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Abstract: Aseptic loosening of the artificial hip joint with
osteolysis due to the wear particles from polyethylene cup
has remained as a serious issue. To reduce this wear and
develop a novel artificial hip joint system, we produced a
superlubricious metal-bearing material: for this, we grafted
a 2-methacryloyloxyethyl phosphorylcholine (MPC) poly-
mer onto the surface of a cobalt—chromium-molybdenum
(Co-Cr-Mo) alloy. For ensuring long-term benefit retention
of poly(MPC) on the Co-Cr-Mo alloy for application as a
novel artificial hip joint system, several issues must be con-
sidered: strong bonding between poly(MPC) and Co-Cr-
Mo surface, high mobility of free end groups of the
poly(MPC) layer, and high density of the introduced
poly(MPC). Considering these issues, we introduced a 3-
methacryloxypropyl trimethoxysilane (MPSi) intermediate
layer and a photoinduced graft polymerization technique
to create a strong covalent bond between the Co-Cr-Mo
substrate and the poly(MPC) chain via the MPSi layer. The

thickness and density of the poly(MPC) layer on the sur-
face increased with the MPC concentration and photoirra-
diation time. The grafted poly(MPC) layer successfully
provided super-lubricity to the Co-Cr-Mo surface. The
poly(MPC)-grafted crosslinked polyethylene/poly(MPC)-
grafted Co-Cr-Mo or cartilage/poly(MPC)-grafted Co-Cr-
Mo bearing interface mimicking natural joints showed an
extremely low friction coefficient of 0.01, which is as low
as that of natural cartilage interface. A superlubricious
metal-bearing surface would enable the development of a
novel biocompatible artificial hip joint system-artificial
femoral head for partial hemiarthroplasty and metal-
on-polymer/metal type for total hip arthroplasty. © 2008
Wiley Periodicals, Inc. ] Biomed Mater Res 91A: 730-741,
2009

Key words: joint replacement; metal surface treatment;
photopolymerization; phosphorylcholine; hydrophilicity

INTRODUCTION

Every year, the number and prevalence of primary
and revision hip and knee joint replacements
increases substantially worldwide." As a result, the
quality of artificial joints is becoming increasingly
important. Most patients who receive an artificial
joint experience dramatic pain relief and rapid
improvement in both their daily activities and qual-
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ity of life. The most widely used bearing couple in
artificial hip joint systems is a combination of an
ultrahigh molecular weight polyethylene (UHMWPE)
acetabular component and a metal femoral compo-
nent. Cobalt—chromium-molybdenum (Co-Cr-Mo) alloy
is one of the most widely used metal bearing mate-
rials in artificial joint systems. The Co-Cr-Mo alloy
has good mechanical properties, castability, corro-
sion resistance, and wear resistance, whereas stain-
less steel and titanium alloys have a disadvantage
with regard to corrosion resistance and wear resist-
ance, respectively.

In total hip arthroplasty (THA), osteolysis caused
by the wear particles from UHMWPE has been
recognized as a serious issue.”™ Efforts to decrease
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these particles have focused on bearing material
improvement and the use of combinations other
than metal-on-UHMWPE.>” Recently, a metal-on-
metal type artificial hip joint system consisting of
Co-Cr-Mo acetabular and femoral components has
been studied.® The advantages of the Co-Cr-Mo/Co-
Cr-Mo bearings are that they do not generate
UHMWPE wear debris and they exhibit decreased
wear when compared with Co-Cr-Mo/UHMWPE
bearings.g'm However, even in Co-Cr-Mo/Co-Cr-Mo
bearings, aseptic loosening induced by wear particles
and metallosis remains as serious issue in revision
surgeries.“'12 In addition to metallosis, electrochemi-
cal corrosion and carcinogenesis occurring due to
the dissemination of wear particles to the other parts
of the body have been reported."

On the other hand, improvements in the bearing
materials and surface modifications of the Co-Cr-Mo
alloy have been attempted, in order to reduce such
wear particles."*'” Surface coating may reduce the
wear without compromising the bulk mechanical
properties of the implant materials. Various “hard-
ening treatments” of metal bearing surfaces, such as
diamond-like carbon coating, titanium nitride coat-
ing, and ion implantation have also been
attempted.'®'” Although these surface modifications
may improve THA survivorship, the limited THA
longevity imposes restrictions for its application to
younger patients. Consequently, the possibility of
replacing the femoral head alone, whether solid or
articular surface replacement, remains an attractive
feature of such implants during revision surgeries of
THA. However, the Co-Cr-Mo alloy or the harden-
ing-treated Co-Cr-Mo alloy may induce damage to
cartilaginous tissue.

In contrast, the previous study reported that highly
lubricious hydrogel polymer used as an artificial car-
tilage did not damage cartilaginous tissue.'® We have
recently developed a highly lubricious artificial hip
joint system by a “mild treatment” with soft materials.
In this treatment, poly(2-methacryloyloxyethyl phos-
phorylcholine) (MPC) was grafted onto the surface of
CLPE (CLPE-¢-MPC)."?! MPC is a methacrylate
with a phospholipid polar group in a side chain, and
it has both good solubility in polar solvents including
water and polymerization ability by conventional
radical polymerization.”” Many MPC polymers have
been widely investigated as biomaterials.”>* As a
result, various medical devices have already been
developed using MPC polymers, and they are being
used clinically. The efficacy of MPC polymers as bio-
materials has been well verified ™’

In general, there are two methods for modifying
the polymer surface. The first method involves sur-
face absorption or reaction with small molecules,®'*?
and the second is grafting polymeric molecules onto
the substrate through covalent bonding.”® Most fre-
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quently, grafting polymerization is performed using
either of the following methods: (1) surface-initiated
graft polymerization, termed as the “grafting from”
method, in which monomers are polymerized from
initiators or comonomers and (2) adsorption of the
polymer to the substrate, termed as the “grafting to”
method (i.e., dipping, crosslinking, and ready-made
polymers with reactive end groups reacting with the
functional groups of the substrate).’*** In our previ-
ous study, the Co-Cr-Mo-g-MPC prepared by the
adsorption of the polymer to the Co-Cr-Mo sub-
strate, termed as the “grafting to” method, was not
uniform, and the CLPE-¢g-MPC/Co-Cr-Mo-g-MPC
bearing couples showed high friction.>® These results
were probably ascribed to a low density of the poly
(MPC) on Co-Cr-Mo prepared by the “grafting to”
method. To solve the issue in this study, we devel-
oped a superlubricious surface with nanometer-scale
poly(MPC) modification and was accomplished by
using a photo-induced radical polymerization tech-
nique that was similar to the one used in the
“grafting from” method. The “grafting from” method
has an advantage over the “grafting to” method in
that it synthesizes a high-density polymer brush.

To ensure in vive long-term retention of this pol-
y(MPC) graft on the Co-Cr-Mo alloy, it is necessary
to create strong covalent bonding between the Co-
Cr-Mo alloy substrate and the poly(MPC) graft
chain. Organosilanes have already been known as
surface coupling agents to enhance bonding between
a metal or a metal oxide surface and an organic resin
such as dental resin, and they can strongly bind met-
als to resins in dental implants.”” Organic silanes or
silane coupling agents comprise at least a hydrolyz-
able alkoxysilyl or chlorosilyl group and an organo-
functional group.”™ The agents are effective to intro-
duce organofunctional groups into the siloxane net-
work polymer. The organofunctional group in the
silane could be useful to improve bonding with the
organic overlayer. 3-Methacryloxypropyl trimethoxy-
silane (MPSi) is a simple surface coupling agent con-
sisting of three methoxysilane groups, a propyl
chain, and a functional methacrylate, and the struc-
ture of its main chain is equivalent to that of MPC.

In this study, based on the hypothesis that the
“grafting from” method has advantages over the
“grafting to” method in that it can synthesize a uni-
formly and controllable polymer layer, a superlubri-
cious metal bearing material in which the poly(MPC)
with biocompatibility and hydrophilicity was grafted
onto the surface of the Co-Cr-Mo alloy (Co-Cr-Mo-g-
MPC) has been introduced for developing a novel
artificial hip joint system, that is, artificial femoral
head and metal-on-metal (Co-Cr-Mo/Co-Cr-Mo)
type for THA. The surface structure and preliminary
tribological properties of Co-Cr-Mo-g-MPC were also
investigated.
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Figure 1. Chemical reaction on Co-Cr-Mo during polymerization of MPC.
MATERIALS AND METHODS by nitric acid treatment would have produced a Cr-rich
surface layer.’® We therefore treated the surface with nitric
. acid with the aim of increasing the Cr concentration by
Chemicals

MPC was synthesized industrially by using the method
developed by Ishihara et al,” and it was supplied by
NOF Corp. (Tokyo, Japan). MPSi was purchased from
Shin-Etsu Chemical Co., Ltd. (Tokyo, Japan). Succinic acid
and ethanol were purchased from Kanto Chemical Co., Inc.
(Tokyo, Japan). 2-Hydroxy-1-{4-(hydroxyethoxy)phenyl]-2-
methyl-lpropanone (DAROCUR™ 2959; D2959) was pur-
chased from Ciba Specialty Chemicals Holding Inc. (Basel,
Switzerland). D2959 is a highly efficient radical photoinitia-
tor for ultraviolet (UV) curing of the systems containing un-
saturated monomers and prepolymers, and it is particularly
well known as a cytocompatible UV photoinitiator with UV
intensities of <6 mW/cm” that can perform polymerization
for up to 10 min with a UV light of 365 nm.*

Co-Cr-Mo alloy substrate and pretreatments

The Co-Cr-Mo alloy was supplied by Yoneda Advanced
Casting Co., Ltd (Takaoka, Japan). This alloy was manufac-
tured according to the ASTM F75 standard specification
for Co-28Cr-6Mo alloy.*” The Co-Cr-Mo samples were
polished so that the average surface roughness ranged
between 0.01 and 0.02 pm.

The polished Co-Cr-Mo samples were washed with ace-
tone and then immersed in 35 vol % nitric acid at room
temperature for 35 min according to the ASTM F86-04
standard.***! This treatment results in passivation by sur-
face oxidation, and it could lead to the dissolution of cer-
tain foreign materials that may remain from the previous
procedure. Moreover, a previous study reported that the
surface of as-polished Co-Cr-Mo alloy might lack the Cr
content that the bulk possesses, and that surface etching
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“resurfacing.”

After the nitric acid treatment, the Co-Cr-Mo samples
were irradiated with O, plasma at a 500-W high-frequency
output and 150-mL/min O, gas flow for 5 min by using
an O, plasma etcher (PR500, Yamato Scientific Co., Ltd.,
Tokyo, Japan). The O, plasma treatment increased the
thickness of the surface oxide layer.*?

MPSi silanization and MPC graft polymerization

The synthesis of Co-Cr-Mo-g-MPC is schematically illus-
trated in Figure 1. The pretreated Co-Cr-Mo samples were
immersed in an ethanol solution containing 5 mass %
MPSi, T mass % succinic acid, and 0.1 mass % D2959 at
room temperature for 12 h for silanization of the trime-
thoxysilane group. In this study, D2959 was used as a pho-
toinitiator for surface-initiated polymerization so as to be
included in the MPSi layer. Generally, for surface-initiated
polymerization, such an initiator covalently bonded to the
substrate to yield a “grafting from” polymerization is usu-
ally used. They were then annealed at 70°C for 3 h in air
for dehydration. The MPC was dissolved in degassed pure
water to attain concentrations ranging from 0.25 to 1.00
mol/L. Subsequently, the MPSi (containing D2959)-coated
Co-Cr-Mo samples were immersed in aqueous MPC solu-
tions. Photoinduced graft polymerization on the Co-Cr-Mo
surface was performed using ultraviolet irradiation (UVL-
400HA ultra-high pressure mercury lamp; Riko-Kagaku
Sangyo Co., Ltd., Funabashi, Japan) with an intensity of
5 mW/cm? at 60°C for 23-180 min; a filter (Model D-35;
Toshiba Corp., Tokyo, Japan) was used restrict the passage
of ultraviolet light to wavelengths of 350 = 50 nm. After
the polymerization, the Co-Cr-Mo-g-MPC samples were
removed from the solution, washed with pure water and
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ethanol, and dried at room temperature. For purification,
washing with pure water and ethanol enables the removal
of the free poly(MPC) and/or poly(MPC-co-MPSi) ad-
sorbed on the Co-Cr-Mo surface.

MPC graft polymerization on
crosslinked polyethylene

Compression-molded UHMWPE (GUR1020 resin, Poly
Hi Solidur Inc., IN) bar stock was gamma-ray irradiated at
50 kGy in N, gas and annealed at 120°C in N, gas for
crosslinking. After cooling, the crosslinked polyethylene
(CLPE) specimens were machined from this bar stock.

MPC grafting onto the CLPE surface was performed as
described in previous studies.**™ The CLPE specimens
were immersed in an acetone solution containing 10 mg/
mL benzophenone for 30 s and then dried in the dark at
room temperature to remove the acetone. MPC was dis-
solved in degassed pure water to a concentration of 0.5
mol/L. The benzophenone-coated CLPE samples were
immersed in the aqueous MPC solution. Photoinduced
graft polymerization on the CLPE surface was carried out
using UV irradiation with an intensity of 5 mW/cm? at
60°C for 90 min. After the polymerization, the CLPE-g-
MPC samples were removed from the solution, washed
with pure water and ethanol, and dried.

Articular cartilage from porcine ankle joint

Using a surgical hand corer or surgical saw, articular
cartilage specimens were harvested from the flat part of
the ankle joint of the fresh frozen porcine tibia (ages 6-9
months) for friction test. Pin-type articular cartilage speci-
mens were shaped as cylinders with a height of 5 mm and
diameter of 9 mm, and they had ~1 mm of cartilage layer
and subcondral bone used for mounting. Throughout the
procedure, the articular cartilage surface was hydrated reg-
ularly with Dulbecco’s phosphate-buffered saline (PBS, pH
7.4, ion strength = 0.15 M; Immuno-Biological Laboratories
Co., Ltd., Takasaki, Japan). All the articular cartilage speci-
mens were then stored in Dulbecco’s PBS and frozen at
—80°C.*

Surface analysis by Fourier transform infrared
spectroscopy, X-ray photoelectron spectroscopy,
and water-contact angle measurement

The functional group vibrations of the Co-Cr-Mo alloy
surfaces before and after the MPC grafting were examined
by Fourier-transform infrared (FTIR) spectroscopy with
attenuated total reflection (ATR) equipment. The FTIR/
ATR spectra were obtained using an FTIR analyzer (FT/
IR615, JASCO Co. Ltd., Tokyo, Japan) for 32 scans (1.2 s/
scan) over the range of 800-2000 cm™ ' at a resolution of
4.0 cm™

The surface elemental conditions of the Co-Cr-Mo alloy
before and after the MPC grafting were analyzed by X-ray
photoelectron spectroscopy (XPS). The XPS spectra were
obtained using an XPS spectrophotometer (AXIS-HSi165,
Kratos/Shimadzu Corp., Kyoto, Japan) equipped with a
15-kV MgKa radiation source at the anode. The take-off
angle of the photoelectrons was maintained at 90°. Five
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scans (~260 to 425 s/scan depending on the atomic signal
strength) were taken for each sample.

The static-water contact angles on the Co-Cr-Mo surfa-
ces that were subjected to different types of pretreatments
before and after the MPC grafting were measured by the
sessile drop method using an optical bench-type contact
angle goniometer (Model DM300, Kyowa Interface Science
Co., Ltd,, Saitama, Japan). Drops of purified water (1 pL)
were deposited on the Co-Cr-Mo-g-MPC surface, and the
contact angles were directly measured with a microscope
after 60 s of dropping, according to the ISO 15989 stand-
ard.*” Measurements were repeated six times for each sam-
ple, and the average values were considered as the contact
angles.

Cross-sectional observation by transmission
electron microscopy

A crosssection of the poly(MPC) layer on the Co-Cr-Mo
surface was observed using a transmission electron micro-
scope (TEM) and by energy dispersive X-ray (EDX) spec-
troscopy. The specimens were precoated with an alumi-
num film using a focused ion beam (FIB) system to pre-
vent charging. After precoating, a thin film of the samples
was prepared by the FIB technique using an FB-2000A
(Hitachi High-Technologies Co., Tokyo, Japan) FIB system.
The samples were thinned to electron transparency by a
low gallium ion beam current. The thin film thus prepared
was positioned onto a copper TEM mesh grid. TEM obser-
vations were then recorded using an HF-2000 electron
microscope (Hitachi High-Technologies Co.) at an accelera-
tion voltage of 200 kV. EDX spectra were analyzed on a
crosssection of the untreated Co-Cr-Mo sample and the
Co-Cr-Mo-g-MPC sample obtained with 0.50 mol/L MPC
concentrations and a 90-min photoirradiation time using a
Sigma EDX attachment (Kevex Instruments, Inc., Valencia,
CA) at an acceleration voltage of 200 kV. The probe size of
the electron beam was maintained at 1 nm.

Friction test

The coefficients of dynamic friction between the pins
fabricated from various materials (Co-Cr-Mo, CLPE, CLPE-
&-MPC, and articular cartilage) and the untreated Co-Cr-
Mo or Co-Cr-Mo-¢g-MPC (obtained with 0.50 mol/L MPC
concentrations and a 90-min photoirradiation time) plates
were measured using a pin-on-plate machine (Tribostation
32; Shinto Scientific Co., Ltd., Tokyo, Japan) as the prelimi-
nary test for tribological properties. Each pin was a cylin-
der measuring 5 mm in height and 9 mm in diameter and
used to prepare five sample pieces. The friction tests were
performed at room temperature with a load of 0.98 N, slid-
ing distance of 25 mm, and frequency of 1 Hz for a maxi-
mum of 100 cycles.*® Pure water was used as a lubricant.
The mean coefficients of dynamic friction were determined
by averaging five data points from the 100 (96-100) cycle
measurements. Standard analysis of variance (ANOVA)
was applied to the data of the (at 100 cycles) existed
among the eight groups (Co-Cr-Mo, CLPE, CLPE-g-MPC,
Cartilage pins against untreated Co-Cr-Mo and Co-Cr-Mo-
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Figure 2. FTIR/ATR spectra of untreated Co-Cr-Mo and
Co-Cr-Mo-g-MPC surfaces with a 0.50-mol/L MPC concen-
tration and a 90-min photoirradiation time.

&-MPC plates, respectively), in this study. Two combina-
tions (e.g., Co-Cr-Mo pin against untreated Co-Cr-Mo and
Co-Cr-Mo-¢g-MPC plates, Co-Cr-Mo and CLPE pins against
Co-Cr-Mo-g-MPC plate) were especially made with the
Student’s ¢ test (p < 0.05).

RESULTS

Figure 2 shows the FTIR/ATR spectra of the Co-
Cr-Mo sample and that of photoirradiated grafting
of MPC under 0.50-mol/L MPC concentration and
90-min photoirradiation time. Absorption peaks
were not observed for the Co-Cr-Mo sample before
the MPC graft polymerization in the wavenumber

KYOMOTO ET AL.

range of 800-2000 cm '. In contrast, absorption
peaks were newly observed only for the Co-Cr-Mo-
§-MPC samples. The peaks at 1720, 1550, and 1460
em™ ! are attributed to C=0 and —CH,— in the
MPSi and poly(MPC) graft chains. The peaks at
1180, 1040, 700, and 630 cm ' are attributed to the
trimethoxysilane group in the MPSi unit® The
peaks at 1240, 1080, and 970 em” ! are attributed to
the ~N"(CHs); and phosphate groups in the MPC
unit.*

In the XPS spectra of the binding energy region of
the nitrogen (Ny,), phosphorous (P2p), and silicon
(Sizp) electrons, peaks appeared in the case of Co-Cr-
Mo-g-MPC; however, they were not observed in the
case of Co-Cr-Mo (Fig. 3). The peak at 104 eV was
attributed to the Si,O3 or SiO; in the trimethoxysi-
lane group in the MPSi unit. The peaks at 403 and
134 eV were attributed to the —NT(CHj3); and phos-
phate groups, respectively. These peaks reflect the
phosphorylcholine present in the MPC units. Figure
4 shows the Si, N, and P concentrations of the Co-
Cr-Mo-g-MPC surface as a function of the photoirra-
diation time during polymerization for various MPC
concentrations in feeds. Both the N and P concentra-
tions in the Co-Cr-Mo-g-MPC surface increased with
the photoirradiation time. In the case of higher MPC
concentrations, when the photoirradiation time was
greater than 90 min, the N and P concentrations
became almost constant above 5.0 atom%. These val-
ues were almost equivalent to the theoretical elemen-
tal composition (N = 5.3 atom%, P = 5.3 atom%) of
poly(MPC). As a trade off, the Si concentration at
the Co-Cr-Mo-g-MPC  surface decreased with an
increase in the photoirradiation time.

Untreated Co-Cr-Mo Nis P2p Sin
m AL AN A A A
$i,0, or SiO,
Before MPC grafting
{MPSi-coated Co-Cr-Mo)
WVM‘*W WMMM
N(CH,), Phosphate group
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{Co-Cr-Mo-g-MPC)
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Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 3. XPS spectra (Nys, Pap and Sip,) of Co-Cr-Mo samples before and after the MPC grafting with a 0.50-mol/L

MPC concentration and a 90-min photoirradiation time.
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Figure 4. Surface elemental concentrations in the Co-Cr-
Mo-g-MPC surface as a function of the photoirradiation
time for various MPC concentrations in feeds. Bar: stand-
ard deviations.

Figure 5 shows the static-water contact angle on
the Co-Cr-Mo-g-MPC surface as a function of the
photoirradiation time during polymerization with
various MPC concentrations in feeds. The static-
water contact angle on the untreated Co-Cr-Mo sur-
face before the MPC grafting was ~80°. The static-
water contact angle on the Co-Cr-Mo-g-MPC surface
decreased markedly with an increase in the photoir-
radiation time and the MPC concentration. When the
photoirradiation time and MPC concentration were
greater than 90 min and 0.50 mol/L, respectively,
the static-water contact angle became constant at a
low value of 20",

Figure 6 shows the cross-sectional TEM images of
Co-Cr-Mo-¢g-MPC obtained with various MPC con-
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centrations and a 90-min photoirradiation time. In
the Co-Cr-Mo-g-MPC, a 10 to 360-nm thick poly
(MPC) layer was clearly observed on the surface of
the Co-Cr-Mo substrate. The thickness of the poly
(MPQC) layer increased with the MPC concentration
during polymerization. At an MPC concentration of
1.00 mol/L, the thickness of the poly(MPC) layer
was greatest, that is, 360 nm. These results indicate
that the length of the poly(MPC) chain (thickness
of the poly(MPC) layer) can be controlled by adjust-
ing the MPC concentration during polymerization.
This is explained by the fact that the length of
the polymer chains produced in a radical polymer-
ization reaction generally correlates with the MPC
concentration.

Figure 7 shows the EDX spectra of the untreated
Co-Cr-Mo and Co-Cr-Mo-g-MPC obtained with a
0.5-mol/L MPC concentration and a 90-min photoir-
radiation time. In spectra (P1) and (P3) of the sub-
strate of the untreated Co-Cr-Mo and Co-Cr-Mo-g-
MPC, strong peaks were observed at 0.8, 2.3, 5.4, 6.0,
6.9, and 7.7 keV. These peaks are attributed to the
Co, Cr, and Mo atoms in the Co-Cr-Mo substrate. In
spectrum (P2) of the surface of the untreated Co-Cr-
Mo, a peak was observed at 0.5 keV. This peak is
attributed to the O atom in the metal oxide layer of
the Co-Cr-Mo. In spectrum (P4) of the intermediate
layer of the Co-Cr-Mo-g-MPC, peaks were observed
at 0.5 and 1.7 keV. These peaks are attributed to the
O and Si atoms in the intermediate layer between
the silane of the MPSi and the metal oxide of the
Co-Cr-Mo. In spectra (P4) and (P5) of the intermedi-
ate layer and the poly(MPC) layer of the Co-Cr-Mo-
g-MPC, a significant peak attributed to the P atom
was observed at 2.0 keV. This peak is mainly attrib-
uted to the MPC units. Several spectra exhibited
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Figure 5. Static-water contact angle of the Co-Cr-Mo-g-
MPC surface as a function of the photoirradiation time
for various MPC concentrations in feeds. Bar: standard
deviations.
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Figure 6. Cross-sectional TEM images of the Co-Cr-Mo-¢g-MPC surface with various MPC concentration in feeds and a
90-min photoirradiation time. Aluminun coating layers (~70 nm) for preparation of TEM observation specimen are shown
above the poly(MPC) layer of the Co-Cr-Mo-g-MPC surface. In (a) and (c), small open-circles (P1-5) indicate EDX analysis

points. Bar: 200 nm.

peaks at 1.5, 8.0, and 8.9 keV. In these cases, the
peaks are attributed to the Al and Cu atoms of the
Aluminum coating for the preparation of the TEM
observation specimen and/or the copper TEM mesh
grid.

Figure 8 shows the coefficients of dynamic friction
of the sliding couples, namely, untreated Co-Cr-Mo,
CLPE, CLPE-g-MPC, and articular cartilage pins slid-
ing against the untreated Co-Cr-Mo and Co-Cr-Mo-
&-MPC plates. The Co-Cr-Mo/Co-Cr-Mo and CLPE/
Co-Cr-Mo couples showed a high friction coefficient
of ~0.19 and 0.14 in the initial 10 cycles; especially,
the value of the Co-Cr-Mo/Co-Cr-Mo couple
increased and reached ~0.41 in the 100 cycles (p <
0.005). After the friction test, some scratches parallel
to the sliding direction were clearly observed in the
Co-Cr-Mo/Co-Cr-Mo  bearing area. The CLPE-¢-
MPC/Co-Cr-Mo couples showed a low friction coef-
ficient of about 0.05 for both 10 and 100 cycles. This
corresponds to ~70% reduction (p < 0.001 in both
cycles) when compared with the coefficients of
untreated CLPE/Co-Cr-Mo couples. The coefficients
of dynamic friction of all types of pins sliding
against the Co-Cr-Mo-g-MPC couples decreased
drastically when compared with those of untreated
Co-Cr-Mo couples. The degree of reduction in the
coefficient was ~90% (80-99%) for both 10 and 100
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cycles (p < 0.001 in all types of pins). In particular,
in the CLPE-g-MPC/Co-Cr-Mo-g-MPC couple, the
poly(MPC) layer sliding against the poly(MPC) layer
showed the lowest friction coefficient of ~0.005, and
this value was almost steady during the experiment.
The friction coefficient of the cartilage/Co-Cr-Mo
couple increased gradually and reached ~0.09 in the
100 cycles. The friction coefficient of the cartilage/
Co-Cr-Mo-¢g-MPC  couple was ~0.006 in the 100
cycles, and it remained almost steady. This was
much lower than the friction coefficient of the carti-
lage/Co-Cr-Mo couple (p < 0.001).

DISCUSSION

In this study, based on the hypothesis that the
“grafting from” method has advantages over the
“grafting to” method in that it synthesizes a uni-
formly and controllable polymer layer, a superlubri-
cious Co-Cr-Mo alloy surface by poly(MPC) grafting
was prepared for its application to artificial joints
with the aim of reducing wear. Several important
issues are involved in the long-term retention of the
benefits of poly(MPC) used in artificial joints under
variable and multidirectional loads: strong bonding
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Figure 7. EDX spectra of the Co-Cr-Mo-¢g-MPC surface
with a 0.5-mol/L MPC concentration and a 90-min photo-
irradiation time. The spectra were analyzed on the cross-
section (P1-5) of the untreated Co-Cr-Mo and Co-Cr-Mo-g-
MPC in Figure 6.

between the poly(MPC) and the Co-Cr-Mo surface,
high mobility of the free end groups of the poly
(MPC) layer, and a high density of the introduced
poly(MPC). Taking these issues into consideration,
the photoinduced radical graft polymerization tech-
nique and the MPSi intermediate layer were used to
obtain covalent bonding between the Co-Cr-Mo sub-
strate and the poly(MPC) chain via the MPSi layer.
Figure 4 shows the N and P concentrations of the
Co-Cr-Mo-¢g-MPC surface obtained with a 0.5-mol/L
MPC concentration and a 90-min photoirradiation
time; the concentrations became almost constant at
high values of 5.0 and 5.3 atom%, respectively. These
values were almost equivalent to the theoretical
elemental composition of poly(MPC). In addition,
the static-water contact angle of the Co-Cr-Mo-g-
MPC surface became constant at a low value of 20°,
showing a highly hydrophilic nature. The peak
attributed to Si atoms was observed in the interme-
diate layer between the poly(MPC) layer and Co-Cr-
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Mo substrate only, as shown in Figure 7. Therefore,
it was thought that the poly(MPC) chain was grafted
and that it extended from the methacrylate on the
MPSi. The hydrophilic layer was formed with the
poly(MPC) chain, which attained high mobility, and
the poly(MPSi) chain existed as the immobilized
end-group of the poly(MPC) graft chains.

In Figure 4, both the N and P concentrations in
the Co-Cr-Mo-¢g-MPC surface attributed to poly
(MPC) increased with the MPC concentration during
polymerization. In addition, in the TEM images
shown in Figure 6, the thickness of the poly(MPC)
layer increased with the MPC concentration. When
the poly(MPC) layer has a brush-like structure, the
layer thickness may correlate with the molecular
weight of the grafted poly(MPC). The high-density
poly(MPC) graft chains in the Co-Cr-Mo-¢g-MPC are
assumed to exhibit a brush-like structure.®** It is
generally well known that the reaction rate of radical
polymerization is extremely high.>! In this study, the
length (molecular weight) of the poly(MPC) graft
chains was successfully controlled by the MPC con-
centration used for polymerization as a feed solu-
tiori. This indicates that the length of the poly(MPC)
chain grafted on the Co-Cr-Mo surface increased
with the MPC concentration in feed.*

The previous study by the authors reported that
the density of the poly(MPC) chains on the surface
of the CLPE prepared by photoinduced radical poly-
merization gradually increased with the irradiation
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Figure 8. Coefficients of dynamic friction for the various
types of pins sliding against the untreated Co-Cr-Mo and
Co-Cr-Mo-¢g-MPC plates. Bar: standard deviations. *t test,
significant difference (p < 0.001) when compared with the
untreated Co-Cr-Mo plate, **t test, significant difference (p
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< 0.001) when compared with the Co-Cr-Mo pin against
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time. The study also showed that the entire surface
of the CLPE was coated using polymerization times
longer than 45 min with almost the same thickness
as that of the poly(MPC) layer for longer irradiation
times (100-200 nm).** In this study, both the N and
P concentrations in the Co-Cr-Mo-g-MPC surface
attributed to poly(MPC) increased with the photoir-
radiation time. When the MPC concentration was
greater than 0.5 mol/L, the N and P concentrations
of the Co-Cr-Mo-g-MPC surface increased to ~5.3
atom%, which was almost equivalent to the theoreti-
cal elemental composition of poly(MPC). In addition,
the Co-Cr-Mo-g-MPC surface obtained with a 0.5-
mol/L. MPC concentration and a 90-min photoirra-
diation time retained the uniform poly(MPC) layer
with a thickness of 200 nm, as reported in the previ-
ous study. These observations indicate that irradia-
tion time control is essential to obtain a high-density
poly(MPC) layer.**

Several previous studies reported that a silane coat-
ing has a low water resistance due to hydrolysis of si-
loxane bond and to desorption of physisorbed silane.
Zhang et al.” and others™>* reported that the limited
stability of the Si—O—metal (M) bond against hydro-
lysis is the main reason for the limited stability in
water, and the water stability could be improved by
using several factors: (1) an induction of bridged silane
coupling agents, when hydrolyzed, contain two or
more —Si(OH);, (2) the hydrophobic alkyl moieties
which limit the contact with water, and (3) a increase
of thickness of surface oxide layer. Therefore, we used
the MPSi intermediate layer with three methoxysilane
groups and a functional methacrylate and the pretreat-
ment (nitric acid treatment and O, plasma treatment)
for Co-Cr-Mo surface were used.

MPSi binds to the Co-Cr-Mo substrate by a con-
densation reaction in two steps (Fig. 1). In the first
step, the MPSi is hydrolyzed (activated), and in the
second step, the hydrolyzed silane molecule binds to
the surface by an Si-O—M bond, forming branched
hydrophobic siloxane bonds, Si-O-5i.***° The hydro-
lyzed silane molecule has three —OH groups that
can react with the —OH groups of the surface metal-
lic oxide layer to form siloxane bonds covalently.
The peaks at 1180 and 1040 em ! in the FTIR/ATR
spectrum of the Co-Cr-Mo-g-MPC surface were
attributed to Si—0O—Si and Si—0O—M, respectively
(Fig. 2), and these were observed after the MPC
grafting. This suggests that the trimethoxysilane
group of MPSi binds to the metallic oxides with a
stable covalent binding even when the polymeriza-
tion of MPC was carried out. This MPSi (and/or pol-
y(MPC-co-MPSi)) layer(s) and the Co-Cr-Mo sub-
strate might contribute to the stable polymer/metal
interface.”

The coefficients of dynamic friction of various
bearing couples obtained in previous studies are
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TABLE I
Coefficients of Dynamic Friction of Various Bearing
Couples in Previous Studies

Bearing Couple

Friction

Pin Disc or Plate Coefficient  Reference
Co-Cr-Mo Co-Cr-Mo 0.19-0.27 36, 56
UHMWPE Co-Cr-Mo 0.05-0.13 36, 57, 58
CLPE-g¢-MPC  MPC “grafted to” 0.07-0.13 36

Co-Cr-Mo

Cartilage Stainless steel 0.01-0.05 61
Cartilage Cartilage 0.02 62

summarized in Table I. In Figure 8, the Co-Cr-Mo/
Co-Cr-Mo couple shows a friction coefficient of
~0.19, which is as high as that described in previous
studies.”®*® The CLPE/Co-Cr-Mo couple also shows
a friction coefficient of ~0.14, as high as that
described in previous studies.’®*® In contrast, the
Co-Cr-Mo-¢g-MPC surface with respect to each mate-
rial shows an extremely low friction coefficient when
compared with that of the untreated Co-Cr-Mo sur-
face. As MPC is highly hydrophilic and poly(MPC)
is water soluble, the water contact angle of the Co-
Cr-Mo-g-MPC surface was lower than that of the
untreated Co-Cr-Mo surface, as shown in Figure 5.
Consequently, the grafted poly(MPC) layer success-
fully provided high lubricity in the form of “surface
gel hydration lubrication” to the Co-Cr-Mo surface
(Fig. 8).%°

Various factors such as the type of bearing mate-
rial, surface roughness, homogeneity of the surface,
and chemical composition affect the lubricity of arti-
ficial joints.”” In Figure 8, the friction coefficient of
the CLPE/Co-Cr-Mo-g-MPC couple was greater than
that of Co-Cr-Mo/Co-Cr-Mo-¢-MPC couple (p <
0.001 in both 10 and 100 cycles). The significant dif-
terence for the friction coefficient of those bearing
couples was probably attributed to a surface rough-
ness of bearing pin: although the bearing surface of
Co-Cr-Mo pins was polished so that the average sur-
face roughness (R,) was ~0.01 pm, the bearing sur-
face of CLPE pins was only machine-finished so that
the R, was ~20 pm. These bearing surfaces were
actually comparable with those of femoral ball and
acetabular cup products, respectively. However, if
the bearing surface of CLPE pins was polished or
direct molded like that of Co-Cr-Mo pins, the friction
coefficient of the CLPE/Co-Cr-Mo-g-MPC couple
would be similar to that of Co-Cr-Mo/Co-Cr-Mo-¢-
MPC couple.

In the case of Co-Cr-Mo-g-MPC, the lubricity
changes depending on the ambient in vitro and in
vivo conditions. The previous study reported that the
hydrogel cartilage surface is assumed to have a
brush-like structure: a part of the proteoglycan ag-



