition by antagonists to cytokines, PGs and RANKL. Osteoclastogenesis was determined by the number of TRAP-positive multinucleated cells. Data are expressed as
means (bars) = s.e.m. (error bars) for 8—12 cultures per group. * significant difference from control; P<0.01.

four- to sixfold by the implantation of non-treated PS particles, as
compared with those by the solvent alone, but were little affected
by the MPC-grafted particles, indicating that MPC grafting is
biologically inert (Fig. 4b).

To further investigate the cellular and molecular mechanisms
underlying the prevention of osteoclastic bone resorption by the
MPC grafting, we first compared the phagocytosis of fluorescence-
labelled PS particles with and without the MPC grafting by cultured
mouse intraperitoneal macrophages. Although large amounts
of non-treated particles were phagocytosed by macrophages,
the MPC-grafted particles were not taken into the cells, probably
because biocompatible MPC polymer prevented macrophages
from recognizing the particles as foreign bodies (Fig. 5a). We next
examined the secretion of bone-resorptive factors by macrophages

834

exposed to the particles. Concentrations of TNF-a, IL-1, IL-6 and
PGE, in the culture medium of mouse macrophage-like cell line
J774 cells were 4-20 times more stimulated by the exposure to
non-treated PS particles than those without the exposure; however,
the exposure to the MPC-grafted particles affected none of them
(Fig. 5b). When the conditioned media of J774 cells were added to
a mouse osteoblast culture, the receptor of NF-kB ligand (RANKL)
was strongly expressed by the medium exposed to non-treated
particles, but not by that exposed to the MPC-grafted particles
(Fig. 5¢). These results indicate that the MPC grafting prevented the
secretion of resorptive factors by macrophages and the subsequent
RANKL expression by osteoblasts. Finally, osteoclastogenesis in the
coculture of mouse bone marrow cells and osteoblasts was increased
about sevenfold by the conditioned medium of J774 cells exposed

nature materials | VOL 3 | NOVEMBER 2004 | www.nature.com/naturematerials
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to non-treated PS particles as compared with the control, and this
stimulation was significantly inhibited by addition of anti-TNF-a, anti-
IL-1 or anti-IL-6 antibody, a cyclooxygenase-2 (COX-2) inhibitor
celecoxib, and a RANKL inhibitor osteoprotegerin; this confirmed
the involvement of some network systems of these factors in the
osteoclastogenesis by wear particles. Contrarily, the conditioned
medium of J774 cells exposed to the MPC-grafted particles did
not increase osteoclastogenesis (Fig. 5d). These biological findings
indicate that the MPC grafting can successfully inhibit the bone-
resorptive response to wear particles to levels similar to those of
recently developed pharmacological therapies such as cytokine
antagonists, COX-2 inhibitors and osteoprotegerin”®. Because the
lack of side effects of the MPC grafting has already been confirmed
clinically by several medical devices'>", this surface grafting will
surpass the pharmacologic therapies that possibly cause serious side
effects during a long period of administration after surgery.

For these biological studies, we initially tried to use the PE wear
particles isolated from the hip-simulator experiment above; however,
it turned out to be impossible because the PE particles could not be
isolated from the lubricants without damaging the MPC polymer layer.
The lubricants after loading contain abundant and adhesive proteins
that were degraded and precipitated by the heat generated by the head-
liner friction. For the isolation of PE particles, it is essential to digest the
proteins using strong hydroxide?®*"*?, which cannot avoid breaking the
chemical structure such as the esteratic bond of the MPC unit. In fact, the
XPS analysis of the surface of isolated particles revealed the lack of the
MPC polymer layer. In addition, even if we could isolate the PE particles
with MPC grafting properly, the amount from the MPC-CL-PE liner
was too small to be used for the biological experiments. We therefore
attempted to graft MPC onto the surface of new PE particles or the wear
particles from the simulator experiment; however, the floating nature
of PE on the liquid surface due to the low specific gravity made the
photoinduced polymerization of MPC impossible, because the grafting
procedure requires that the particles be agitated in the liquid®. Hence, for
the biological experiments we used PS particles that have conventionally
been used for the in vivo and in vitro analyses of particle-induced
osteolysis as a substitute for PE>****. PS is a hydrocarbon polymer just like
PE, but has a higher specific gravity than PE. Because these two polymers
share similar physical and chemical properties—electrically neutral and
little chemical sensitivity—we believe that biological responses to these
particles are also similar.

Taken together, the present results demonstrate that grafting MPC
onto the PE liner surface of the hip prosthesis markedly decreased
the friction and the production of wear particles. In addition, even if
the particles were produced by friction, they were biologically inert
with respect to phagocytosis by macrophages and subsequent bone-
resorptive responses: secretion of cytokines and PGE,, induction of
RANKL, and osteoclastogenesis.

Although this study focused on the hip prosthesis, whoseloosening
is the most frequent and serious among total joint replacements
of upper and lower extremities, the MPC grafting can be used for
the prevention of periprosthetic osteolysis of other joints, in which
PE particles from articular interfaces are also known to initiate the
catabolic cascade®*¢. From the mechanical and biological advantages
shown in this study, we believe that the MPC grafting will make a
significant improvement in total joint replacements by preventing
periprosthetic osteolysis and aseptic loosening. The development of
this technique would improve the quality of care of patients having
total joint replacements and have a substantial public health impact.
We are now designing a large-scale clinical trial.

METHODS .

For mechanical analyses, a 12-station hip-joint wear simulator apparatus (MTS, MTS Systems,
Minneapolis, Minnesota) with three kinds of PE liners in 42 mm acetabular cups: non-crosslinked PE

nature materials | VOL 3 | NOVEMBER 2004 | www.nature.com/naturematerials

liner (K-MAX, Japan Medical Materials, Osaka), crosslinked PE liner (K-MAX Excellink), and MPC-
grafted K-MAX Excellink, coupled to 22 mm cobalt—chromium-molybdenum alloy heads (K-MAX
HH-02, Excellink), was mounted on rotating blocks to produce biaxial or orbital motion'é. The simula-
tor experiment was performed according to the international standard of “implants for surgery — wear
of total hip-joint prosthesis” established by ISO (#14242-1; 2002), which was proved to be closest to the
physiological conditions. Briefly, a Paul-type loading profile, which is a physiological walking simulati
with continuous cyclic motion and loading, was applied (maximum force = 280 kgf, frequency = 1 Hz)*”
in the lubricant of distilled water containing 25% bovine calf serum. Friction torque between the liner
and the femoral head was measured using a torque measuring instrument. The simulator was run up to
3 x 10° cycles, and the change of lubricant and gravimetric measurement of the liners were performed
every 5 x 10° cycles. For the isolation of wear particles, the lubricant after the loading was incubated
with 5 N NaOH solution in order to digest adhesive proteins that were degraded and precipitated; the
particles were then collected and underwent sequential filtrations, as reported previously®. The size of
particles was defined as the maximum dimensions by SEM analysis.

For biological analyses, all animal experiments were performed according to the guidelines of
the International Association for the Study of Pain®*, and were approved by the committee of Tokyo
University charged with confirming ethics. The in vivo mouse calvaria experiment was performed
as reported previously’. Briefly, after exposing the calvaria of mice, a subperiosteal injection of PS
particles (average diameter = 468 nm; Polysciences, Warrington, Pennsylvania) with or without the
MPC grafting, or an equal volume of solvent (deionized water) alone was performed.

Mice were sacrificed seven days after the surgery, and the calvaria was excised, fixed, and decalcified
in EDTA. Osteoclastogenesis in the coronal histological sections was determined by TRAP staining.
The sections were subjected to histomorphometric analyses under a light microscope with a micrometer,
and parameters for bone resorption were measured as reported previously®. For the phagocytosis
experiment, mouse intraperitoneal macrophages were isolated, exposed to fluorescence-labelled particles,
cultured for 1 h, and observed with a fluorescence microscope. Mouse macrophage-like cell line ]774 cells
(Riken Cell Bank, Saitama, Japan) were exposed to particles and cultured for 24 h. The supernatants were
subject to cytokine and PGE, measurements using the ELISA method, and were used as the conditioned
media for the following assays. For the RANKL expression assay, mouse osteoblasts isolated from
neonatal calvariae were cultured in the conditioned media for 24 h. RANKL expression in osteoblasts
was measured using the semi-quantitative and real-time reverse transcription polymerase chain reaction
(RT-PCR) analyses. The information on the primers is available upon request. For osteoclast formation
assay, mouse primary osteoblasts above and bone marrow cells isolated from adult mouse long bones
were cocultured in the conditioned media in the presence or absence of anti-TNF-a, anti-IL1, anti-IL-
6 antibody, control non-immune serum, celecoxib or osteoprotegerin. Cells were stained with TRAP,
and those positively stained and containing more than three nuclei were counted as osteoclasts. For the
statistical analysis, means of groups were compared by ANOVA and the significance of differences was
determined by post-hoc testing using Bonferroni’s method.
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