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Abstract. Surface grafting of polyelectrolyte brush, such as 3-sulfopropyl methacrylate potassium salt (SPMK), on hip
implant materials has been reported to reduce the wear of the orthopaedic bearing surface. However, the biotribocorrosion
behaviour of the SPMK brush has not been taken into consideration in previous research. In the present study, SPMK was
grafted on Co28Cr6Mo alloy through photo-induced polymerization, and the biotribocorrosion behaviour was investigated by
a series of frictional-electrochemical tests using a universal materials tester combined with an electrochemical measurement
(three-electrode) system. Co28Cr6Mo disk and polyethylene (PE) pin were used as the contact pair, and the lubricants were
0.9% saline solution (NaCl) and 0.9% saline solution coupled with 25% bovine serum albumin (BSA). The results showed
that SPMK was successfully grafted on Co28Cr6Mo alloy, which was confirmed by the comparison of Raman spectroscopy
and static contact angle of the samples before and after surface modification. The greatly reduced electrochemical parameters
such as corrosion current and pitting potential indicated that the corrosion rate of Co28Cr6Mo alloy was significantly reduced
following SPMK grafting. Additionally, the frictional-electrochemical coupled measurement performed under reciprocating
sliding demonstrated that the lowest corrosion current was obtained for the SPMK-grafted Co28Cr6Mo disk, with 0.9% NaCl
coupled with 25% BSA as the electrolyte. It is indicated from the present study that SPMK polyelectrolyte brush can greatly
improve the anti-biotribocorrosion properties of Co28Cr6Mo alloy, and thus has potential application on surface modification
of hip implant materials.
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1. Introduction

Total hip replacement (THR) is considered as an effective orthopaedic procedure performed
worldwide to treat patients with hip disorders, e.g. osteoarthritis, and rheumatoid arthritis. However,
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following implantation of the hip prosthesis, friction and wear can occur during daily use, resulting in
generation of wear debris [1-3]. The wear debris-induced aseptic loosening has been accepted as the
main reason for failure of THR [4]. Generally, wear can be produced at both the articulating head-cup
interface and also the stem-cement interface, and in literature there are an amount of studies available
investigating wear properties of these two interfaces [5—7]. For example, at the stem-cement interface,
it is typically fretting wear mechanism caused by a low-amplitude oscillatory movement between
polished femoral stem and bone cement [8—10]. Recently, although the use of hard-on-hard bearing
systems, such as metal-on-metal and ceramic-on-ceramic configurations [11], has been advocated to
greatly reduce the generation of wear debris, the issues with regard to toxic metallic ion release and
biotribo-acoustics are considered as major concerns [12,13]. Consequently, metal-on-polymer contact,
such as CoCrMo alloy-on-polyethylene (PE), is still comprehensively used in clinical situations.

In order to improve the survivorship of THR and the quality of life of the patients, it is essential to
reduce the wear generated by the total hip joint system [14,15]. Nowadays, surface grafting of
polyelectrolyte brush has been reported as an effective methodology to extend the lifetime of hip
prosthesis. In 2010, Kyomoto et al. developed a technique to achieve surface grafting of a
biocompatible 2-methacryloyloxyethyl phosphorylcholine (MPC) polymer on CoCrMo alloy [16]. It
showed an extremely low friction coefficient at a level lower than 0.01, which could be attributed to
hydration lubrication mechanism [17]. Additionally, it was demonstrated in the study performed by
Kobayashi et al. in 2012 that 3-sulfopropyl methacrylate potassium salt (SPMK) showed an even
lower friction coefficient than that of MPC when coated on the silicon wafer through surface-initiated
atom transfer radical polymerization (ATRP) [18]. Although friction coefficient is documented to be
greatly reduced by surface grafting of these polyelectrolyte brushes, it is considered that the hip
implant materials experience corrosion under a corrosive environment in the human body [19,20], and
the biotribocorrosion behaviour of the polyelectrolyte brushes has not been investigated in previous
research. Accordingly, in the present study, an insight into this issue was gained by performing a
series of frictional-electrochemical tests using a universal materials tester combined with an
electrochemical measurement system.

2. Materials and methods
2.1. Surface grafting of SPMK on CoCrMo alloy

A total of thirty Co28Cr6Mo disks (ASTM F75 standard specification) were manufactured with a
diameter of 10 mm and a thickness of 3 mm. The Co28Cr6Mo disk was highly polished to achieve a
surface roughness value of 10 nm, which was measured by a micro XAM-3D optical interferometer
(KLA-Tencor Corp, Milpitas, California, USA) with a scanning area of 0.86x0.64 mm”. This surface
was comparable to that of the femoral ball. Then the Co28Cr6Mo disk was cleaned in an ultrasonic
bath with acetone for 10 minutes, and immersed in 35% nitric acid for 30 minutes to dissolute foreign
substance residues. Subsequently, the Co28Cr6Mo disk was placed in a tube furnace for irradiation
with O, gas flow at 450°C for 60 minutes.
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Fig. 1. Schematic illustration for preparation of SPMK-grafted Co28Cr6Mo disk.

The procedure for preparation of SPMK-grafted Co28Cr6Mo disk is shown schematically in Figure
1. Specifically, the pretreated Co28Cr6Mo disk was immersed in an ethanol solution containing 5% 3-
methacryloxypropyl trimethoxysilane (MPSi), 1% succinic acid, and 0.1% 2-Hydroxy-1-[4-(2-
hydroxyethoxy)phenyl]-2-methyl-propan-1-one  (D2959) overnight for silanization of the
trimethoxysilane group. Then the Co28Cr6Mo disk was annealed at 70°C in water bath for 3 hours,
and transferred to the SPMK aqueous solution at a concentration of 0.5 mol/L (prepared by using
degassed deionized water). Finally, photo-induced polymerization was initiated through ultraviolet
irradiation with an intensity of 5 mW/cm?® at 80°C for 2 hours. After polymerization, the SPMK-
grafted Co28Cr6Mo disk was washed with deionized water and ethanol, and dried at room
temperature.

2.2. Surface characterization of SPMK-grafted CoCrMo alloy

In order to confirm the presence of the SPMK polyelectrolyte brush grafted on the CoCrMo alloy
surface, the highly polished Co28Cr6Mo disk and the SPMK-grafted Co28Cr6Mo disk were examined
by a LabRAM HR800 Raman spectroscopy (Horiba JY, Ville d’Asq, France) with a wave number
range from 400 cm™ to 4000 cm™ to detect the functional group vibration of the samples. Additionally,
the surface wettability of the highly polished Co28Cr6Mo disk and the SPMK-grafted Co28Cr6Mo
disk was evaluated by the sessile drop method employing an OCA-20 contact angle system
(Dataphysics Instruments, Filderstadt, Germany). An auto pipette was used to deposit drops of
ultrapure distilled water (2.0 ul) on the samples, and the static contact angle was measured. A total of
ten measurements were performed for each kind of sample, and the average value of the static contact
angle was eventually calculated.

2.3. Biotribocorrosion behaviour of SPMK-grafted CoCrMo alloy

A custom-made three-electrode cell, as schematically shown in Figure 2, was developed to perform
the frictional-electrochemical tests for evaluation of biotribocorrosion behaviour of the SPMK-grafted
CoCrMo alloy [21]. The exposed area of the Co28Cr6Mo disk (highly polished and SPMK-grafted), a
graphite rod, and a calomel electrode represented the working electrode, the counter electrode, and the
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Fig. 2. Development of a three-electrode cell for frictional-electrochemical test.

reference electrode, respectively. The three-electrode cell was further connected with the linear stage
of a UMT-II universal materials tester (Centre for Tribology Inc., Campbell, California, USA) for the
frictional measurements, and a CHI660¢ electrochemical measurement system (Chenhua Instruments
Inc., Shanghai, China) was used to collect the electrochemical parameters. Two kinds of electrolytes
were tested, including 0.9% saline solution (NaCl) and 0.9% saline solution coupled with 25% bovine
serum albumin (BSA).

Initially, the static corrosion properties of the Co28Cr6Mo disk (highly polished and SPMK-grafted)
was characterized by potentiodynamic polarization curve recorded from -0.8V to +1.2V at a scanning
rate of 2 mV/s. Two corrosion parameters, i.e. I, (corrosion current) and Ey (pitting potential), were
obtained from the potentiodynamic polarization curve employing Tafel’s method. Subsequently, the
biotribocorrosion behaviour of the Co028Cr6Mo disk (highly polished and SPMK-grafted) was
investigated through a series of frictional-electrochemical coupled measurements. The frictional test
was performed in a reciprocating mode (oscillation amplitude: 4.5 mm) at 1 Hz for a duration of 60
minutes, with Co28Cr6Mo disk and polyethylene sphere pin (diameter: 8 mm; surface roughness: 1.5
pm, measured by the micro XAM-3D optical interferometer with a scanning area of 0.86x0.64 mm?)
as the contact pair, Figure 3. A normal load of 3 N was applied, which was equivalent to an apparent
maximum contact pressure of 37 MPa. This was calculated based on the Hertz theory for ball-on-flat
configuration [22], Equations (1) and (2). P is the apparent maximum contact pressure, w is the normal
load (3 N), R is the radius of the pin (4 mm), £; and g, are the elastic modulus and Poisson’s ratio of
Co28Cr6Mo (210 GPa and 0.3), and E, and u, are the elastic modulus and Poisson’s ratio of
polyethylene (1 GPa and 0.4).

1 2

-5/ (5)
z\ 2 R
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The friction coefficient was recorded during the frictional test, and simultaneously the current-time
curve was obtained by the CHI660e electrochemical measurement system under a potential of +0.2V
to accelerate corrosion. Note that the open circuit potential (OCP) was monitored for a period of 10
minutes to ensure the electrochemical stabilization of the three-electrode cell. For each measurement,
at least three tests were repeated to ensure statistical validity.

3. Results and discussion
3.1. Surface characterization of SPMK-grafted CoCrMo alloy

The comparison of Raman spectroscopy of the highly polished Co28Cr6Mo disk and the SPMK-
grafted Co28Cr6Mo disk was shown in Figure 4. It was obvious that no peaks were detected for the
highly polished Co28Cr6Mo disk, whilst the SPMK-grafted Co28Cr6Mo disk was characterized by
the presence of several new peaks. The peak at 2950 cm™ and 1470 cm™ were attributed to the C-H
bond, the 1750 cm™ peak proved the existence of C=0 bond, and the peaks between 500 cm™ and
1000 cm™ demonstrated different kinds of Si-O and O-Si-C bonds. Most importantly, the peak at 1050
ecm’ was a typical absorption of SO5”, which indicated that SPMK was successfully grafted on the
surface of CoCrMo alloy.

The comparison of the static contact angle of the highly polished Co28Cr6Mo disk and the SPMK-
grafted Co28Cr6Mo disk was shown in Figure 5. It was clear that the static contact angle of the highly
polished Co28Cr6Mo disk (86.9+0.4°) was significantly larger than that of the SPMK-grafted
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Fig. 4. Raman spectroscopy of highly polished Co28Cr6Mo disk and SPMK-grafted Co28Cr6Mo disk
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Fig. 5. Static contact angle of highly polished Co28Cr6Mo disk and SPMK-grafted Co28Cr6Mo disk.

Co28Cr6Mo disk (13.5+1.8°), indicating that SPMK surface grafting on CoCrMo alloy changed the
surface wettability of the material from hydrophobic to hydrophilic performance. This result further
confirmed the presence of the SPMK polyelectrolyte brush on CoCrMo alloy surface.

3.2. Biotribocorrosion behaviour of SPMK-grafted CoCrMo alloy

The potentiodynamic polarization curve of the highly polished Co28Cr6Mo disk and the SPMK-
grafted Co28Cr6Mo disk in 0.9% NaCl and 0.9% NaCl coupled with 25% BSA was shown in Figure 6,
and the I, and E,, values of the samples in these two electrolytes were summarized in Table 1. It was
clear from this table that for both 0.9% NaCl and 0.9% NaCl coupled with 25% BSA, Lor-polished CoCrMo
was greatly larger than Icorgrafied cocrmo, Whilst Eppolished cocrvo Was significantly smaller than Ep grafica
coCiMo- This result indicated that SPMK surface grafting on CoCrMo alloy could reduce the corrosion
rate of the material. Additionally, it was obvious from Figure 6 that the steady state current (L) was
the lowest for the SPMK-grafted Co28Cr6Mo disk in 0.9% NaCl coupled with 25% BSA, which may
be attributed to the formation of a BSA protein film on the surface of the SPMK polyelectrolyte brush,
protecting the Co28Cr6Mo disk from corrosion. BSA is a globular protein with a hydrophobic core
and hydrophilic surface, and tends to adsorb on all surfaces owing to a gain in conformational entropy
[23].
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Fig. 6. Potentiodynamic polarization curve of highly polished Co28Cr6Mo disk and SPMK-grafted Co28Cr6Mo disk with
0.9% NaCl and 0.9% NaCl+25% BSA as the electrolytes.

Table 1

The mean value of corrosion current (I.,,) and pitting potential (E,) of the highly polished Co28Cr6Mo disk and SPMK-
grafted Co28Cr6Mo disk with 0.9% NaCl and 0.9% NaCl+25% BSA as the electrolytes

Saml 0.9% NaCl 0.9% NaCl+25% BSA
arples Ieorr (10-6 A) Eb (V) Ieorr (10-6 A) Eb (V)

highly polished

C028Cr6Mo disk 451 0.011 1.41 0.002

SPMK-grafted

C028Cr6Mo disk 0.126 0.446 0.096 0.378

The frictional-electrochemical coupled measurement results, i.e. the current-time curve and the
friction coefficient-time curve, were shown in Figure 7. It was clear that the corrosion current for the
SPMK-grafted Co28Cr6Mo disk was significantly lower than that of the highly polished Co28Cr6Mo
disk in both 0.9% NaCl and 0.9% NaCl coupled with 25% BSA. The smallest corrosion current was
obtained for the SPMK-grafted Co28Cr6Mo disk, with 0.9% NaCl coupled with 25% BSA as the
electrolyte. This indicated that SPMK surface grafting on CoCrMo alloy could improve the anti-
biotribocorrosion properties of the material under reciprocating sliding. The friction coefficient-time
curve demonstrated that the friction coefficient for the SPMK-grafted Co28Cr6Mo disk was higher
than that of the highly polished Co28Cr6Mo disk in both 0.9% NaCl and 0.9% NaCl coupled with
25% BSA. This may be caused due to the increase of surface roughness after SPMK grafting (0.5 pm
measured by the micro XAM-3D optical interferometer) on the highly polished Co28Cr6Mo disk.
Additionally, it was noted that, with regard to the same contact pair, a higher friction coefficient was
obtained when using 0.9% NaCl coupled with 25% BSA as the electrolyte. Previously, it was observed
that the friction coefficient was reduced when adding BSA in the lubricant, with either polished
titanium alloy or stainless steel and bone cement as the contact pair [24,25]. The interaction between
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Fig. 7. Frictional-electrochemical measurements of highly polished Co28Cr6Mo disk and SPMK-grafted Co28Cr6Mo
disk with 0.9% NaCl and 0.9% NaCl+25% BSA as the electrolytes: (a) current-time curve; (b) friction coefficient.

the SPMK polyelectrolyte brush and BSA may contribute to this phenomenon, but further study is
required to investigate this issue in more detail.

4. Conclusion

In the present study, photo-induced polymerization was developed to graft SPMK polyelectrolyte
brush on CoCrMo alloy surface, and the biotribocorrosion behaviour was investigated by a series of
frictional-electrochemical tests. The results indicated that both the static and dynamic (reciprocating
sliding) anti-corrosion properties of CoCrMo alloy were greatly improved following SPMK surface
grafting, therefore representing an effective surface treatment technique for modification of artificial
hip implant materials.
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