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Highly lubricated polymer interfaces for advanced
artificial hip joints through biomimetic design

Kazuhiko Ishihara

For long-lasting artificial hip joint implants, it is necessary to reduce the wear of the acetabular liner composed of ultra-high-

molecular-weight polyethylene (UHMWPE) and to eliminate periprosthetic osteolysis. An articular cartilage-mimicking technology

has been developed for nanoscale surface modification by grafting poly(2-methacryloyloxyethyl phosphorylcholine) (MPC) onto a

highly cross-linked UHMWPE (X-UHMWPE) using photoinduced polymerization. The thickness of the poly(MPC) graft layer is

100–200 nm. This treatment increases the surface hydrophilicity. Other hydrophilic polymers grafted onto the X-UHMWPE are

not suitable for long-term functioning under biological conditions. Studies of the tribological and biological effects with poly

(MPC) grafted onto the X-UHMWPE substrate revealed that this grafting decreases the production of wear particles and bone

resorption responses. The poly(MPC)-grafted X-UHMWPE has been introduced onto an artificial hip joint as a liner for

lubrication. This artificial hip joint has been used clinically since 2011 and has been implanted in more than 20 000 patients.

This technology has also been applied to the surface modification of PMPC on poly(ether ether ketone) (PEEK), using self-

initiated photoinduced grafting, for the development of a new type of artificial joint. This articular cartilage-mimicking

technology, which is applied to obtain highly lubricating surfaces, is therefore suitable for preparing artificial hip joint substrates.
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INTRODUCTION

Progress in the development of medical devices has been strongly
correlated to changes in human society and has helped to provide a
good quality of life. Many medical devices, including single-use devices
and long-term implantable artificial organs, have been developed and
are being used for treating serious medical conditions. Polymer science
and technology have played an extremely important role in the
development of these medical devices. Various conventional polymeric
materials have been employed to fabricate such devices and developed
to resolve specific biological problems when they are used in medical
treatments.1–4 For example, polysulfone and cellulose acetate are
currently used as hollow fiber materials for a hemodialyzer. Although
blood dialysis therapy using the hemodialyzer is successful for
extending the life of patients with kidney disease, thrombus formation
and immunoreactions because of activation of the complementary
system are currently major issues associated with this treatment.
Furthermore, expanded polytetrafluoroethylene has been applied for
the fabrication of artificial valves and artificial vascular prostheses.
However, implantation of these devices requires permanent adminis-
tration of an antiplatelet reagent to prevent clot formation. Thus, new
polymeric materials with good blood compatibility and antithrombus
function are strongly required.
Total hip arthroplasty (THA) with an artificial hip joint is one of the

most effective treatments for severe arthritis patients; the number of
these treatments has been increasing due to the increase in the
population of the elderly.5–7 Improvements have been made in

implant design and surgical techniques. However, aseptic loosening
following periprosthetic osteolysis remains a serious problem, which
limits patient survival and clinical success. Up to 20% of patients
implanted with artificial hip joints with conventional PE develop
aseptic loosening within 10 years, and approximately half of these
patients become disabled due to pain and loss of function.8,9 The only
therapeutic intervention is revision surgery. The number of these
incidents has been increasing and is projected to double by the year
2026. This will lead to an increasing social and economic impact10,11

unless some limiting mechanism can be successfully implemented to
prevent periprosthetic osteolysis.
The most widely used bearing couple for an artificial joint system

for THA involves the combination of an ultra-high-molecular-weight
polyethylene (UHMWPE) acetabular liner and a cobalt–chromium
(Co–Cr) alloy femoral head (Figure 1). It is known that UHMWPE
has good mechanical properties with low friction. However, when
creating a lubrication interface between UHMWPE and the Co–Cr
alloy, wear of the polymer occurs and small particles are produced,
even under biological conditions. Periprosthetic osteolysis is triggered
by the host inflammatory response to the UHMWPE wear particles
generated from the interface,12 which induces phagocytosis by
macrophages and the subsequent secretion of bone resorption
cytokines.13 Hence, various studies have been conducted with the
aim of reducing the formation of UHMWPE wear particles. Among
these, cross-linking of UHMWPE through gamma-ray irradiation
leads to a 42–93% reduction in the wear rate compared with
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conventional PE in vivo.14–16 Clinical results involving wear resistance
of the polymer (X-UHMWPE) are now in medium-term follow-up.
The reported percentage of reductions in the rate of femoral head
penetration have ranged from 23 to 95%, depending on which
conventional PE was used as the control.17 Another strategy for
reducing the formation of wear particles is to change the femoral head
material from metal to ceramics to reduce friction against the PE
liner.18–20

From the viewpoint of the interfacial chemistry of polymeric
materials, the surface lubrication of PE is expected to be improved
by combination with other polymers at the interface. Considering that
the healthy human cartilage joint surface is covered with a nanoscale
phospholipid layer,21 grafting a phospholipid-like layer onto the liner
surface may lead to an ideal lubricity, resembling that of the
physiological joint surface. This may be an ideal surface for the design
of a joint interface that is suitable for long-term use under biological
conditions. In this review, the basic concepts and scientific back-
ground for highly lubricating interfaces prepared on PE will be
introduced, and their performance in an artificial hip joint will be
discussed. In addition, the processes for the development of an
artificial hip joint installed with this novel lubrication interface will
be explained.

ARTICULAR CARTILAGE LUBRICATION

Learning the functions of nature and mimicking them in artificial
systems are important in the development of novel technologies. Every
human joint is covered with cartilage to provide essential lubrication.
Generally, the articular cartilage consists of a collagen network,
hyaluronic acid and proteoglycan subunits.22 The proteoglycan sub-
units form a hydrogel-like surface layer, along with the joint synovia.
Although the binding that exists between the proteoglycan subunits
and the hyaluronic acid has been detected,23 the binding between the
hyaluronic acid and the collagen network is not yet well understood.
The friction coefficients of joints increased when the hydrogel-like
layer on the cartilage surface was removed.24 When this hydrogel layer
was removed, the joint surface was only lubricated by the joint synovia
or hyaluronic acid; for example, following the loss of the hydrogel
composed of the proteoglycan subunits, the friction coefficient of the
joints increases and cannot be recovered. This indicates not only that
the proteoglycan aggregates bond with the collagen network through
physical adsorption but also that the hydrophilic macromolecules on
the joint surface play an important role in reducing friction. A

previous study has reported that the natural water-soluble macro-
molecules present on the cartilage surface are likely to have a
hydrophilic brush-like structure; a part of this proteoglycan aggregate
brush bonds with the collagen network on the cartilage surface
(Figure 2).25 The remainder of the proteoglycan aggregates float freely
in the joint synovia.
Although the lubrication mechanism of human joints has been

extensively studied for a long time, this mechanism is still not clearly
understood. The lubrication of joints is considered to mainly involve
hydration lubrication.26,27 That is, extremely hydrophilic macromole-
cules reduce friction by promoting the formation of a fluid film that is
retained by attractive forces of the water molecules, indicating that
these attractive interactions are critical for achieving the low friction
necessary for smooth motion of the joints.28 The lubrication of human
joints appears to occur by hydration lubrication because the structure
of the surface layer of the joints is similar to that of the gelled material.
A new mechanism known as ‘surface gel hydration lubrication’ has
been proposed to describe joint lubrication in cases where such
hydrophilic macromolecules are involved.25

Water is attracted by the hydrophilic macromolecules in the surface
layer and has an important role in lubrication. Because most
macromolecules are flexible, they cannot support a load by themselves.
It is thus likely that the water in the surface layer supports most of the
load. Frictional forces arise as a result of the adhesion of macro-
molecules to the counter surface. The time-dependent properties of
these friction forces can be interpreted as follows (Figure 3).29 Under a
load, water exudes slowly from the surface layer, with or without
sliding. As a result of water loss, the thickness of the surface layer is
reduced, and the water content in the surface layer decreases.
Consequently, the degree of adhesion of this surface to the opposite
bearing surface increases along with the frictional force. Therefore, it
may be concluded that the amount of friction essentially depends on
the water content in the surface layer and that ‘hydration lubrication’
leads to low friction and wear.
The lubrication of an artificial hip joint mainly occurs through a

mechanism that differs from that of natural human joints and that is
also considerably less effective. The bearing couple is structurally rigid
and composed of nonporous materials, which do not allow for the
biophysical mechanisms responsible for lubrication in natural joints.
When artificially restoring joint function, it is important for the same
level of lubrication as in natural joints to be achieved. The primary
advantage of this bearing couple is that it allows for the design of
anatomically accurate hip joints. Therefore, substituting or modifying
the bearing surfaces of artificial joints with a hydrogel structure should
increase lubrication to levels that match those of articular cartilage
under physiological conditions. Because a bearing surface with a

Figure 1 Artificial hip joint system for THA.

Figure 2 Schematic model of the cartilage surface.
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hydrogel structure composed of hydrophilic macromolecules should
be very similar to that of articular cartilage, these materials will allow
for hydration lubrication and are well suited for this application.

BIOMIMETIC SURFACE MODIFICATION WITH GRAFTING

OF A HYDROPHILIC POLYMER

Polymer brush surface prepared by surface-initiated living radical
polymerization
Surface modification is one of the important technologies for
preparing new multifunctional materials. In artificial hip joints, the
modification of bearing surfaces with a hydrophilic polymer posses-
sing a brush-like structure is assumed to be similar to that of articular
cartilage. The hydration lubrication interface of such joints can also be
considered to mimic natural joint cartilage in vivo. The grafting of
polymers onto various surfaces has long been studied and has an
important role in many areas of biomaterial science and technology.
Recent efforts have focused on the synthesis of ‘polymer brushes’, in
which the polymer chains stretch out from the surface of the
substrate.30,31 There are two primary methods for modifying a planar
substrate with an organic polymer: physical coating or chemical
grafting (to and from the surface). When physical coating techniques,
such as spin and dip coating, are applied, the polymer is simply
adsorbed onto the substrate surface and may diffuse away when the
substrate is immersed into a good solvent for the dissociation of the
polymer. By contrast, the ‘grafting from’ approach can be used to
synthesize high-density polymer brushes,32 which can dramatically
change conformation in solvents by varying the graft density
(Figure 4). At low graft densities, these brushes will be in a ‘mush-
room-like’ conformation, with the coil dimensions being similar to
that of their free chains. With increasing graft density, the graft chains
are forced to stretch away from the substrate, forming a ‘polymer
brush.’ Such high-density brushes are considerably thicker and range
in size from a few nanometers to several micrometers. This significant
increase in thickness is attributed to the fact that the ‘grafting from’

layers have substantially higher grafting densities than those of the
‘grafting to’ layers.
Takahara et al.33–36 and Klein et al.37–39 prepared polymer brush

surfaces of polyelectrolytes and evaluated the lubricity at the interfaces.
The surface-initiated living polymerization provides well-defined
polymer brush surfaces, where the chain density and chain length of
graft polymers could be regulated. They observed that extremely
hydrophilic polyelectrolyte brush surfaces in water showed high
lubrication characteristics. However, they found that there are some
effects from inorganic salts present in the medium. These phenomena
were discussed by considering the effects of the salts on the polymer
conformation.

Photoinduced graft polymerization of hydrophilic monomers onto
PE in aqueous medium
For the industrial manufacturing of highly lubricated surfaces, a
conventional radical polymerization is necessary. The grafting of a
hydrophilic polymer onto PE is performed using a photoinitiated
‘grafting-from’ polymerization with the corresponding monomer,
such as the zwitterionic 2-methacryloyloxyethyl phosphorylcholine
(MPC).40,41 The methacrylate monomer MPC, with an electrically
neutral phospholipid polar group (phosphorylcholine group) in the
side chain, is the basic unit for creating novel polymer biomaterials,
following the design and development by Ishihara et al.42–44 MPC is
currently produced on an industrial scale worldwide and is commer-
cially available. The photoinitiated graft polymerization reaction,
which uses a typical water-insoluble photoinitiator, benzophenone
(BP), is shown in Figure 5. The photochemical radical formation with
this reaction is a well-known and widely used photoinduced reaction
with polymers. First, a physically coated layer of BP on the PE surface
is excited by ultraviolet irradiation. This excites the BP to its triplet
state, which abstracts a hydrogen atom from the -CH2- group. The
generated radical is capable of initiating the graft polymerization of the
monomer. This technique has several important benefits. These
benefits include the direct grafting of the polymer chains on the PE,
resulting in the formation of C–C covalent bonds between the
polymer chains and the PE substrate, high mobility of the polymer
chains, high density and the ability to control the length of the graft
introduced on the polymer.
A comparison among the surface modification methods of

X-UHMWPE has been made to understand the effect of polymer
chains at the interface on friction stability. Here, two types of MPC
polymer are used. The first is poly(MPC-co-n-butyl methacrylate)

Figure 3 Schematic representation of hydration lubrication.

Figure 4 Graft polymer conformation depends on the density of polymer
chains.
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(MPC unit mole fraction is 0.30). The poly(MPC-co-n-butyl metha-
crylate is used for surface coatings on implantable artificial hearts.44

The second MPC polymer is poly(MPC-co-3-methacryloyloxypropyl
trimethoxysilane) for chemical reacting on the surface. First, a plasma
treatment was applied to the surface of the X-UHMWPE substrate,
and then the poly(MPC-co-3-methacryloyloxypropyl trimethoxysi-
lane) was reacted with the hydroxyl groups generated on the surface.
The dynamic friction coefficients of the physically hydrophilic
polymer-coated X-UHMWPE increased to the level of the dynamic
friction coefficient of untreated X-UHMWPE (Figure 6).45 These
results indicate that the hydrophilic polymer-coated layers are
detached from the X-UHMWPE surface. Therefore, the physical
attachment by molecular interactions is ineffective in the case of large
and multidirectional loads. By contrast, the hydrophilic polymer-
grafted X-UHMWPE exhibited an extremely low and stable dynamic
friction coefficient and volumetric wear compared with those of
untreated X-UHMWPE and hydrophilic polymer-coated
X-UHMWPE. The surface hydrophilic graft polymer layer is bound

with the substrate through chemical covalent bonding. Therefore, the
benefits of the surface modification layer used in artificial joints are
expected to be retained long term.
Kyomoto and Ishihara et al. prepared hydrophilic polymer layers

bearing various types of charges, namely, non-ionic, cationic, anionic
or zwitterionic, on X-UHMWPE surfaces using the photoinduced
radical polymerization procedure explained above.46 These monomers
are oligo(ethylene glycol) monomethacrylate (OEGMA), 2-(N,N-
dimethylaminoethyl) methacrylate (DMAEMA), 2-(methacryloylethyl)
phosphoric acid (MPA), and MPC, respectively. The employed
approach only renders the surface of the X-UHMWPE substrate
susceptible to modification and does not affect its bulk properties.47,48

The hydrophilicity of the polymer-grafted X-UHMWPE surfaces
increased gradually with the photoirradiation time (Figure 7).49 For
example, the poly(MPC)-graft X-UHMWPE shows a low contact
angle of ~ 30°. The hydrophilic polymer-grafted X-UHMWPE surface
is imparted with wettability from the presence of a hydrophilic
polymer layer. The hydrated layer clearly affects the friction response;
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Figure 5 Schematic representation of the graft polymerization of 2-methacryloyloxyethyl phosphorylcholine) (MPC) using benzophenone (BP) as an initiator.
[BP]T indicates the triplet state of BP.

Figure 6 (a) Illustration of various modification modes on the substrate with hydrophilic polymers and (b) coefficient of dynamic friction of the untreated
cross-linked ultra-high-molecular-weight polyethylene (X-UHMWPE), physical coating with poly(2-methacryloyloxyethyl phosphorylcholine) (MPC)-co-n-butyl
methacrylate) (PMB), chemical reaction with poly(MPC-co-3-methacryloyloxypropyl trimethoxysilane) (PMSi) and chemical grafting of poly(MPC) on
X-UHMWPE as a function of loads in the ball-on-plate friction test.45 Data are expressed as the mean± standard deviation.
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the dynamic friction coefficients of the hydrophilic polymer-grafted
X-UHMWPE surface are considerably lower than those of the
untreated X-UHMWPE surface. This result is attributed to the
hydrophilicity of the surface, as is also evident from the reduction
in the static water contact angles of the hydrophilic polymer-grafted
surfaces.46

The improvement in the dynamic friction coefficients of the
hydrophilic polymer-grafted surface with an increase in loading has
revealed some very interesting observations. The hydrophilic polymer-
grafted layer cannot follow Amonton’s first law, F=mN, where F is
the frictional force, m is the friction coefficient and N is the normal
force, which can be stated as the frictional force is proportional to the
normal force of two dry solid surfaces sliding against one another; that
is, a variable friction coefficient of hydrophilic polymer-grafted surface
indicates that the bearing surface or interface does not provide solid
lubrication.50 The viscoelastic X-UHMWPE substrate is slightly
deformed by the loads. Consequently, a low friction coefficient may
be necessary to accumulate a larger volume of water in the thin film
over the larger contact area of the concave surface.45

Characteristics of poly(MPC)-grafted PE
Moro and Ishihara et al. have fabricated an artificial hip joint based on
the concept of ‘hydration lubrication’ by grafting poly(MPC) onto the
surface of X-UHMWPE (poly(MPC)-grafted X-UHMWPE). This
material was designed to reduce wear and suppress bone
resorption.51–53 As mentioned above, the hydrogel-like cartilage
surfaces can be assumed to have a brush-like structure; a part of the
proteoglycan aggregate brush is bonded with the collagen network on

the cartilage surface.25 The bearing surface with grafted poly(MPC) in
artificial hip joints is assumed to have a brush-like structure, similar to
that of articular cartilage (Figure 8). Molecular simulations of the poly
(MPC) chain revealed that the polymer chain assumes a stretched
conformation in water.44 This is because the hydrophilic phosphor-
ylcholine units face a water-contacting surface with the hydrophobic
backbone embedded with the phosphorylcholine group. In addition,
the volume of the phosphorylcholine group is extremely large
compared with the methacrylate unit. Both of these effects operate
cooperatively, and the conformation of the poly(MPC) is rod-shaped
and rigid. Therefore, the grafted chains of poly(MPC) on the
X-UHMWPE may stand up from the substrate with associated water
molecules when they are in aqueous medium. The hydration lubrica-
tion interface can therefore be considered to mimic natural joint
cartilage in vivo.
An important characteristic of MPC polymers is their excellent

biocompatibility. They provide unique surface properties of high
lubricity and low friction, anti-protein adsorption and cell adhesion
resistance.43,44,54–60 MPC polymers are one of the most readily
available biocompatible and hydrophilic polymers studied thus far,
and they have potential applications in a wide variety of fields,
including biology, biomedical science and surface chemistry. These
polymers can form a thin film of free water under physiological
conditions.44,55,61,62 The use of MPC polymers has already led to the
development of several medical devices. These devices have been
employed in clinical practice with the approval of the Ministry of
Health, Labour and Welfare of Japan and the Food and Drug

Figure 7 Static contact angles by water of various hydrophilic polymer-grafted X-UHMWPE surfaces as a function of photoirradiation time.46 The substrates
are (a) poly(oligo(ethylene glycol) monomethacrylate(OEGMA)), (b) poly(2-(N,N-dimethylaminoethyl) methacrylate (DMAEMA)), (c) poly(2-(methacryloylethyl)
phosphoric acid (MPA)) and (d) poly(2-methacryloyloxyethyl phosphorylcholine) (MPC)). Data are expressed as the mean± standard deviation.

Highly lubricated polymer interfaces
K Ishihara

589

Polymer Journal



Administration (FDA) of the United States; therefore, the efficacy and
safety of MPC polymers as a biomaterial are well established.63–80

Surface properties of hydrophilic polymers grafted on
X-UHMWPE: comparison of the chemical structure of graft
polymer chains
The graft polymerization process resulted in the formation of uniform
polyelectrolyte layers on the X-UHMWPE surface, as observed from
the cross-sectional transmission electron microscopy images in
Figure 9a; the thickness of these layers was 100–150 nm. As shown
in Figure 9b, the dynamic friction coefficients for the polyelectrolyte-

grafted X-UHMWPE samples ranged from 0.01 to 0.05, representing a
40–85% reduction compared with those of untreated X-UHMWPE.
The effects of the chemical structure of graft polymer chains on

lubricity have been reported.46 The dynamic friction coefficients of the
poly(OEGMA)- and poly(MPC)-grafted X-UHMWPE surfaces, with
respect to different lubricants, do not differ significantly. For all
lubricants, the dynamic friction coefficient of the poly(MPC)-grafted
X-UHMWPE is significantly less than that of poly(OEGMA)-grafted
X-UHMWPE; a similar relation is observed with the values of the
static water contact angles of the two types of polyelectrolyte-grafted
X-UHMWPE surfaces. The dynamic friction coefficients of the poly
(DMAEMA)- and poly(MPA)-grafted X-UHMWPE dramatically

Figure 8 Schematic illustration of a poly(2-methacryloyloxyethyl phosphorylcholine(MPC))-grafted surface and molecular simulation of the poly(MPC) chain.44

Figure 9 (a) Cross-sectional transmission electron microscopy images and (b) dynamic friction coefficients in the ball-on-plate friction test under various
lubrication conditions for untreated cross-linked ultra-high-molecular-weight polyethylene (X-UHMWPE) and various hydrophilic polymer-grafted X-UHMWPE
samples.46 Data are expressed as the mean± standard deviation. DMAEMA, 2-(N,N-dimethylaminoethyl) methacrylate; MPA, 2-(methacryloylethyl) phosphoric
acid; MPC, 2-methacryloyloxyethyl phosphorylcholine; OEGMA, oligo(ethylene glycol) monomethacrylate.
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increased in a simulated body fluid and bovine serum, respectively. In
addition, untreated X-UHMWPE also exhibited increased friction in
bovine serum lubricant compared with that in water. The surface zeta
potentials of the untreated X-UHMWPE and the poly(OEGMA)- and
poly(MPC)-grafted X-UHMWPE are close to zero. By contrast, the
surface zeta potential of the poly(DMAEMA)-grafted X-UHMWPE
with cationic grafted polymer layers is strongly positive, whereas that
of the poly(MPA)-grafted X-UHMWPE sample with anionic grafted
polymer layers is strongly negative. The amounts of bovine serum
albumin adsorbed on the surface of the poly(OEGMA)-, poly(MPA)-
and poly(MPC)-grafted X-UHMWPE with nonionic, anionic and
zwitterionic polymer layers were significantly smaller. However, in the
case of the poly(DMAEMA)-grafted X-UHMWPE, the amount of
adsorbed bovine serum albumin was higher. These findings indicate
that the type of charge (nonionic, cationic, anionic or zwitterionic) of
the graft polymer layer affects the hydration and friction kinetics of the
X-UHMWPE-bearing surface. The dynamic friction coefficient mea-
sured during a ball-on-plate friction test using water as the lubricant
depends on the hydrophilicity of the surface (that is, on the static-
water contact angles), as shown in Figures 7 and 9b. The surfaces of all
the polyelectrolyte-grafted X-UHMWPE exhibited considerably higher
lubricity than did the surface of the untreated X-UHMWPE when
water was used as a lubricant. This result is because the water
molecules in the hydration layers of the hydrophilic polymer or
polyelectrolytes act as highly efficient lubricants.46,81,82 However, when
other lubricants were used, the surface of the polyelectrolyte-grafted
X-UHMWPE samples with cationic and anionic polymer layers
exhibited characteristics that were significantly different from those
of the hydrophilic polymer- and zwitterionic polymer-grafted
X-UHMWPE, even though all the surfaces were highly hydrophilic.
The poly(DMAEMA)-grafted X-UHMWPE exhibits a higher dynamic
friction coefficient in bovine serum, which contains proteins such as
albumin and γ-globulin, than in water or simulated body fluid during
the ball-on-plate friction test.33 Poly(DMAEMA) has positively
charged –NH+(CH3)2 groups at neutral pH; this group, in turn,

attaches to negatively charged molecules. For example, albumin
molecules have negative charges at physiological pH values (pH 7.4).
This implies that the presence of protein molecules at the bearing
interface increases the resistance to sliding motion. Because proteins
are adsorbed on the Co–Cr–Mo alloy counterface,83,84 the high
resistance to sliding motion can be attributed to either a stronger
adhesive interaction or to the interpenetration of the adsorbed protein
films formed on both the poly(DMAEMA)-grafted X-UHMWPE and
the Co–Cr–Mo alloy surfaces. However, the poly(DMAEMA)-grafted
X-UHMWPE cups exhibit high wear resistance at high loads during
the hip simulator test despite the fact that they show a high dynamic
friction coefficient in bovine serum during the ball-on-plate friction
test. This may be because the protein film adsorbed from the bovine
serum is ‘squeezed out’ of the bearing interface at high loads.85 By
contrast, the surface of the poly(MPA)-grafted X-UHMWPE exhibits
considerably lower lubricity in simulated body fluid during the ball-
on-plate friction test. The chemical structure of the negatively charged
PMPA is characterized by the presence of a large number of trap sites
for positively charged inorganic ions. Hence, the poor lubricity of the
surface of the poly(MPA)-grafted X-UHMWPE can be attributed to
the shrinkage or bridging of the negatively charged polyelectrolyte
chains; this reduces the mobility of the chains in solutions containing
positively charged inorganic ions.33,46,81

A long-term hip simulator test has been conducted to understand
the stability and durability of the hydrophilic polymer-grafted
X-UHMWPE liners. This hip simulation test was conducted under
ISO 14242-3 conditions to compare X-UHMWPE with polymer-
grafted X-UHMWPE acetabular liners against a 26-mm Co-Cr alloy
femoral head. Bovine calf serum (25 vol%), diluted in distilled water,
was used as a lubricant. The amount of wear on the specimen after 106

cycles as evaluated by this test corresponds to that of the human life-
time of 10 years under normal conditions.
The poly(OEGMA)- and poly(MPC)-grafted X-UHMWPE cups

exhibit high wear resistance during the hip simulator tests (Figure 10),
as well as low dynamic friction coefficients, during the ball-on-plate

Figure 10 (a) Picture of hip simulator testing device and (b) time course of gravimetric wear of various hydrophilic polymer-grafted cross-linked ultra-high-
molecular-weight polyethylene (X-UHMWPE) cups during hip simulator test.46 Data are expressed as the means± standard deviations. DMAEMA, 2-(N,N-
dimethylaminoethyl) methacrylate; MPA, 2-(methacryloylethyl) phosphoric acid; MPC, 2-methacryloyloxyethyl phosphorylcholine; OEGMA, oligo(ethylene
glycol) monomethacrylate.
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friction tests (Figure 9b). In particular, the highly hydrated surface
layer of the poly(MPC)-grafted X-UHMWPE provides extremely
efficient lubrication under all conditions. Moreover, the surface zeta-
potential of the surface of poly(MPC)-grafted X-UHMWPE is close to
zero because the ionic group in the MPC unit forms an inner salt, and
the electrostatic effects are diminished. Therefore, the zwitterionic-
grafted polymer layers only attract water molecules and repel proteins
and positively charged inorganic ions. This characteristic is similar to
that of the nonionic polymer-grafted surfaces. It has been reported
that the water molecules adsorbed on the surfaces of highly hydro-
philic and zwitterionic polymer (that is, poly(MPC)) brushes act as
lubricants to reduce the friction between the brushes and the counter
surface.39 Recent efforts to identify hydrophilic polymers, including
polyelectrolytes, have focused on tribological studies of surface-
attached molecules, seeking to emulate those found at the cartilage
surface.41,82,86 However, the wear properties of the poly(DMAEMA)-
and poly(MPA)-grafted X-UHMWPE during the hip joint simulator
tests demonstrate that the mechanism of action of the polyelectrolyte-
grafted layer cannot be explained merely in terms of fluid-film
lubrication. Therefore, it is assumed that the primary factor respon-
sible for the low friction and the high wear resistance is the high
degree of hydration of the polymer layer, as is the case with the
zwitterionic poly(MPC)-grafted layer; water molecules in the hydra-
tion layers act as highly efficient lubricants.41,82,87 From these
fundamental studies, it can be confirmed that poly(MPC)-grafting is
a promising approach for modifying the surface of X-UHMWPE to
obtain stable and highly lubricating systems. This justifies the placing
of the poly(MPC) grafting layer on the acetabular liner of artificial hip
joints.

POLY(MPC)-GRAFTED X-UHMWPE FOR ARTIFICIAL HIP JOINTS

Material properties of poly(MPC)-grafted X-UHMWPE
In Figure 11, a time course of the gravimetric wear of X-UHMWPE
cups without and with poly(MPC)-grafting during 20 million cycles of
loading is shown. Virtually no clear reduction of weight is observed,
even after 2 × 107 cycles; that is, there is no significant wear after ~ 20
years of normal life.88 This effect is independent of whether the
X-UHMWPE substrate is crosslinked and of the material used for the
femoral heads.53 The poly(MPC)-grafted X-UHMWPE cups exhibit a

greater than 90% reduction in the steady wear rate after these hip
simulator tests compared with the untreated X-UHMWPE specimen.
Furthermore, a poly(MPC)-grafted X-UHMWPE liner showed a
continuous weight gain during 7× 107 cycles, confirming that the
poly(MPC) graft layer is maintained even after 7 × 107 cycles. The
increased wear resistance is likely due to the hydrated lubricating layer
formed by poly(MPC) grafting. One of the important functions of a
nanoscale layer of poly(MPC) with cartilage-mimicking structures on
a X-UHMWPE liner surface may be to provide hydrophilicity and
lubricity identical to those of the physiological joint surface. This
suggests that this approach may be promising for extending the
longevity of artificial hip joints for THA.50 It is assumed that the
hydrated bearing surfaces of artificial joints modified with poly(MPC)
exhibit fluid-film lubrication (that is, hydration lubrication25,89) and
suggests that such artificial hip joints mimic cartilage, or the surface-
active phospholipid layer on the cartilage, in natural joints.47 Although
the poly(MPC) layer has no direct analog with the cartilage surface,
which contains a surface-active phospholipid layer, the findings
support the hypothesis that highly hydrated macromolecules on such
surfaces have a role in chondroprotection and lubrication. Finally, a
nanoscale poly(MPC) layer on a X-UHMWPE surface can confer high
durability on the acetabular cup bearings used in THA. These
observations may have implications for future studies on surface
modification using cartilage-like, or surface-active phospholipid layer-
like layers, which will be of great importance in the design of
lubricated surfaces for artificial joints.
The poly(MPC)-grafted X-UHMWPE cups show a slight increase in

weight. This behavior is partially attributed to the absorption of the
medium in the tested cups being greater than that in the load-soak
controls, which is in line with the standard ISO14242. The weight loss
in the tested cups is corrected, when using the gravimetric method, by
subtracting the weight gain in the case of the load-soak controls.
Generally, increased crosslinking in the X-UHMWPE degrades its

mechanical properties, producing a trade-off between wear-resistance
and mechanical properties.90,91 It is desirable to reduce wear while
maintaining the mechanical properties required for proper in vivo
function. The advantage of photoinduced radical graft polymerization
results from the fact that the grafted poly(MPC) only gives a high
lubricity on the surface and has no effect on the bulk properties of the
X-UHMWPE substrate. This indicates that photoscission occurs as a
sub-reaction and/or the photoinduced radical graft polymerization
proceeds only on the surface of the X-UHMWPE substrates, whereas
the properties of the substrates remain unchanged.

Biological performance
The production of wear particles in THA is recognized as the main
factor behind the initiation of periprosthetic osteolysis and aseptic
loosening.92,93 The inflammatory cellular response to particles is
hypothesized to be dependent upon factors such as particle number,
size, shape, surface area and materials.94 With the poly(MPC)-grafted
X-UHMWPE cups, the number of wear-generated particles isolated
from the lubricants of the hip simulator tests decreased significantly.
The wear particles collected from these poly(MPC)-grafted
X-UHMWPE liners are on the scale of sub-micrometers, independent
of poly(MPC) grafting. However, because the wear-generated particles
are produced in extremely small amounts, they cannot be classified
according to size. The majority of the wear-generated particles from
the untreated X-UHMWPE surfaces have sizes in the range of 0.1 to
1.0 μm. In addition to enhancing the wear resistance of the cups,
reducing the bone resorptive responses to the wear-generated particles
is also important for preventing periprosthetic osteolysis. Such

Figure 11 Time course of gravimetric wear of cross-linked ultra-high-
molecular-weight polyethylene (X-UHMWPE) cups without and with poly(2-
methacryloyloxyethyl phosphorylcholine (MPC))-grafting during 20 million
cycles of loading. Data are expressed as the means± standard deviations.88
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responses are dependent not only on the total number of wear-
generated particles but also on the proportion of particles that are
within the most biologically active size range. It has been shown that
polymer particles (polystyrene (PSt) particles of ~ 0.50 μm in
diameter) covered with poly(MPC) are biologically inert with respect
to phagocytosis by macrophages and subsequent bone resorptive
actions (Figure 12).51 Concentrations of bone-resorptive factors, such
as tumor necrosis factor-α, interleukin-1, interleukin-6 and prosta-
glandin E2, increased with the addition of polymer particles; however,
poly(MPC)-modified particles did not induce such increases in these
concentrations. That is, the poly(MPC) grafting could suppress such
biological responses. An increasing number of studies are exploring
potential pharmacological modifications for the adverse host response
to wear particles using agents such as cytokine antagonists,
cyclooxygenase-2 inhibitors and osteoprotegerin, or anti-receptor
activators of nuclear factor-kappa B ligand antibody. However, they
may cause serious side effects because these must be taken for a long
period after surgery and they are also not currently targeted to the site
of the problem.

Clinical applications
Aquala, poly(MPC)-grafted X-UHMWPE, is a new generation
X-UHMWPE fabricated using a patented grafting process of MPC
on the PE developed by research group at the University of Tokyo
and commercialized by KYOCERA Medical Corporation (Osaka,
Japan). Takatori et al. performed multicenter clinical trials of the
poly(MPC)-grafted X-UHMWPE cups in 80 consecutive patients
who underwent THA for a Charnley Class A or Class B painful,
non-infectious hip disorder between 2007 and 2009 at the University
of Tokyo and various hospitals in Japan.95 Close monitoring
of the clinical performance of the cups and accurate quantification
of their wear rates are essential for the early recognition of unforeseen
problems. With respect to the safety of these implants, clinical
trials demonstrated that THA using this liner shows good clinical
results, and no adverse events associated with the liner were observed
after implantation. Therefore, this liner should be considered to be a
safe option in hip replacements. Osteolysis was not observed,

and revision surgery was not necessary for up to 7 years post
surgery. Considering the efficacy of poly(MPC) grafting in reducing
wear, it has reported that the steady-state femoral head penetration
rate of poly(MPC)-grafted X-UHMWPE acetabular liners was
~ 0.002mm per year, which is less than 10% of that of conventional
X-UHMWPE used clinically at present (Figure 13).96 On the
basis of the results of the clinical trials and other related evidence,
the Japanese government (Ministry of Health, Labor and Welfare)
approved the clinical use of poly(MPC)-grafted X-UHMWPE
acetabular liners in artificial hip joints in April 2011. In addition,
from the data collected to date for over 20 000 clinical applications
(March 2015) of poly(MPC)-grafted X-UHMWPE liner in Japan, it

Figure 12 In vitro and in vivo bone resorptions in mouse calvariae. (a) Concentrations of tumor necrosis factor-α (TNF-α), interleukin (IL)-1, IL-6 and
prostaglandin E2 (PGE2) in the supernatants of the mouse macrophage-like cell line J774 culture exposure to polystyrene (PSt) particles and those with poly
(2-methacryloyloxyethyl phosphorylcholine (MPC)) grafting (poly(MPC)-grafted PSt); *Significant difference from control (Po0.01), (b) bone resorption
induced by an injection of the PSt or poly(MPC)-grafted PSt particles into mouse calvariae; representative histological findings of injected sites where
osteoclasts were stained red with tartrate-resistant acid phosphatase.51

Figure 13 Femoral head penetration at 6 months, 12 months and
36 months after surgery. The values of femoral head penetration are
calculated using the position at 3 weeks as the original position. Standard
deviation bars are displayed.96 X-UHMWPE, cross-linked ultra-high-
molecular-weight polyethylene.
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has also been found that neither wear nor any osteolysis were observed
during follow-up assessment periods that spanned a minimum of
5 years.

FUTURE PERSPECTIVES

The quality of implanted artificial joints is becoming increasingly
important with the need for functional, durable and natural joint-like
artificial implants. The author believes that an important research goal
for the future is the creation of an artificial joint interface that mimics
the natural joint cartilage. Fortunately, the author has proposed a way
to achieve this goal, which is to use poly(MPC)-grafted X-UHMWPE
liners. Considering that poly(MPC)-grafted X-UHMWPE liners show
enhanced lubrication, one can expect improved long-term clinical
results from their use. In addition to its effects in providing high wear
resistance, the poly(MPC) grafting on X-UHMWPE liner also provides
high oxidative stability and excellent mechanical properties for life-
long orthopedic bearings. That is, this surface modification can be
applied to any type of polymeric material, composites, metals and
ceramics. For example, a study is currently underway for the
fabrication of a highly lubricious nanoscale modified surface using
poly(MPC) grafting onto the surface of an antioxidative X-UHMWPE
substrate involving vitamin E blending.97,98

In 2009, Kyomoto and Ishihara discovered a special photochemical
reaction with the super-engineering plastic poly(ether ether ketone)
(PEEK).99 Recently, PEEK has been the focus of major attention as
new type of polymeric biomaterial, where the potential has been
recognized for the substitution of metal and ceramic biomaterials. It
has good mechanical properties, chemical stability, and as a biomater-
ial, the fabrication of PEEK is much easier than that of ceramic and
metal biomaterials. However, considerable functionalization of the
surface of PEEK will be required for the development of implantable
medical devices based on it. PEEK has aromatic ketone units in the
main chain, which is the same chemical structure as BP. Conse-
quently, PEEK may be activated by photoirradiation to induce radical
formation at the surface. If so, when the monomer exists in the
reaction system, polymerization of the monomer is spontaneously

initiated at the PEEK surface, leading to grafting and layer formation
there (Figure 14). The graft polymerization of MPC has been carried
out as follows: the PEEK substrate was immersed in an aqueous
solution of MPC and irradiated with light at 365 nm for 60min at 60 °
C. A 100- to 150-nm-thick poly(MPC) layer was generated using a
very easy procedure. Surface characterization and evaluation of
biological response are currently underway.100–103 This will be a new
polymeric biomaterial that possesses good mechanical and biological
properties.
Such a functional, durable and natural surface will find widespread

application in medical devices, such as artificial joints, and will
also be important for biomaterials and bioengineering sciences. The
surface of articular cartilages consists of a collagen network, hyaluronic
acid and proteoglycan subunits. However, the functions of the
articular cartilage surface have not yet been fully elucidated. A
bioengineered surface based on a new hydrogel-like biomaterial
will help provide information on this. In addition, biotribological
studies should help to elucidate properties, such as hydration
lubrication of the articular cartilage surfaces. Recent advances in
regenerated tissue engineering have provided us with regenerated
cartilage. The poly(MPC)-grafting substrate can be used for evaluating
the performance of this regenerated cartilage as a counter surface of
lubrication. The author believes that such polymers and bioengineered
surfaces will be key for joint arthroplasty and that this issue will be
addressed by future scientists working on biomaterials and in
biotribological science.
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