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ABA block copolymers composed of highly methylated polyrotaxane and hydrophobic anchoring
terminal segments containing 2-methacryloyloxyethyl phosphorylcholine (MPC) and n-butyl
methacrylate (PMB) (OMe-PRX-PMB) were synthesized as a platform of molecularly dynamic
biomaterials. A contact angle measurement indicated that polymer surfaces with higher molecular
mobility factors (M) estimated from quartz crystal microbalance with dissipation (QCM-D)
measurements showed more significant changes in hydrophilicity in response to an environmental
change between air and water; the OMe-PRX-PMB surface showed the highest My among the prepared
polymer surfaces. Fibrinogen adsorption and its conformational analysis estimated by QCM-D and
enzyme-linked immunosorbent assay revealed that large amounts of fibrinogen adsorption occurred in
a soft manner on the OMe-PRX-PMB surface and that the antibody binding to the C-terminus of the
fibrinogen y chains responsible for platelet adhesion and activation decreased as the M value
increased. Furthermore, it was found that the OMe-PRX-PMB surface showed low platelet adhesion
and high fibroblast adhesion, suggesting that molecular movement on biomaterial surfaces could be
one of the key parameters in the regulation of a non-specific biological response.

1. Introduction

When artificial materials are placed in a biological environment,
protein-material interaction primarily occurs on the surfaces
along with the physicochemical properties of materials.'” The
state of adsorbed proteins plays a dominant role in most non-
specific biological responses such as foreign body reaction or clot
formation.* Therefore, the development of anti-fouling materials
that are able to prevent non-specific protein interaction has been
a critical issue in the field of biomaterials for the last several
decades.’ Although several applications of anti-fouling materials
have been reported for the limited number of available bioma-
terials such as artificial blood vessels, anti-fouling properties also
prevent the promotion of tissue regeneration on the materials
implanted in a damaged body. Because the extracellular matrix
composed of protein molecules is an essential factor for cell
adhesion and tissue formation, protein adsorption on the
biomaterials is a fundamental requirement.® However, non-
specifically adsorbed surface proteins also can trigger undesir-
able biological reactions as mentioned above. This paradoxical
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problem of protein adsorption has been a fundamental barrier to
the development of ideal biomaterials that prohibit non-specific
biological reactions as well as promote specific cell adhesion.
Because conformational change of adsorbed proteins is the cause
of most biological responses on the artificial materials, it is
important to regulate protein conformation in the design of ideal
biomaterials. A number of variables that have an effect on the
conformational change of adsorbed proteins have been reported
in the last several decades. These include polarity, charge
density, and other geometrical factors such as surface rough-
ness.” Nowadays, these factors are commonly used to regulate
biological responses on artificial materials. However, to the best
of our knowledge, there have been no reports on key variables
responsible for moderate conformational change that can
modulate cell adhesion for tissue regeneration and prevent
undesirable foreign body reactions such as blood clotting and
inflammatory reaction. Not only dynamic cell membranes but
also single protein molecules continuously move on the surface
of artificial materials until they determine the thermodynamic
standpoint for final conformations.'® Therefore, even well-
defined artificial materials with determined surface properties
could not withstand the dynamic responses of the biological
environment. We presume that rigid material surfaces with
a determined surface nature generate conformational changes in
adsorbed proteins, and finally trigger undesirable biological
responses. Therefore, in this paper, we present a novel concept,
which proposes that dynamic material surfaces that flexibly
respond to a dynamic biological environment can possibly
overcome the limitations of traditional biomaterials.
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Polyrotaxane (PRX) is a representative molecular assembly
consisting of a host molecule, eg., a-cyclodextrin (2-CD),
threading a guest molecule, e.g., linear polyethylene glycol
(PEG). Because both components are not covalently connected,
the threaded «-CD molecules are anticipated to be movable
along the PEG backbone. Based on this perspective, we have
systematically studied the effect of the molecular mobility of
polyrotaxanes on biological interaction with proteins.
Throughout these studies, we clarified that CD mobility is
influential in enhancing multivalent interaction with receptor
proteins in biological ligand-immobilized polyrotaxanes.'-'s
Furthermore, we have demonstrated that cytocleavable poly-
rotaxanes are very effective in DNA delivery to the nucleus in
a target cell."*' As polymeric materials for designing movable
surfaces using a polyrotaxane structure, the block copolymer
containing the PRX segment was previously synthesized by
using an atom transfer radical polymerization method with
hydrophobic isobutyl methacrylate.> The prepared surface
showed high molecular mobility and eliminated adsorption of
human plasma fibrinogen by introducing a low degree of
methoxy (OMe) groups of #-CD molecules on the PRX segment.
In this study, we introduced bio-inert poly((2-methacryloyloxy-
ethyl phosphorylcholine)-co-(n-butyl methacrylate)) (PMB)
anchoring terminals at both ends of the PRX segment by using
the reversible addition-fragmentation chain transfer (RAFT)
polymerization method. Furthermore, a higher degree of OMe
groups were introduced to each threaded «-CD molecule to
modulate the protein interaction on the hydrophilic PRX
moiety. The aim of this study is to investigate the dynamic
interaction of mobile OMe groups with protein molecules and
the associated biological responses including platelet and fibro-
blast adhesion.

2. Materials and methods
2.1 Materials

A 2-methacryloyloxyethyl phosphorylcholine (MPC) was
obtained from NOF Co. (Tokyo, Japan). 4-(Benzodithioyl)-4-
cyanopentanoic acid (CTA) was synthesized according to
a previously reported method.** «-CD, BMA, sodium hydride,
iodomethane, «,o'-azobisisobutyronitrile (AIBN), and all the
organic solvents were purchased from Tokyo Kasei Co. (Tokyo,
Japan) and used as received. PEG (number average molecular
weight of 20 kDa) (PEG 20k) was purchased from the Sigma-
Aldrich Chemical Co. (St. Louis, MO, USA), and the hydroxyl
end groups were converted to amine groups by using a previously
reported method.*

Goat polyclonal antibody to mouse 1gG conjugated with
horseradish peroxidase (HRP) and anti-fibrinogen alpha anti-
body (49D2) were purchased from Abcam Inc. (Cambridge, MA,
USA), and anti-fibrinogen gamma antibody (clone2 G2. H9) was
purchased from Millipore (Bedford, MA, USA). Human plasma
fibrinogen was purchased from Sigma-Aldrich (St. Louis, MO,
USA) and other biological reagents were purchased from Gibco
Invitrogen Corp. (Grand Island, NY, USA).

Fresh blood was donated by a healthy human volunteer at the
National Cerebral and Cardiovascular Center Research Insti-
tute. The whole blood was collected with 10 v/v% of 3.8%

trisodium citrate solution, and platelet-rich plasma (PRP) was
prepared via a centrifugation process (200 gravity, 15 min at
25°C). After this, the PRP was further centrifuged (1500 gravity,
10 min at 25 °C) to obtain platelet-poor plasma (PPP). The
number of platelets in the PRP was then adjusted by PPP to 1.0 x
10" mL"". The use of whole blood and platelets were approved by
the Biosafety Committee at National Cerebral and Cardiovas-
cular Center Research Institute.

2.2 Block copolymer synthesis

Synthesis of pseudo-PRX macro CTA. Previously, PEG 20k
macro chain transfer agent (CTA) was synthesized as follows: | g
of PEG 20k bis-amine (0.050 mmol), and 0.018 g of dimethyla-
mino pyridine (0.15 mmol) were dissolved in 5 mL of dichloro-
methane. To this, 0.14 g of CTA (0.50 mmol) and 0.082 g of
water soluble carbodiimide (0.50 mmol) were added and stirred
for 12 h at room temperature. Next, some fresh dichloromethane
was added and the mixture was re-precipitated in cold diethyl
ether. The crude product was then dissolved in water, and the
dialysis process was carried out (MWCO 3500) for a day, fol-
lowed by the lyophilization process.

The obtained PEG macro-CTA (0.35 g) was then mixed with
3.5 g of #-CD in 25 mL of water at room temperature until the
light-pink and turbid inclusion complex was formed. The
precipitate was then isolated by means of the centrifuge process,
and washed again with 25 mL of water, followed by a repeat of
the centrifugation process. The precipitate was then freeze-dried
to obtain pink-colored inclusion complex of pseudo-PRX macro
CTA.

Synthesis of PRX-PMB block copolymer. A 0.600 g of pseudo-
PRX macro-CTA was allowed to react with 0.354 g of MPC
(1.20 mmol) and 0.633 g of BMA (4.45 mmol) monomer in 7 mL
of ethanol-toluene (1 : 1) mixed solvent, by using 0.820 mg of
AIBN (5.00 pmol) as an initiator. The heterogeneous solution
was bubbled with an Ar atmosphere for 15 min prior to place-
ment in a 60 °C oil bath. After 24 h, 15 mL of fresh mixed solvent
was added to the solution and the precipitate was obtained by
means of the centrifugation process. The obtained polymer was
sequentially washed with ethanol, acetone, dimethyl sulfoxide
(DMSO), and acetone to remove residual monomers and «-CD.
The final precipitate was then dried at 40 °C in vacuo and the
polymer was obtained as a white powder. A similar process was
carried out to synthesize PMB and PEG-PMB by using CAT or
PEG-CTA as a macro CTA.

Methylation of PRX-PMB block copolymer. 200 mg of the
synthesized PRX-PMB block copolymer was heterogeneously
dissolved in 7 mL of dehydrated DMSO. To this, 0.155 g of
sodium hydride (6.3 mmol) was added under an Ar atmosphere
and mixed for 30 min at room temperature. Next, 0.102 g of
iodomethane (0.719 mmol) was slowly injected to the mixture
and stirred for 3 h at room temperature. After the pH was
neutralized with 6 N HCI solution, the mixture was transferred to
a dialysis tube (MWCOO : 20000) and the dialysis process was
carried out for 3 days. The methylated PRX-PMB (OMe-PRX-
PMB) block copolymer was then obtained by means of the
lyophilization process.
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2.3 Surface characteristics

The synthesized polymer (5 mg) was initially dispensed in 5 mL
ethanol. After that, 5 mL of water was added to prepare 0.05 wt
% of clear polymer solution. Each polymer solution (30 pL) was
then uniformly cast on a Cell Desk™ (Sumitomo Bakelite Co.,
Japan), and dried in a clean box at room temperature for a day.
Each polymer surface was stabilized in water for a day prior to
the surface characterization and other biological evaluations.

X-ray photoelectron spectroscopy (XPS) was used to analyze
the surface chemical elements by using a magnesium K, source
with a take-off angle of 90° (Kratos/Shimadzu, Kyoto, Japan).
The characterized elements were C, N, and P and the binding
energies were referenced to the C;; peak at 285.0 eV.

The static water and air bubble contact angles were measured
using a goniometer (Kyowa Interface Science Co., Tokyo,
Japan). Prior to the measurement, the surface tension of water
(72 mN m~") was confirmed by means of the pendant drop
method using a Young-Laplace curve-fitting algorithm. Under
dry conditions, 3 uL of water droplets were brought in contact
with the polymer surface for 30 s, and the contact angles were
measured using photographic images. Under wet conditions,
5 pL of air bubble was brought in contact with the surfaces in
water, and the contact angles again were measured using
photographic images.

Quartz crystal microbalance with dissipation (QCM-D)
monitoring of the polymer surfaces was carried out by using
Q-sense EI-HO (Meiwafosis Co., LTD, Tokyo, Japan). The
molecular mobility at the hydrated surfaces was estimated as
follows: the Au sensor was cleaned by applying an O, plasma
treatment for 5 min and a sequential washing with acetone and
ethanol, and dried with Ar blowing. The sensor was placed in an
open-type chamber equipped with the QCM-D apparatus at
25 °C. The resonance frequency at 35 MHz (fyo14, ary) and the
dissipation energy (Dgq4, ary) Was then measured. Subsequently,
Jeold, wer aNd Dygoid. wei in @ hydrated state were measured with the
bare gold in contact with pure water. After the water was
removed from each polymer solution and dried by using a stream
of air, 20 mL of it was dropped on the surface. After the surface
was dried, the resonance frequencies (fiumpie, dry aNd fiample, wet)
and dissipation energies (Dsumple, dry aNd Dsample, wer) Of the
coated surface in both the dry and hydrated states were measured
using the same procedure as above.*?

2.4 Evaluation of biological responses to the block copolymer
surface

Protein adsorption test. The polymer-cast Cell Desk™ was
immersed in a 0.3 mg mL~' of fibrinogen solution or 10% human
plasma in phosphate buffered saline (PBS, pH 7.4) for | h at
37 °C. Next, the samples were rinsed twice with 500 mL of fresh
PBS employing the stirring method (300 rpm for 5 min). The
adsorbed protein was detached in sodium dodecyl sulfate (SDS,
1 wt% in water) by sonication for 20 min, and the protein
concentration in the SDS solution was determined by means of
the micro-BCA™ method.

The state of adsorbed fibrinogen was also analyzed by QCM-
D measurements. The Au substrate was cast with each polymer
solution, and the energy dissipation factor (D) and frequency (f)

were stabilized under a flow of PBS (0.1 mL min~"). Then,
a 0.3 mg mL~' fibrinogen solution was flowed for I h, and fresh
PBS was flowed for another 1 h. Each D and f value was
continuously monitored during the whole process of protein
adsorption. The amount of adsorbed proteins was calculated by
using the simplified Sauerbrey equation with an overtone value
of 7and C = 17.7 ng cm ™, as follows:**

Am = —CAfin

An enzyme-linked immunosorbent assay (ELISA) was carried
out to estimate the conformational change of adsorbed fibrin-
ogen as follows: initially, each polymer surface was brought in
contact with whole human plasma for 5 min at 37 °C. After
rinsing three times with PBS, each sample was brought in contact
with 2 pg mL~" of the primary antibody (anti-fibrinogen alpha or
gamma) solution for 1 h at room temperature. After rinsing four
times with PBS, samples were allowed to react with 8 pg mL~' of
the secondary antibody conjugated with HRP in bovine serum
albumin (BSA) pre-treated 24 well plates for 2 h. After rinsing six
times with PBS-T, 0.5 mL of solution (mixture of 10 mL guanylic
acid buffer (pH 3.3), 0.125 mL of 3,3',5,5'-tetramethylbenzidine
(44 mM), and 0.018 mL of H,0,) was added to each sample
surface in the BSA pre-treated well. After the reaction was
quenched with 2 N of sulfuric acid, the absorbance at 450 nm in
each resulting solution was measured by a micro plate reader
(Multiskan FC, Thermo Fisher Scientific, St. Herblain, France).

Each polymer surface was brought in contact with 500 puL of
PRP in a 24 well plate at 37 °C for 2 h. After rinsing three times
with fresh PBS, platelet adhesion was quantitatively analyzed by
means of lactate dehydrogenase (LDH) assay, and the
morphology of adhering platelets was observed using a fluores-
cent microscope after dying F-actin with rhodamine conjugated
phalloidin.

The cell adhesion test using NTH3T3 mouse fibroblast was
performed on each polymer surface. Approximately 1.0 x
10° cells in 1.0 mL of minimum essential medium (Invitrogen
Corp., Carlsbad, CA, USA) supplemented by 10% fetal bovine
serum was incubated on polymer surfaces for 6 h. After rinsing
with fresh medium, the surface adhering cells were observed
using an optical microscope and the number of adhering cells was
counted by a Cell Counting Kit #8 (Dojindo, Tokyo, Japan).

3. Results and discussion
3.1 Preparation of PRX block copolymers

Scheme 1 shows the overall concept of this study in preparing
molecularly dynamic surfaces for evaluating biological

Anchoring group
ngere ony oty
-~ -
Cell Deck™

Cant Shabiiring in waler

-

Coll Dek™

Biclogcsl reiporset

Scheme 1 Schematic explanation of development of dynamic surface.
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responses. To develop dynamic surfaces, PRX segments are
necessary to be combined with hydrophobic anchoring terminal
segments at both ends. Here, a random copolymer segment
composed of MPC and BMA (PMB) was selected as an
anchoring terminal (Fig. 1). The PMB segment is a well-known
coating unit that can be stably immobilized on a hydrophobic
material’s surface to prevent non-specific biological responses.”’
To synthesize the PRX block copolymer, RAFT chain transfer
agent (CTA) was initially introduced to PEG-bisamine, and
pseudo-PRX macro CTA was synthesized with «-CD. Subse-
quently, MPC and BMA were introduced via the RAFT poly-
merization method. Then, the hydrophobic OMe group was
introduced to each hydroxyl group of the «-CD molecules. As
a result, around 90% of the hydroxyl groups were successfully
substituted by OMe groups. Fig. 2 shows the '"H-NMR and FT-
IR results of the synthesized OMe-PRX-PMB. Obviously,
a strong OMe peak was observed at 3.2 and 3.3 ppm, which does
not exist in PRX-PMB (Figure S371). All the functional groups
containing MPC units were successfully confirmed by combina-
tion of '"H-NMR and FT-IR results. The detailed molecular
profiles are summarized in Table 1.

3.2 Surface characterization of PRX block copolymer

The prepared polymer surfaces cast on the Cell Desk™ were
analyzed by XPS. In all the cases of polymer surfaces, charac-
teristic Ny and P, signals from the PMB segment appeared at
402.5 eV and 134.0 eV, respectively, whereas the characteristic
peak of the Cell Desk™ surface at 290 eV Cy had disappeared
(Fig. 3). This result indicates that all the polymer samples are
uniformly prepared on the Cell Desk™ surface by means of the
simple solvent cast method. Throughout an ellipsometry
measurement, it was confirmed that all the polymer films were
formed within a thickness of 20~30 nm (data not shown). In any
case, it was confirmed that all the polymers were stably cast on
the overall Cell Desk™ surface by anchoring the PMB segment.

The wettability of the prepared polymer surfaces was esti-
mated in both air and water using water droplets and air
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Fig. 1 Molecular structure of (a) PEG-PMB, (b) PRX-PMB, and (c)

OMe-PRX-PMB.
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Fig.2 (a)'H NMR (DMSO-dg:MeOD = 1 : 1) and (b) FT-IR spectra of
OMe-PRX-PMB.

bubbles, respectively. The contact angles of the air bubbles on
the PMB, PRX-PMB, and OMe-PRX-PMB surfaces were not
measured, because the air bubbles were rolling on these surfaces.
These findings indicate that the surfaces are extremely hydro-
philic in an aqueous environment and the contact angles are
close to 0°. The contact angle hysteresis along with an air-water
environmental change was indirectly measured by comparing
both results (Fig. 4). The PMB surface showed a slightly higher
contact angle hysteresis (~40°) than that of the Cell Desk™,
which is possibly due to the increased directionality of the
hydrophilic phosphorylcholine group in the water compared to
the state in the air as previously reported.*® The PEG-PMB and
PRX-PMB surfaces showed a contact angle hysteresis of around
60°. It is thought that the swelling of the hydrophilic PEG and
PRX segments of the block copolymer in the water was
contributing to the slight increase of the contact angle hysteresis
in addition to the directionality effect of the PMB segment. In
contrast to the moderate hysteresis changes in these control
samples, the OMe-PRX-PMB surface showed a contact angle
hysteresis of around 100°. This indicates that the surface prop-
erty of the OMe-PRX-PMB has drastically changed in response
to the environmental change between air and water. The
smoothness of all the surfaces was confirmed by atomic force
microscope measurement, suggesting that the effect of surface
roughness on the contact angle hysteresis should be negligible
(Figure S4t). Even though more supporting information is
required, we speculate that this dynamic change in the surface
property is due to the dynamic movement of CD molecules on
the PEG backbone.

To estimate the dynamic nature of the prepared PRX block
copolymers in more detail, the surface dynamics in an aqueous
media were estimated by the QCM-D measurement method as
previously reported.?* Generally, the energy dissipation value
on a materials surface (AD) is directly related to the viscoelas-
ticity of the materials adsorbed on an Au surface. When highly
mobile surface elements such as tethering polymer chains or
weakly cross-linked hydrogels exist, AD wvalues drastically
increase against rigid surfaces. This viscoelasticity of the surface
could be interpreted as one of the parameters that indicate
dynamic molecular movement of the surfaces. To consider the
effect of the amount of polymers, each AD value was normal-
ized to its adsorption mass related factor (Af) using the
following equation:

Surface mobility factor (M¢) = (Dgampie, wet — Dgold, we)
Urgold. dry — f;amplc, dry}
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Table 1 Molecular profile of the synthesized polymers (‘H NMR)
MPC BMA PEG
(mol% in PMB) (mol% in PMB) (weight %) Number of CD per PEG chain
Cell Desk™ 0 0 0 0
PMB 19 81 0 0
PEG-PMB 23 77 24 0
PRX-PMB 12 88 23 12
OMe-PRX-PMB 12 88 23 12
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Fig. 3 XPS profile of cast polymer surfaces.
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Fig.4 Contact angles measured by water droplet in air and air bubble in
water (n = 3).

Fig. 5 (a) shows the resulting value of My on each prepared
polymer surface. The PEG-PMB showed a slightly higher My
value than PMB. This is possibly due to the chain mobility of the
hydrated loop-type PEG segment in the middle of the block
copolymer. The OMe-PRX-PMB surface showed the highest M;
value among the prepared polymer surfaces, suggesting that the
OMe group-containing the PRX segment exhibits the highest
molecular mobility in an aqueous media. The lower M value on
the PRX-PMB surface compared to those on the PEG-PMB and
OMe-PRX-PMB surfaces is thought to be caused by the rigid
crystalline formation of the CD molecules by intermolecular
hydrogen bonding that interferes with the mobility of the PEG
backbone. In any event, it was confirmed that the OMe-PRX-
PMB surface exhibits the highest surface viscoelasticity—

possibly induced by the dynamic molecular mobility on the
surface—compared to other control polymer surfaces. Of special
interest is the plot of the contact angle hysteresis along with the
M; value (Fig. 5 (b)). It is obvious that the relationship between
the contact angle hysteresis and the M value is straightforward.
This finding suggests that the dynamic change of surface wetta-
bility in response to the environmental change, is strongly gov-
erned by the molecular mobility on the surface.

3.3 Non-specific protein interaction with PRX block copolymer
surfaces

Fig. 6 (a) shows the result of the human fibrinogen adsorption
test. As expected, hydrophilic control samples (PMB, PEG-
PMB, and PRX-PMB surfaces) showed relatively low fibrinogen
adsorption. Similar results were also confirmed in the case of the
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Fig. 5 (a) Result of M estimated from QCM-D and (b) plot of contact
angle hysteresis versus My values (n = 3). The contact angle hysteresis was
calculated by subtracting the contact angle of the water droplet in the air
from that of the air bubble in the water bubble in water (n = 3).
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using 10% plasma concentration of human fibrinogen. Adsorption
condition: flow rate = 0.1 mL min~', 1 h protein flow followed by 1 h PBS
flow (pH 7.4).

whole human plasma adsorption test (Fig. 6 (b)). These results
indicate that non-specific interaction between the hydrophilic
control samples and the plasma protein was not very significant.
In contrast, a significantly large amount of protein adsorption
was observed on the OMe-PRX-PMB surface in both the
fibrinogen and whole plasma adsorption test. Because the OMe-
PRX-PMB surface exhibited an extremely hydrophilic nature in
water (Fig. 4), the surface hydrophilicity in an aqueous envi-
ronment could not explain this result. Even though the OMe are
hydrophobic groups, they along with the rest of the polymer
provide adequate enough hydrogen bonding to make the surface
appear hydrophilic in aqueous media. However, these OMe
groups exposed on the outermost surface still allow for contact
with plasma proteins which leads to protein binding and
accumulation.

To understand the state of the adsorbed proteins more clearly,
fibrinogen adsorption was carried out by means of QCM-D

under the flow adsorption condition. As a result, the adsorption
behavior similar to that of micro-BCA™ was further confirmed
on all the polymer surfaces (Fig. 7). In particular, a significantly
large amount of fibrinogen adsorption was observed only on the
hydrophobic Au and OMe-PRX-PMB surfaces. However, it is
noteworthy that the state of adsorbed fibrinogen was quite
different between the bare Au and OMe-PRX-PMB surfaces. In
the case of the bare Au surface, the adsorbed fibrinogen mole-
cules showed a very low AD/Af value, which indicates that the
state of the adsorbed fibrinogen molecules is very rigid because
the interaction with the Au surface is quite strong. In contrast,
the adsorbed fibrinogen on the OMe-PRX-PMB surface showed
a significantly higher AD/Af value. This indicates that the energy
dissipation of the adsorbed fibrinogen molecules along with the
micro-vibration of the substrates is quite high. This phenomenon
is only observed when adsorbed substances weakly interact with
the surface; that is, fibrinogen molecules are adsorbed on the
OMe-PRX-PMB surface in quite a soft manner. Why this kind of
soft interaction only occurred on the OMe-PRX surface is still
unclear. However, taking into account the dynamic nature of the
OMe-PRX-PMB surface (Fig. 4 and 5), it is plausible that the
dynamically movable nature of the OMe-PRX-PMB surface is
responsible for the soft interaction with the fibrinogen molecules.
Namely, the strong interaction with the surface was disturbed by
dynamic mobility of the surface, thus, adsorbed fibrinogen
molecules were continuously vibrating along with the micro-
vibration of the surfaces to induce high-energy dissipation.

The conformational change of adsorbed fibrinogen on the
dynamic polymer surfaces was estimated by means of the ELISA
test using two types of primary antibodies, 49D2 and clone2 G2.
H9, which can specifically bind to the N-terminus of the a-chain
(1-16 peptide sequence) and the C-terminus of the y-chain (434—
453 peptide sequence) of the adsorbed fibrinogen, respectively.
Fibrinogen molecules have two specific binding motifs respon-
sible for cellular adhesion and aggregation. One is the dodeca-
peptide sequence existing close to the C-terminus of the y-chain
(400411 peptide sequence), which is a binding site to GPIIb/ITIa
on the platelet to finally trigger the activation of the platelet.?”
The other motif consists of the two RGD sequences in the o-
chain (RGDF and RGDS on 95-98 and 572-575 peptide
sequence), which is a binding site to the GPIIb/IIla of the
platelets as well as the «,B; integrin on various cells.’® Previous
ELISA studies on the adsorbed fibrinogen on polymer surfaces
demonstrated that the surface presentation of the dodecapeptide
sequence in adsorbed fibrinogen on material surfaces was well
correlated with platelet adhesion whereas the relation of the
presentation of the RGD motifs with the platelet adhesion was
not so clear.*"** These results indicate that the C-terminus of the
y-chain, presenting the dodecapeptide sequence in the fibrin-
ogen, is essential to induce the platelet-fibrinogen interaction.
and the N-terminus of the @-chain itself does not seem to have
a significant effect on the platelet adhesion. Therefore, it is
considered that the exposure level of the C-terminus of the -
chain is a good parameter to estimate the potency of the platelet
adhesion. Therefore, how well the appearance of the platelet
GPIIb/TTa binding site in the C-terminus vy chain is suppressed
could be a key to the development of ideal blood-contacting
materials. Fig. 8 (a) shows the quantitative result of the
secondary antibody binding specifically to the primary antibody
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Fig.8 (a)Relative amount of secondary antibody to the specific binding
primary antibody on N-terminus a- and C-terminus y-chains of adsorbed
fibrinogen estimated by ELISA assay (n = 6) and (b) plot of y : & binding
ratio versus M; values. Protein adsorption was carried out with 10%
human plasma for 5 min contact prior to the ELISA test. The amount of
secondary antibody was normalized to the amount of a-chain binding on
the Cell Desk™.

bound to fibrinogen molecules. In the case of the Cell Desk™
surface, the amount of the binding antibody on both the y- and
a-chains was higher than that for other hydrophilic polymer
surfaces, which indicates that the fibrinogen bound to the Cell
Desk™ surface readily exposes both specific binding motifs. In
contrast, other hydrophilic polymer surfaces showed a signifi-
cantly lower level of the antibody binding in both the y- and «-
chains. This is possibly due to the quantitatively low level of
adsorbed proteins as confirmed in the micro-BCA™ and QCM-
D results. However, fibrinogen molecules on the OMe-PRX-
PMB surface showed a quite interesting tendency. In spite of the
significant amount of adsorbed plasma protein and fibrinogen,
the amount of the secondary antibody for the C-terminus
v-chain binding antibody on the OMe-PRX-PMB surface was at
a quite a low level compared to that on the Cell Desk™ surface
(Figure S5%). This result suggests the possibility that inconsistent
antibody binding was occurred due to the dynamic conforma-
tions which was induced by molecularly mobile segments in
OMe-PRX-PMB. Fig. 8 (b) shows the plot of the antibody
binding ratio (C-terminus y-chain binding to N-terminus a-chain
binding) versus the M; values. It is obvious that the C-terminus
y-chain binding ratio compared to that of the N-terminus
a-chain, decreased as the M; value increased. Therefore, it is

thought that the molecularly dynamic surfaces with high AD/Af

can induce moderate conformational changes no matter how
many proteins are adsorbed on the surface.

3.4 Cellular responses to the PRX block copolymer surfaces

To estimate the effect of adsorbed plasma proteins on the
biological responses, platelet and fibroblast adhesion tests were
carried out by using the human PRP and NIH3T3 fibroblast.
Fig. 9 (a) shows the result of platelet adhesion on the prepared
polymer surfaces. Obviously, the Cell Desk™ surface induced
large amounts of platelet adhesion on its surface, suggesting
that the platelet adhesion is derived from a significant
conformational change of the adsorbed proteins, including
fibrinogen as confirmed by ELISA. In contrast, an insignificant
number of adhering platelets was observed on all the prepared
polymer surfaces. Fig. 9 (b) shows the quantitative result of
adhering platelets along with the relative amount of the C-
terminus y-chain binding antibody. The resulting platelet
adhesion was increased when the expression of the C-terminus
v-chain of the adsorbed fibrinogen was increased. This almost
straightforward relationship is consistent with previously
reported results.** The OMe-PRX-PMB surface showed
a similar level of platelet adhesion in spite of the significant
amount of adsorbed fibrinogen confirmed in the micro-BCA™
and QCM-D analyses. Several publications have stated that
platelet adhesion normally increases in proportion to the
amount of adsorbed fibrinogen.**** However, the OMe-PRX-
PMB surface showed a different tendency compared to those
of the other materials surfaces. In particular, it is thought that
the modulated conformational change of the adsorbed
proteins, including fibrinogen on the dynamic OMe-PRX-
PMB surface, can prevent platelet adhesion as discussed in
Fig. 8 (b), in spite of the significant amounts of adsorbed
proteins.

Fig. 10 (a) shows the resulting optical microscopic images of
the polymer surfaces. Clearly, large numbers of fibroblasts were
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Fig. 9 (a) Fluorescent microscopic image of adhering platelets and (b)
quantitative analysis of adhering platelets using LDH assay (n = 3). The
plot also shows the relative amount of the secondary antibody for the C-
terminus y-chain binding antibody (normalized to the Cell Desk™). The
arrow indicates the background level of ELISA. PRP contact was carried
out for 3 h at 37 °C. Scale bar = 200 pm.
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Fig. 10 (a) Optical microscopic images of adhering NTH3T3 fibroblasts
and (b) the number of adhering cells. The initial cell concentration was
1.1 x 10° mL-", Scale bar = 100 um.

adhering and proliferating on the Cell Desk™ surface, which
indicates that surface adsorbed proteins undergo significant
conformational changes to induce both platelet and fibroblast
adhesion. On the other hydrophilic polymer surfaces, almost no
adhering fibroblasts were observed. Because the amount of
adsorbed proteins was quite low on the series of hydrophilic
surfaces, it could be said that the prepared hydrophilic control
samples do not induce significant non-specific interaction with
the protein molecules; thus, platelet and cell adhesion was pre-
vented. In contrast, the OMe-PRX-PMB surface showed
a significant number of adhering fibroblasts (Fig. 10 (b)).
Although the adhering level was slightly lower than that of the
Cell Desk™ surface, a significant amount of adhesive and
proliferated fibroblasts were also observed on the OMe-PRX-
PMB surface. Taking into account the result of low platelet
adhesion on the OMe-PRX-PMB surface, this cellular response
seems out of the ordinary. Normal cell adhesive surfaces induce
strong platelet responses as well because on these surfaces, not
only fibrinogen and the von Willebrand factor but also other cell
adhesive proteins such as fibronectin and vitronectin showed
significant conformational changes to present most of their
specific binding motifs to integrins.***” In the case of adsorbed
fibrinogen on the OMe-PRX-PMB surface, the amount of the
secondary antibody for the C-terminus y-chain binding anti-
body, which indicates the presentation of a specific binding site
for platelet GPIIb/II1a, was eliminated at a much lower level than
that for the Cell Desk™. This was so, even though the amount of
adsorbed proteins was at a much higher level than that for the
Cell Desk™. Analyzing the presentation of integrin binding
motifs in various cell adhesive proteins on OMe-PRX-PMB is
now been undertaken and the result will be discussed in our
forthcoming paper. Although the investigation has not yet

concluded, we speculate that modulated conformational change
of the cell adhesive proteins in serum could be one of the
significant reasons that the OMe-PRX-PMB surface showed
enhanced fibroblast adhesion in spite of eliminating platelet
adhesion.

4. Conclusions

Dynamic OMe-PRX-PMB surfaces prepared by molecularly
movable block copolymer induced specific biological responses
by modulating the conformation of adsorbed proteins, especially
fibrinogen. This finding is presumably related to the highly
responsive dynamic properties of the OMe-PRX-PMB surface,
which are characterized by the anomalous results of the contact
angle hysteresis, the molecular mobility factor was determined by
QCM-D, fibrinogen adsorption, and its conformational anal-
yses. These results suggest that in such a molecularly movable
surface. flexibly responds to a dynamic biological environment,
and could be a promising way to design new biomaterials for
regulating biological responses.
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The results obtained in this study show that poly(MPC) grafting markedly reduces the
production of wear particles from CLPE liners, without affecting the size of the particles.
These results suggest that poly(MPC) grafting is a promising technique for increasing the
longevity of artificial hip joints.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Sir John Chamnley introduced the use of polyethylene (PE)
components in total hip arthroplasty (THA) in the 1960s, and
since then, these components have been extensively used for 50
years (Charnley, 1961). However, aseptic loosening resulting from
periprosthetic osteolysis—which is a clinical complication arising
from THA—is the prevalent cause of revision surgery (Bozic et al,,
2009). Previous studies have revealed that PE particles generated
from liners play a major etiological role in periprosthetic osteo-
lysis. Macrophage phagocytosis of the PE particles is followed by
the secretion of prostaglandin E2 (PGE2) and cytokines, which
induce the receptor activator of the NF-xB ligand (RANKL)
expression, consequently resulting in osteoclastogenesis and
bone resorption (Harris, 2004; Jacobs et al, 2001). Further,
periprosthetic osteolysis is closely related to the rate of PE wear
and the characteristics of the wear particles (Catelas and Jacobs,
2010). Hence, various attempts have been made to improve the
wear resistance of PE liners, such as enhancing the cross-linking
of PE (CLPE) (Callaghan et al., 2008).

In the previous studies, we introduced a nanometer-scaled
poly(2-methacryloyloxyethyl phosphorylcholine (MPC)) grafting
layer on the surface of CLPE liners. We found that such type of
grafting dramatically decreased the wear of the liner surface
(Moro et al,, 2009, 2006). In the present study, we investigated the
effect of poly(MPC) grafting on the production of wear particles,
using a hip wear simulator up to 15 x 10° cycles.

2. Materials and methods

2.1.  Poly(MPC) grafting

Nanometer-scaled grafting (100-150 nm in thickness) of the poly
(MPC) onto the PE liner surface was carried out by a photo-
induced polymerization technique. The CLPE liners (K-MAX"
CLQC; KYOCERA Medical Corp., Osaka, Japan) were immersed in
an acetone solution containing 10 mg/mL of benzophenone for
30 s and then dried at room temperature to remove the acetone.
Then, MPC (NOF Corp., Tokyo, Japan) (Ishihara et al,, 1990) was
dissolved in degassed pure water to obtain a 0.50 mol/L. MPC
aqueous solution, and the benzophenone-coated CLPE liners
were immersed in this solution. Photoinduced graft polymeriza-
tion was carried out on the CLPE liner surface using ultraviolet
irradiation (UVL-400HA ultra-high-pressure mercury lamp; Riko-
Kagaku Sangyo Co., Ltd., Funabashi, Japan) with an intensity of
5.0 mW/cm? at 60 °C for 90 min; subsequently, a filter (Model D-
35; Toshiba Corp., Tokyo, Japan) was used to restrict the passage
of ultraviolet light to wavelengths of 350450 nm. After the poly
(MPC)-grafted CLPE (MPC-CLPE) liners were polymerized, they
were washed with pure water and ethanol and dried at room

temperature. These specimens were then sterilized by 25-kGy
gamma rays under N, gas (Kyomoto et al., 2008).

2.2.  Hip joint simulator

A 12-station hip simulator (MTS Systems Corp., Eden Prairie, MN)
with CLPE and MPC-CLPE liners, each with inner and outer
diameters of 26 and 52 mm, respectively, was used for the hip
simulator wear test performed according to the ISO Standard
14242-3. A Co-Cr alloy femoral head with a diameter of 26 mm
(K-MAX™ HH-02; KYOCERA Medical Corp) was used as the
femoral component. A biaxial rocking motion was applied to
the head/cup interface via an offset bearing assembly with an
inclined angle of +23°. Both the loading and motion were
synchronized at 1 Hz. According to the double-peaked Paul-type
physiologic hip load, the applied peak loads were 1793 and
2744N (Paul, 1967). Bovine calf serum (25vol%) diluted in
distilled water was used as a lubricant. Sodium azide (10 mg/L)
and EDTA (20 mM) were added to prevent microbial contamina-
tion and to minimize the formation of calcium phosphate on the
implant surface.

The simulator was run up to 15 x 10° cycles. The liners
were cleaned and weighed on a microbalance (Sartorius
Genius ME215S, Sartorius AG, Goettingen, Germany) at inter-
vals of 0.5 x 10° cycles. The lubricant was collected and stored
at —20 °C for further analysis. Wear was determined from the
weight loss of each liner and corrected by cyclically loaded
soak controls according to the ISO Standard 14242-2. The
wear rates were determined by linear regression.

After complete loading, morphological changes in the liner
surface were measured using a three-dimensional (3D) coordi-
nate measuring machine (BHN-305, Mitsutoyo Corp., Kawasaki,
Japan) and reconstructed using 3D modeling software (Image-
ware, Siemens PLM Software Inc., TX, USA). The liner surface
was analyzed using a confocal scanning laser microscope
(OLS1200, Olympus, Tokyo, Japan), as previously reported.

The wear particles were isolated from the bovine serum
solution. For isolating the wear particles from the lubricant, the
lubricant was incubated with 5.0 mol/L of NaOH solution for 3 h
at 65 °C after it was tested, in order to digest adhesive proteins
that were degraded and precipitated. To avoid artifacts, contam-
inating proteins were removed by extraction with sugar solution
(120 g/em® and 1.05g/em?®) and isopropyl alcohol solutions
(0.98 and 0.90 g/cm?). After the lubricant was centrifuged at
25,500 rpm for 3 h at 5 °C, the particles were collected, subjected
to sequential filtrations (minimum pore size of 0.1 ym) (Fisher
et al., 2004; Tipper et al,, 2006), and subsequently dried. The filter
was then sputter coated with gold palladium and digitally
imaged on a field emission scanning electron microscope (JSM-
6330F, JEOL Datum Co., Ltd, Tokyo, Japan). An image-processing
program (Scion image, Scion Corp., Frederick, MD) based on the
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NIH image software was used to measure the total number, area,
and volume of the wear particles per 10° cycles (Campbell et al,,
1996; Dean et al., 1999). Two size descriptors, namely, the
equivalent circle diameter (ECD) and the diameter (D), and two
shape descriptors, namely, the aspect ratio (AR) and roundness
(R), were used to define each wear particle, according to ASTM
F1877-98. Each parameter is defined as follows. ECD is defined as
the diameter of a circle with an area that is equivalent to
that of one wear particle. Diameter is defined using the
maximum dimensions determined by the SEM analysis.
Aspect ratio is defined as the ratio of the major diameter to
the minor diameter. It should be noted that the major
diameter is the longest straight line that can be drawn
between any two points on the outline. On the other hand,

the minor diameter is the longest line that is perpendicular
to the major diameter. Roundness is a measure of how
closely a wear particle resembles a circle; its values range
from 0 to 1, with a perfect circle having a roundness
value of 1.

2.3.  Statistical analysis

The significance of differences was determined by the stu-
dent's t-test. All statistical analyses were performed using
add-in software (Statcel 2; OMS publishing Inc, Tokorozawa,
Japan) on a computerized worksheet (Microsoft Excel® 2003;
Microsoft Corp, Redmond, WA).
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Fig. 1 - Wear amounts of cross-linked PE liners with or without MPC grafting in the THA simulator. (A) Load-soak controls.
Fluid absorption of the liners that were axially loaded cyclically to the acetabular liners with the same pressure as the THA
simulator, but without rotational motion. Data are expressed as means (symbols) for 2 inserts/group. (B) Time course of wear
amount in the THA simulator during 15 x 10° cycles of rotational motion and axial loading against Co—Cr alloy femoral
heads. The wear amount was estimated from the weight loss of the inserts after correction by the average weight gain in the
respective load-soak controls (weight loss in the THA simulator+average of weight gain in the load-soak control). Data are
expressed as means (symbols)+standard deviation (SD) for 4 liners/group.
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3. Results

Two types of load-soak control liners, which were only loaded
axially to the femoral heads and without any rotational
motion in the simulator, showed comparable weight gains
during the 15 x 10° cycles, irrespective of whether poly(MPC)
grafting (Fig. 1A) was carried out; this observation confirmed
that weight gain was caused by the absorption of the fluid by
the liner material, and not by the fluid that was retained in
the surface poly(MPC) layer (Kyomoto et al., 2011; Moro et al.,
2006, 2009). We then evaluated gravimetric wear by assessing
the weight loss of the liners after correction by the average
weight gain in the respective load-soak controls. The gravi-
metric analysis performed in the hip simulator study showed
that the CLPE liners suffered from a total weight loss of
64.8+11.7mg (mean+standard deviation) after 15x10°
cycles of loading (Fig. 1B). In contrast, it was found that the
MPC-CLPE liners continued to gain weight, showing a total
weight gain of 13.1+1.2 mg. This weight gain might be at
least partially attributed to greater fluid (e.g.,, water, proteins,
and lipids) absorption in the tested liners than in the load-

Table 1 — Wear rate estimated by the corrected weight
loss of CLPE and MPC-CLPE liners.

soak controls, suggesting the underestimation of the load-
soak control, as reported previously (Dumbleton et al., 2006;
Muratoglu et al., 2001; Oral et al, 2006; Shen et al., 2011).
When the wear rate was counted at an interval of every 10°
cycles, poly(MPC) grafting was shown to maintain similar
wear resistance in 0-1 (p=0.0016), 4-5 (p=0.0019), 9-10
(p=0.0022), 14-15 (p=0.0075), and the total (p=0.002) intervals
(Table 1).

3D coordinate measurements of the MPC-CLPE liner sur-
face revealed no or very little detectable volumetric wear,
while the cross-linked PE liners suffered from substantial
wears (Fig. 2A). The confocal scanning laser microscopic
analysis of the liner surface showed that the original
machine marks that are clearly visible before the loading still
remained on the MPC-CLPE liner surface, although they were
completely obliterated on the cross-linked PE liner.

CLPE MPC-CLPE

X5,000 [

Test period Wear rate (mg/10° cycles) p-value
(10° cycles)
CLPE MPC-CLPE X30.000
0-1 234+ 099 =3.43+0.42 0.0016
4-5 5.47+1.09 -1.05+0.06 0.0019
9-10 4.85+0.91 -0.47 +0.08 0.0022
14-15 3.60+1.22 ~0.73+0.23 0.0075 Fig. 3 - Scanning electron microscopic images of the wear
bl AR PR a0 particles from CLPE and MPC-CLPE liners. Low (top) and
Data are expressed as mean +standard deviation (SD). high (bottom) magnifications of the SEM images. Scale bars:
1.0 pm.
CLPE MPC-CLPE
Depth
Pre Post Pre Post (um)
200

Fig. 2 - Optical findings of the surfaces of the two liners in the THA simulator. (A) Three-dimensional morphometric
analyses of surfaces of the CLPE and MPC-CLPE liners before (pre) and after (post) 15 x 10° cycles. (B) Confocal scanning
laser microscopic analysis of the contact areas in the two liner surfaces before (pre) and after (post) 15 x 108 cycles. Scale bars:

200 pm.
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Fig. 4 - Analyses of wear particles isolated from lubricants in the hip simulator. (A) The graphs show the total number, area,
and volume of the wear particles per 10° cycles. (B) Number of particles per 10° cycles in each size range of the equivalent

circle diameter from CLPE and MPC-CLPE liners.

Table 2 — Assessments of the particle from CLPE and
MPC-CLPE liners using size and shape descriptors.

Particle CLPE MPC-CLPE p-value
characterization

ECD (um) 0.18+0.13 0.13+0.06 0.0000

Diameter (um) 0.28+0.24 0.19+0.11 0.0001

Aspect ratio 2.31+0.79 2.10+0.51 0.0211

Roundness 0.83+0.22 0.92+0.13 0.0000

Two size descriptors, i.e., equivalent circle diameter (ECD) and
diameter (D), and two shape descriptors, i.e., aspect ratio (AR) and
roundness (R), were used to define each particle. Data are
expressed as meantstandard deviation (SD).

The SEM analysis of the wear particles isolated from the
lubricants indicated that poly(MPC) grafting dramatically
decreased the total number, area, and volume of the wear
particles by 99.3%, 99.9% and 99.9%, respectively (Fig. 3,
Fig. 4A). However, there was no significant difference in the
particle size distributions expressed by the equivalent circle
diameter of each liner, and, in particular, from the SEM
image, it was observed that particles with diameters less
than 0.50 ym were present in the range of the highest
frequency (Fig. 4C). In addition, there were no significant
differences in the particle size descriptors, equivalent circle
diameter (p<0.0001), and diameter (p=0.0001), as well as in
the particle shape descriptors, aspect ratio (p=0.0211), and
roundness (p<0.0001) (Table 2).

4, Discussion

An MPC molecule is one of the synthesized phospholipids
and mimicks the surface of cellmembranes (Ishihara et al.,
1990). Thus, poly(MPC) grafting onto medical devices makes
their surface hydrophilic and biocompatible. Further, a thin
film of water is formed under physiological conditions
(Kitano et al., 2003). At the time of writing, the MPC polymers
are applied to the surface of intravascular stents (Kuiper and
Nordrehaug, 2000; Palmer et al., 2004), soft contact lenses
(Selan et al., 2009), and artificial lungs and hearts (Kihara
et al., 2003; Snyder et al., 2007) under the authorization of the
U. S. Food and Drug Administration (FDA).

Because the PE liners are subjected to multidirectional heavy
loads, we used a photoinduced radical graft polymerization
technique for grafting. This technique produces a strong C-C
covalent bond between a carbon atom of PE and the end-group
of a poly(MPC) main chain. The advantages of this technique are
that it not only results in the production of a uniform poly(MPC)
layer (100-150 nm in thickness) but also causes a negligible effect
on the physical and mechanical properties of the CLPE substrate
(Ishihara et al., 2000; Kyomoto et al., 2007). Using this technique,
we produced a new MPC-CLPE acetabular liner (Aquala™ liner;
KYOCERA Medical Corp.,) and the Japanese government (Ministry
of Health, Labor, and Welfare) approved its clinical use in
artificial hip joints in April 2011.

In addidon to wear resistance, the durability of the
nanometer-scaled poly(MPC) layer is also of major concern.
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When this layer is removed from the liner surface, the steady
wear rate of the MPC-CLPE liner increases to almost the same (or
slight lower) level as that of the untreated CLPE liner (Kyomoto
et al, 2011; Moro et al., 2006, 2010). In the present study, MPC-
CLPE liners showed weight gains and a significantly lower wear
rate during the 15 x 10° cycles. This finding confirmed that the
poly(MPC) layer was maintained even after the test.

In the present study, we showed that poly(MPC) grafting onto
the CLPE liner surface decreased the production of wear particles
by 99% during 15x 10° cycles of loading in the hip wear
simulator. Moreover, poly(MPC) grafting did not affect the size
of the wear particles and their distribution. With regard to the
relationship between the number of PE particles in the synovial
tissue and periprosthetic osteolysis, the critical number was
reported to be around 1.0 x 10'® particles/g tissue (Kadoya et al,,
1998). Thus, a marked decrease in the number of particles
presumably reduces the incidence of osteolysis. Recently, the
size of wear products in relation to the complications arising
from metal-on-metal articulation has been the topic of concermn
(Hosman et al., 2010). In this regard, our results suggest that the
influences of the wear products of poly(MPC)-grafted liners are
similar to those of the CLPE liners.

There are three limitations of this study, with the first being
underestimation in the load-soak test (ISO 14242-2) for determin-
ing the cause of weight gain in the liner. When using the
gravimetric method, the weight loss in the tested liners is
corrected for by subtracting the weight gain in the load-soak
controls; however, this correction cannot be precisely achieved
because only the tested liners are continuously subjected to load
and motion. Fluid absorption in the tested liners is generally
slightly higher than that in the load-soak controls. Consequently,
the correction for fluid absorption through the use of the load-
soak control as the correction factor leads to a slight under-
estimation of the actual weight loss. This underestimation has
previously been reported, particularly in several reports on wear-
resistant articulating surfaces (Dumbleton et al., 2006; Muratoglu
et al,, 2001; Oral et al,, 2006; Shen et al,, 2011). Because of this
underestimation, wear could not be quantified by gravimetric
analysis; however, weight change in the MPC-CLPE liners sug-
gests the considerable wear-resistance of them. In the present
study, we also analyzed the surface of the liner and the amount
of wear particles generated from the liner, as well as confirmed
that wear resistance of the acetabular liners was considerably
improved by poly(MPC) grafting.

The second limitation of this study is the difference
between the in vitro study and clinical settings. This differ-
ence was a matter of concern in the case of Hylamer (Graeter
and Nevins, 1998; Huddleston et al,, 2010). We do, however,
believe that this issue is relatively insignificant as compared
to that with regard to other materials, because poly(MPC)-
grafted particles are biologically inert and do not cause the
subsequent bone resorptive responses (Moro et al, 2004).
Moreover, to the best of our knowledge, there are no reports
on the complications of medical devices using MPC polymers.

The third limitation is that we used only Co-Cr alloy heads
with a diameter of 26 mm. In clinical settings, there seems to
be a tendency to choose large heads and thin acetabular
liners in order to reduce the incidence of dislocation. We
believe that this drawback is partially offset by the long
duration of simulation. At present, we are conducting

additional studies using large heads and thin acetabular
liners.

In summary, this study shows that poly(MPC) grafting
markedly reduces the production of wear particles from CLPE
liners, without affecting the size of the particles. These
results suggest that poly(MPC) grafting is a promising tech-
nique for increasing the longevity of artificial hip joints.
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