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Abstract

It is essential to investigate the tribological maturation of tissue engineered
cartilage that is to be used in medical applications. The friction properties of
tissue engineered cartilage have been measured using flat counter surfaces such
as stainless steel, glass or ceramics. However, the measured friction properties
were significantly inferior to those of natural cartilage, likely because of cartilage
adhesion to the counter surface. In this study, a poly(2-methacryloyloxyethyl
phosphorylcholine (MPC)) grafted surface is proposed as an appropriate counter
surface for cartilage friction evaluation due to the material’s ability to reduce the
adhesion and reproduce natural tribological conditions. The poly(MPC) grafted
surfaces were prepared by atom transfer radical polymerization (ATRP). The
friction coefficients for natural cartilage that were measured on the poly(MPC)
grafted surface were lower than 0.01 at the sliding velocities of 0.08 and
0.008 mm/s, which is equivalent to that for natural cartilage-on-cartilage. The
friction coefficients for the tissue engineered cartilage were reduced with
cultivation time at low sliding velocities. Thus it is suggested that the proposed
system is able to measure the tribological maturation of tissue engineered
cartilage in a more natural lubricating environment.

Keywords: tribological maturation, tissue engineered cartilage, cartilage
adhesion, poly(MPC) grafted surface, natural tribological condition, ATR,
natural cartilage, friction coefficient, sliding velocity, cultivation time.
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1 Introduction

Recently, transplantation of tissue engineered cartilage for the medical treatment
of osteoarthritis has attracted a great deal of attention. It is essential to evaluate
the biochemical and mechanical maturation of tissue engineered cartilage in
order to determine an appropriate post-transplantation schedule. Many studies
have reported on the amount of synthesized extracellular matrix or the material
values of tissue engineered cartilage [3—6]. However, the tribological properties
of tissue engineered cartilage have rarely been discussed. Morita et al. measured
the friction coefficients of tissue engineered cartilage by using a reciprocating-
motion friction testing apparatus [1]. However, the measured friction coefficients
for all culture times were much higher than those reported for in vivo
measurements. It seems probable that tissue engineered cartilage adhered onto
the counter surface, increasing the adhesive force between the tissue and
stainless steel. In order to evaluate frictional behavior of tissue engineered
cartilage accurately, it is necessary to do so under in vivo like conditions.

In this study, a poly(2-methacryloyloxyethyl phosphorylcholine (MPC))
grafted surface was proposed for use as a counter surface in a reciprocating-
motion friction test and used to accurately measure the friction coefficients of
tissue engineered cartilage.

2 Materials and methods

2.1 Preparation of counter surface

2.1.1 Poly(MPC) grafted counter surface

The MPC was synthesized by previously reported methods [7]. The poly(MPC)
grafted surface was prepared by surface-initiated atom transfer radical
polymerization (ATRP) on silicon wafers [8]. The average thickness of the
silicon wafers used was 580 pum, with disks cut into 1.4x1.4 cm pieces. The 3-(2-
Bromoisobutyryl)propyl dimethylchlorosilane (BDCS) was synthesized as
previously described [8, 9]. The BDCS monolayer on the silicon wafer, which
was used as an initiator for ATRP, was prepared as previously reported [9].
Silicon wafers were ozonized using a plasma-reactor apparatus (Yamato
scientific Co. Ltd., Tokyo, Japan) and held in a custom-designed holder and
submerged in 30 mL of dry toluene and BDCS (33 pL, 0.15 mol) with in a glass
tube and purged with argon gas for 30 min. The glass tube was allowed to stand
overnight and wrapped in aluminium foil to prevent exposure to light. The
wafers were then removed from the solution, rinsed sequentially with toluene, 2-
propanol, absolute ethanol, 50% ethanol and pure water, and dried in nitrogen
gas. Copper bromide (I) (29 mg, 0.20 mmol, Sigma-Aldrich Co. LLC., St. Louis,
MO), 2,2’-Bipyridyl (63 mg, 0.40 mmol, Sigma-Aldrich) and 12 mL of
deoxygenated methanol were introduced into the glass tube with a stopcock.
Then ethyl-2-bromoisobutyrate (30.4 puL, 0.20 mmol, Sigma-Aldrich) was added
as a sacrificial initiator. After being purged with argon gas for 30 min, the
BDCS-immobilized silicon wafers were then submerged into the solution.
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A 21 mL solution of methanol containing the MPC powder (12 g, 0.04 mol) was
also purged with argon gas for 30 min and then added into the glass tube.
Polymerization was then allowed to occur for 3 hours at room temperature with
stirring in argon gas atmosphere. The thickness of the poly(MPC) brush-type
graft layer was 8 nm and the density of the poly(MPC) chains was 0.21
chains/nm’. Before the friction test, the poly(MPC) grafted counter surface was
rinsed with a 50% (v/v) isopropanol and distilled water solution.

2.1.2 Stainless steel surface

A stainless steel surface was used as a control group for the poly(MPC) grafted
counter surfaces. The surface roughness of stainless steel (SUS304) was
approximately 0.06 um Ra. Before the friction test, the stainless steel surface
was washed with 50% (v/v) isopropanol for 10 min in an ultrasonic cleaner.

2.2 Preparation of the scaffold for cultivation

We used a fibroin sponge as a scaffold. The fibroin sponges were prepared as
described previously [10-13]. Silk threads degummed from silk cocoons were
dissolved in 9.0 mol/L lithium bromide, dialyzed with water purified through
reverse osmosis. The fibroin protein solution, to which a water-soluble organic
solvent (1.0% (v/v) dimethyl sulfoxide) was added, was frozen for 12 hours at
-20°C and then thawed at room temperature to form a sponge-like material. The
average pore diameter in the sponge was 80 um. After autoclave sterilization
(121°C for 20 min), the fibroin sponges were preserved in PBS at 4°C until
chondrocyte seeding.

2.3 Preparation of chondrocytes

A chondrocyte suspension was prepared as described previously [10-14].
Articular cartilage tissue was taken from the proximal humerus, distal femur and
proximal tibia of 4-week-old Japanese white rabbits (Oriental Bio Service, Inc.,
Kyoto, Japan) and preserved in Dulbecco’s modified Eagle medium (DMEM)
(Nacalai Tesque, Inc., Kyoto, Japan) containing 10% (v/v) FBS, 1% (v/v)
antibiotic and 0.2 mM ascorbic acid (A8960, Sigma-Aldrich). Chondrocytes
were then isolated via enzymatic digestion as described as follows. After being
rinsed twice with PBS, the cartilage slices were digested for 30 min at 37°C with
a 0.25% -Trypsin/l mM-EDTA solution (Nacalai Tesque). After that, the tissues
were rinsed twice with PBS and digested with 0.25% collagenase (Worthington
Biochemical Corporation, New Jersey, USA) for 6 hours at 37°C. After digestion
of the collagen fibre, chondrocytes were isolated using a Cell Strainer (BD
falcon, New Jersey, USA), rinsed twice with PBS, suspended in Cell Banker
(Nippon Zenyaku Kogyo Co., Ltd., Fukushima, Japan) and preserved at -80°C.

2.4 Preparation of tissue engineered cartilage specimens

Tissue engineered cartilage specimens were prepared as described previously
[1-3]. Fibroin sponges were cut into disks that were 8.0 mm in diameter and
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1.0 = 0.2 mm in thickness, and incubated with DMEM at 37°C in a humidified
atmosphere of 95% air and 5% CO, for 3 hours. The chondrocytes were cultured
first in a T-flask (Asahi glass Co., Ltd., Tokyo, Japan) with DMEM at 37°C in a
humidified atmosphere of 95% air and 5% CO, for 7 days to allow for
proliferation. The medium was changed at 3 and 5 days. Harvested chondrocytes
were then seeded into fibroin disks at a cell concentration of about 1.67x10’
cells/mL. For the regeneration of cartilage, the fibroin sponge-chondrocyte
constructs were cultured at 37°C in a humidified atmosphere of 95% air and 5%
CO, in DMEM supplemented with 10% (v/v) FBS, 1% (v/v) antibiotic and
0.2 mM ascorbic acid. The medium was changed every 2 days.

Friction tests were carried out at 7 and 14 days after the beginning of
cultivation. The friction coefficients of fibroin disks which were seeded with no
chondrocytes were also examined as a control group. Tissue engineered cartilage
specimens were cut into 5.0 mm diameter disks for the friction test.

2.5 Preparation of natural cartilage specimens

Natural cartilage specimens were acquired from the femoral condyle of a
180~190 day-old Japanese pig (Aota chikusan, Kyoto, Japan). They were cut
into 5.0 mm diameter cylinders and stored in saline solution until testing.

2.6 Friction test

A reciprocating-motion friction testing apparatus described previously [1] was
used to measure the friction coefficients of tissue engineered cartilage and
natural cartilage. Figure 1 shows a schematic drawing of the apparatus. The
specimen was attached to the tip of the apparatus, pressed to the counter surface
using an X-axis linear ball guide stage (Suruga-seiki Ltd., Shizuoka, Japan). A
normal load was then applied to the specimen through the reaction force of the
upper leaf spring, and the magnitude of the load measured with an eddy-current
displacement sensor (Kaman Precision Products, Colorado, USA). A liquid
vessel, containing saline solution, with the counter surface was then driven by a

Leaf spring: Load
T A~ h
Leaf spring: Friction L* r
\ Z-stage
Stainless steel
Specimen L

Eddy-current
displacement sensor
R X-stage
Saline solution (coarse)
X< v Motorized Y»stage—| Motorized X-stage
Z Z
Figure 1: Schematic drawing of the friction test apparatus.
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Y-axis liner ball guide stage (Suruga-seiki) to produce a reciprocating motion.
The deflection of the lower leaf spring was measured with an eddy-current
displacement sensor (Kaman Precision Products) and used to calculate the
friction force. A friction coefficient was then calculated from the measured
normal load and friction force.

The friction test for natural cartilage was carried out under the following
conditions. The applied pressure was 0.15 MPa and the sliding velocities used
were 0.008, 0.08, 0.8 and 4 mm/s. Friction coefficients were recorded for 1
stroke after loading periods of 600 s. Both the poly(MPC) grafted counter
surface and the stainless steel surface were used as counter surfaces, and 3
specimens per sliding velocity were used for each counter surface.

The friction test for tissue engineered cartilage was carried out under the
following conditions. The applied pressure was 0.15 MPa and the sliding
velocities used were 0.008, 0.08, 0.8 and 4 mm/s. Friction coefficients were
recorded for 1 stroke after loading periods of 600 s. Only the poly(MPC) grafted
counter surface was used as a counter surface, and 3 specimens per cultivation
day were used for each sliding velocity.

3 Results

Figure 2 shows the relationship between sliding velocity and friction coefficient
for natural cartilage as measured on both the poly(MPC) grafted and stainless
steel counter surface. The friction coefficients measured on the stainless steel
surface increased when the sliding velocity was lowered from 0.8 mm/s to
0.08 mm/s. However, on the poly(MPC) grafted counter surface, the friction
coefficients were lower than 0.01 at the sliding velocities of 0.08 and
0.008 mm/s.
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Figure 2:  Friction coefficient-sliding velocity diagram for natural cartilage on
the poly(MPC) grafted counter surface and stainless steel surface.
Data represent mean = SD (n = 3).
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Figure 3 shows the relationship between sliding velocity and friction
coefficient for tissue engineered cartilage cultivated for 7 and 14 days, as well as
for the control specimen and natural cartilage measured on the poly(MPC)
grafted counter surface. The friction coefficients for the control specimen were
significantly higher than those for the tissue engineered cartilage and the natural
cartilage at all sliding velocities. The friction coefficients for the tissue
engineered cartilage cultivated for 7 and 14 days decreased when the sliding
velocity was lowered from 4 mm/s to 0.8 mm/s, and remained low even at low
sliding velocities such as 0.08 mm/s and 0.008 mm/s. However, the friction
coefficients of the tissue engineered cartilage cultivated for 7 and 14 days were
both higher than those for the natural cartilage at all sliding velocities.
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Figure 3:  Friction coefficient-sliding velocity diagram for tissue engineered

cartilage cultivated 7 and 14 days, natural cartilage and control
specimen. Data represent mean = SD (n = 3).

4 Discussion

Articular cartilage in vivo has a significantly low friction coefficient even at
extremely low velocities. Additionally, the friction coefficient measured between
cartilage and cartilage, which is the most vivo-like condition, is low [15-18].
However, in the cartilage-on-cartilage friction test, distortion resistance has a
significant influence on friction force, so it is necessary to measure the friction
coefficient using a flat counter surface in order to examine only surface frictional
properties of cartilage. Many studies have measured the friction coefficient of
articular cartilage on a metal or glass surface [19-21], but these values were
significantly higher than reported in vivo measurements. This is partly because
articular cartilage adheres to the surface of these materials. In this study, the
results show that the friction coefficient of natural cartilage measured on a
poly(MPC) grafted counter surface remains low even at the low sliding
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velocities. It is likely that the poly(MPC) grafted counter surfaces are able to
prevent cartilage adhesion and maintain a fluid film between the articular
cartilage and the counter surface even at low sliding velocities.

However, there is a possibility that the high frictional performance of the
poly(MPC) grafted surfaces may mask changes resulting from cartilage
maturation. The present study showed that the friction coefficient of tissue
engineered cartilage decreased with cultivation time at low sliding velocities,
which suggests that the proposed system was able to measure the tribological
maturation of tissue engineered cartilage in a more natural lubricating
environment.

5 Conclusions

In this paper, we propose a new method for evaluating the frictional maturation
of tissue engineered cartilage in vitro. The poly(MPC) grafted flat surface was
used as counter surface for a reciprocating motion friction test and the
conclusions reached are as follows:

1. The friction coefficients of natural cartilage measured on the poly(MPC)
grafted counter surface were lower than 0.01 at the sliding velocities of 0.08
and 0.008 mm/s, which is equivalent to that for natural cartilage-on-cartilage
conditions.

2. The friction coefficients of tissue engineered cartilage at low sliding
velocities decreased with cultivation period. It is suggested that the surface
tribological maturation of tissue engineered cartilage can be measured by
using the poly(MPC) grafted counter surface.
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