L—F—Kic L 2% (L—HF—@B LUER
HsE) %177 L—F RIS AOLE
FEHEDL, BANHoROAKERET (K
B AEohAZehs, BE (z#) K\
DEFCIVEFORKAEREL, TORO
Ao MESMMrBoND. SHIKE
(x@h, y#h) HmEcEETAHILICLD, 3K
OV EERIBOND. Fh L—-F—@i
FHTORKOERTBRE, LB ONE,

] *

Virgin i220kg D EA M A, TOFEB %
5284, 10544 2 voORATIREED
REIXERTHERYBYFIIA—Ta v OR
B N do o, 16F% 4 2 VT,
M TRELRBRERON, 773 47—
YavogtErBooht: (®1). —4, &
W2 5 2 B0 2 Vv EfEB LT
LIEMME@IMSITHY, FIIR—-T 3
UIIRELES ol IHRIZH L Taged D
&, SkgOWETHEABEMA - HELERE,
WTFhOEFETHI00H A 2 VETICTF T3

10,000 cycle

direction.

100,000 cycle

BRI F 2 H =2 A, Vol 33, 2012,

A=TaryPgELLE (B2). &KL, 30
FRBOHFEEB L 9 L, BHECIE S HE
WELDD, TAFhIYERETTZ I A—
arvhaRELTWE ZofhT, ZEIZES
PTFIIA~Ya YOBRENEDH LN VY
OO, BETHREO®R VIS ¥, TRREsh
2 (FO—HleE2FIZREITRT). i,
RETIRELEARL 5 2 TiREVHLE
Z, SORFORBROVABBEICALRZNES
A% x HEEEBIRL ETHEL —¥—#l
BEfTok @BORE (W3-(@L) T’
HEXREVETHRTEL LS, RS HHOWM
REAEETECBRELTEZMERETS. &
DE, MHL—F—KORHIKE VR
HOF— 7 OANFRIGF S, NE2 T v 738
gahiw (M3-@T). =% AErsv
7 FHoOBRBRAVCHBHEBEICEEAZVLD
WRLTHETS (R3-(btk) &, Zoft
BTEARZ 7 7050
Kehbiw, HWEEZ Iy 7 NBTE22 (K
3-(b)F). HRLIOHE HEREIEE
NTAE2 5 v 2 b WHFFTIR L —F— KD

1,000,000 cycle

& 1, Optical microscopic images of virgin specimens. Upper row shows those tested under U-shaped
motion. Lower row shows those tested under simple reciprocating motion, Arrows indicate sliding
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10 kg
[®12. Optical microscopic images of aged specimens. Upper row shows those tested under U-shaped motion.
Lower row shows those tested under simple reciprocating motion. Two direction arrows indicate
sliding direction. Short arrows indicate bright spots.
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[ 4. Magnified images of the internal crack. (a) Color image, (b) laser image (full range of scan) and (c)

laser image (limited range of scan). Arrows indicate sliding direction. Broken lines indicate estimated

position of the internal crack.

(a)

5. Three-dimensional profile of the internal crack. (a) Result of full range of scan showing smooth
specimen surface only. (b) Result of limited range of scan showing the internal crack (shown in

(b)

blue} surrounded by noise area (shown in green),
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6. Cross-section of the internal crack.
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Possibility of wear property evaluation of articulating materials for artificial
joints by the geometric method.

Hideyuki SAKODA, PhD, Masayuki KYOMOTO, PhD.,, Yuuki INOUE, PhD,,
Kazuhiko, ISHTHARA, PhD.,, Atsuko MATSUQOKA, PhD.

Abstract

Since wear debris generation on the bearing surfaces of artificial joints has been found as a
cause of joint loosening, research on more wear-resistant material has been actively carried out.
Many reports of negative wear on such novel wear-resistant materials, however, strongly indicate
that the existing wear evaluation method is inappropriate to evaluate the low wear of these
materials.

The latest laser microscope has a resolution of 1 nm, which provides the possibility of
geometrical evaluation of very low wear. In this study, we investigated the effects of soaking and
loading on the weight and dimensions of some bearing materials in order to discuss the possibility
of a geometric method, instead of the existing gravimetric method for evaluation of wear.

Ultra-high molecular weight polyethylene (UHMWPE) and two polyetheretherketone
(PEEK) materials (PEEKs, PEEK and carbon fiber-reinforced PEEK) were machined into wear
pin specimens and soaked in bovine serum-based lubricant under or without a load. Weight and
height of the specimens were periodically measured after washing.

Amount of water absorption of PEEKs was 30 times higher than that of UHMWPE and the
weight of PEEKs was not stable during weighing. UHMWPE showed height change of 0.7% under
a load of 20 kg while PEEKs showed no change irrespective of loading.

The marked water absorption and dimensional stability of PEEKs indicate that the geometric
method is more suitable for these materials than the gravimetric method.

Key words : artificial joint, wear test, UHMWPE, PEEK.
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Abstract

This review article describes fundamental aspects of cell membrane-inspired phospholipid
polymers and their usefulness in the development of medical devices. Since the early 1990s,
polymers composed of 2-methacryloyloxyethyl phosphorylcholine (MPC) units have been
considered in the preparation of biomaterials. MPC polymers can provide an artificial cell
membrane structure at the surface and serve as excellent biointerfaces between artificial and
biological systems. They have also been applied in the surface modification of some medical
devices including long-term implantable artificial organs. An MPC polymer biointerface can
suppress unfavorable biological reactions such as protein adsorption and cell adhesion — in
other words, specific biomolecules immobilized on an MPC polymer surface retain their
original functions. MPC polymers are also being increasingly used for creating biointerfaces

with artificial cell membrane structures.

Keywords: phospholipid polymers, biocompatibility, biointerface, surface modification,

medical devices

1. Development of MPC polymer science

The cell membrane is considered the best surface for smooth
interaction with biological components such as proteins and
cells. A model of the structure of a cell membrane, which
is well known as the fluid-mosaic model, was proposed
by Singer and Nicolson [1]. According to this model,
amphiphilic phospholipids are arranged in a bilayer structure
and proteins are located in or on it. The distribution of
these components is asymmetric, that is, negatively charged
phospholipids such as phosphatidylserine are predominantly
found on the inner, cytoplasmic side of the membrane,
whereas neutral, zwitterionic phosphorylcholine lipids such as
phosphatidylcholines are more commonly located in the outer
leaflet [2]. Phosphatidylcholine provides an inert surface for

1468-6996/12/064101+14$33.00

the biological reactions of proteins and glycoproteins to occur
easily on the membrane. This fact is extremely important for
the design of a biointerface that can function between artificial
and biological systems.

A new concept was proposed for designing blood-
compatible polymeric materials with cell membrane-like
surfaces; this concept uses 2-methacryloyloxyethyl phospho-
rylcholine (MPC, figure 1), which is a methacrylate monomer
with a phosphorylcholine (PC) group. Although MPC
polymers were studied back in 1978, their properties were
not understood [3]. The synthesis of MPCs was rather
difficult and complex, and therefore sufficient amounts of
pure MPC could not be obtained. Later, Ishihara et al
established a refined and complete process for the synthesis
and purification of MPC [4]. This achievement brought about

© 2012 National Institute for Materials Science Printed in the UK
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Figure 1. Chemical structure of MPC.
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Figure 2. Schematic of molecular designs (a) and surface
modification (b) performed with MPC polymer science.

considerable progress in the development of MPC polymers
as biomaterials.

In 1999, with the cooperation of Ishihara and
Nakabayashi and the support of the Japan Science and
Technology Agency, the Japanese chemical company NOF
Corporation built the world’s first commercial plant to
produce MPC and its polymers on an industrial scale.

Because MPC is easily polymerized, numerous MPC
polymers having a wide variety of molecular architectures,
that is, random copolymers [5], block-type copolymers [6-9],
graft-type copolymers [10-13], and terminal-functioned
polymers [10, 14], have been prepared, as shown in
figure 2(a). Polymerization of MPC and its derivatives are
summarized in this review article [15]. MPC polymers are
soluble in water, and the solubility can be easily adjusted
by changing the structure and fraction of the comonomers.
Free-radical polymerization is one of the most preferable
processes to make MPC polymers and typical initiators
including redox types [16].

In recent years, much effort has been focused on the
development of a ‘living’ free-radical polymerization process,
which would be useful in the syntheses of homopolymers
and block copolymers with controlled molecular weight and
narrow molecular weight distribution. Armes et al developed
the atom transfer radical polymerization (ATRP) of MPC, and
many studies on this topic have been reported [17-21]. This
method of polymerization can be used to introduce a specific
functional group in the terminal of the polymer chain and
produce a variety of multi-branched polymers [17, 22-24].

Reverse addition fragmentation transfer (RAFT)
polymerization is another process with a living
polymerization approach. It is useful for making block and
end-functional polymers and various types of amphiphilic
MPC copolymers. RAFT polymerization of MPC was first
performed by Yusa et al [25] and elaborated in further
reports [26-28]. This method of polymerization was also
performed in protic media; in contrast with the ATRP process,

CH; Ha
-(-CH2—|C b (UHE—-(':-);—
=0 =0
ocH:,x::Hzotllaoc»izcwgu~(CHJ)3 OCH,CH,CH,CH,
o

n/m = 30/70: PMB37

Figure 3. Chemical structure of BMB37.

it does not require the removal of metal catalysts from the
polymers [29-31].

2. Surface design with MPC polymers

2.1. Coating of artificial materials with MPC polymers

Figure 2(b) shows the available surface modification
processes with MPC polymers on substrates [32]. Among
them, the coating process is most appropriate and suitable
for immobilization of MPC polymers. Considering the
molecular interactions expected between the polymers and
the surface, a hydrophobic group should be introduced in the
MPC polymers. For this purpose, random copolymerization
of MPC with an alkyl methacrylate is commonly used
for preparation of the MPC polymers [5]. Not only the
solubility of the wetting solvent for the substrate but also
the molecular weight of the MPC polymer is important
for achieving an adequate and stable coating [33, 34].
The most common MPC polymer for a coating on the
substrate is poly(MPC-co-n-butyl methacrylate) (that is,
poly(MPC-co-n-BMA) or PMB, figure 3) with 30 mol% of
the MPC unit in the polymer (PMB37) [4, 5, 32]. The MPC
polymer coating surface shows a higher contact angle for
water because the hydrophobic alkyl methacrylates enriched
at the air—material interface reduce surface free energy. The
surface is dynamic; thus, surface equilibrium with aqueous
media is necessary to orient the polar PC groups in the
MPC units at the surface [35]. To shorten the equilibrium
period, the mobility of the PC groups has been studied as
a function of the chemical structure of monomer [35, 36],
solvent composition [37], and types of comonomers [38].
For example, polydimethylsiloxane (PDMS) is one of the
most commonly used materials. However, coating of PDMS
with another polymer is difficult because of its extreme
hydrophobicity and high mobility of the polymer chains.
Fukazawa et al developed a system of MPC polymer and
solvent for coating [39], that is, poly(MPC-co-2-ethylhexyl
methacrylate-co-N,N-diethylaminoethyl methacrylate) (ab-
breviated as poly(MPC-co-2-EHMA-co-N,N-DEAEMA) or
PMED) in a 20 vol% solution of ethanol in water. PMED
stably covers the PDMS surface owing to complex molecular
interactions such as hydrophobic interaction induced by
the EHMA units and electrostatic force generated by the
DEAEMA units. The solvent composition regulates the
PMED conformation in the solution by spreading the polymer
chains.

By comparison with random polymers, a block-type
polymer with a poly(MPC) segment has much higher mobility
and enrichment of PC groups at the surface. Other segments
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Figure 4. Preparation of a micropatterned poly(MPC) brush surface.

in such a block-type polymer play an important role in
attaching the poly(MPC) segment to the substrate [31, 40].
Layer-by-layer molecular integration is also applicable for
modifying the substrate with MPC polymers [41-43].

2.2. Hybridization of MPC polymers with
conventional materials

For the surface modification of materials, the formation
of blending [44-49] and interpenetrating networks
(IPNs) [50-54] is effective in reducing the elution of
MPC polymers from the substrate. Segmented polyurethane
(SPU) and polysulfone (PSf) are engineered polymers that
are suitable for this task because of their good mechanical
properties [44-46]. Blends of SPU and PSf with MPC
polymers can be prepared by solvent evaporation. The MPC
content can be optimized to improve the surface properties of
the blend while preserving the mechanical properties of SPU
and PSf.

2.3. Grafting of MPC polymers on materials

Graft polymerization of MPC is a familiar method used to
modify surface properties; the modified surface is relatively
stable because the graft polymers are connected to the
substrate by covalent bonding. Graft polymerization can
be achieved by chemical reactions [55, 56] as well as by
physical treatments such as plasma treatment [57], corona
discharge [58], and photoirradiation [59, 60]. Comb-shaped
MPC graft polymers at the interface do not need reorientation
with aqueous media to exhibit nonfouling properties. As
an alternative method, surface-initiated ATRP (SI-ATRP) of

MPC was also applied for surface modification of a solid
surface [61-63]. This procedure is called ‘grafting from’
and can be used to prepare dense polymer brushes—cf with
the adsorption of functionalized polymers to solid/liquid
interfaces, which is called ‘grafting to’ because of steric
hindrance of the polymers [64]. Surface patterning of polymer
brushes is not only of interest for many applications ranging
from microelectronics to biomaterials, but is also useful
for scientific studies of surface-tethered polymer films. The
poly(MPC) brush region and its dimensions can be well
controlled via selective decomposition of surface-bound
ATRP initiators by UV irradiation, resulting in micropatterns
of poly(MPC) brushes as shown in figure 4.

2.4. Functionalization of MPC polymers with
other biomolecules

Immobilization of biomolecules, including proteins,
polysaccharides, and DNA, is important in the preparation
of sensors, monitors and diagnostic devices based on
bioaffinity. To that end, a simple method is necessary for
immobilization under gentle conditions. Additionally, the
activity of biomolecules after immobilization should be
maintained as that in the native state. MPC units in the
polymer surface effectively reduced the denaturation of
proteins immobilized with the polymers [65]. Then, a
novel MPC polymer based on the chemical structure of
PMB: poly(MPC-co-BMA-co- p-nitrophenyloxycarbonyl
poly(ethylene glycol) methacrylate (MEONP)) (PMBN) was
synthesized [66]. One of the monomer units, the MEONP
unit, has an active ester group in the side chain, and can
react with a specific biomolecule via condensation with its
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Figure 5. (a) Chemical structure of PMBN. (b) Schematic of one polymer nanoparticle embedding quantum dots within an artificial cell
membrane surface. (c) Uptake of polymer nanoparticles covered with artificial cell membrane without and with R8 immobilization.

amino group. After that, the substrate is coated with the
water-insoluble PMBN via solvent evaporation, and the
biomolecules are immobilized. The PMBN is coated on
glass, cyclic polyolefin, and gold substrates. For example,
a PMBN surface is useful for DNA immobilization, and is
applied to produce DNA chips such as Prime Surface® by
Sumitomo Bakelite Co. Ltd. Kinoshita et al focused on the
hybridization properties with regard to a suitable surface
chemistry for a cyclic olefin copolymer (COC) surface
with PMBN. They also discussed new approaches for the
application of an on-chip DNA detection method through
multiple primer extension (MPEX) by DNA polymerase [67].
Besides the nitrophenyloxycarbonyl group, other functional
groups were also proposed for the conjugation of proteins
with MPC polymers [20, 21, 68]. Iwata and coworkers
utilized well-defined block copolymer brushes consisting of
polyMMPC) and poly(glycidyl methacrylate) (poly(GMA))
on silicon wafers to immobilize antibody Fab’ fragments in
a defined orientation [68]. The orientation of the antibody
fragments was defined by derivatizing the GMA units
with pyridyl disulfide and immobilizing the antibodies
via thiol-disulfide interchange reactions. Very recently,
instead of MEONP units, other active ester units,
N-succinimidyloxycarbonyl di(ethylene glycol) methacrylate
units, were introduced into an MPC polymer (PMBS) [69].
Both PMBN and PMBS were fabricated as nanofibers
deposited by electrospinning, and antibodies were
immobilized to capture a specific antigen. Alternatively,
a water-soluble amphiphilic PMBN was synthesized with
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Figure 6. Biointerfacial aspects of MPC polymers.

controlled monomer fractions in PMBN, and monodispersed
nanoparticles covered with the PMBN were prepared
(figure 5(a)) [70]. On the surface of the nanoparticles,
several kinds of enzymes were immobilized, and sequential
enzymatic reactions on the nanoparticles were conducted.
The enzyme-immobilized nanoparticles were applied as
biosensing devices coupled with a microdialysis system [66,
71]. Using these devices, acetylcholine and choline can
be detected continuously. Ishihara et al immobilized
arginine octapeptide (R8) on PMBN-covered nanoparticles
(figure 5(b)) [72-74]. The nanoparticles were well penetrated
into HeLa cells, whereas PMBN-covered nanoparticles
without immobilization of R8 were not delivered to the cells
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Figure 7. Microsphere columns after passage of whole blood for 15 min (left) and scanning electron microscopy images of polymer-coated

beads packed in the columns (right).
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Figure 8. Change in cytoplasmic calcium ion concentration of platelets after contact with glass and PMB37 surfaces.

(figure 5(c)). This result indicates that the interaction between
cells and PMBN nanoparticles can be controlled by a ligand
immobilized on the nanoparticles.

3. Biointerfaces of MPC polymers

3.1. Nonfouling surfaces

MPC polymers have great potential in the design of
biointerfaces as shown in figure 6. Particularly, the nonfouling
nature of MPC polymers is essential for biomedical materials.
Protein adsorption is the first phenomenon that occurs when
synthetic materials come in contact with a living organism.
The uncontrolled protein adsorption works as a trigger for
foreign body reactions with materials from a host. Therefore,
protein adsorption is important in the preparation of synthetic
materials for biomedical applications.

PMB37 is one of the MPC polymers used for the
surface modification of implantable medical devices. The
blood compatibility of PMB is differentiated for each blood
component, e.g., cells, plasma protein, phospholipids, and
water [32, 75-80].

Figure 7 shows experimental columns containing
polymer-coated poly(methyl methacrylate) beads, and
micrographs of the bead surface after a contact with human
blood without any anticoagulant. On poly(BMA), which
does not have any MPC units, many adherent blood cells
are observed and a clot is generated. In contrast, PMB37
effectively suppresses cell adhesion. While adherent platelets
may sometimes easily detach from the surface, they are
strongly activated by contact with the polymer surface and
induce embolization. Therefore, to understand the blood
compatibility it is necessary to evaluate the activation of
platelets that barely contact the polymer surface and those
that adhere to it. The activation of platelets after contact
with PMB37 was evaluated by measuring the concentration
of cytoplasmic calcium ions in the platelets (figure 8) [81].
The results clearly indicated a lower degree of activation for
the platelets that contacted the PMB37 surface than those
on other polymer substrates or glass. That is, PMB37 is an
excellent antithrombogenic polymer for the suppression of
cell activation and adhesion.

As mentioned above, SI-ATRP results in a
well-controlled molecular architecture [82]. Previous
papers described the effectiveness of ATRP in preparing a



