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Abstract

'This study examined the tribological performance of the normal articular cartilage, in relation to the surface of unhealthy one. Following sliding tests of a (cartilage/
cartilage) the worn surfaces wettability, and friction coefficient were studied. It is concluded that the phospholipids bilayers formation, a lubricant influenced the

friction performance.

Introduction

The concept of “lamellar-electrostatic mechanism” is new [1] and
compatible with the discovery of Brian Hills’s hypothesis that lamellar
phases of PLs and phospholipid bilayers are lubricants in natural joints
[2]. The concept that boundary lubrication in joints was mediated by
an active ingredient in synovial fluid (SF) was put forward by Linn
and Radin [2] and Hills [3]. According to Hills and other authors, the
surface amorphous layer (SAL) of cartilage contains surface-active
phospholipids. Phosphatidylcholines, PC (over 40%) sphingomyelin,
SM (~30%) and phosphatidylethanolamines, PE (~30%) were
subsequently identified in SAL and in the synovial fluid in content
(lyso-phosphatidylcholines (LPC), phosphatidylethanolamines-based
plasmalogens (PE ), phosphatidylserines (PS), Phosphatidylglycerols
(PG), and ceramidpes (Cer)) shown in Figure 1.

Surface active phospholipids play a vital role in joints tissue
systems in large part due to an amphoteric nature that allows for varied
structural properties. This amphoteric nature of phospholipids causes
them to self-assemble into the classic arrangement that is the basis of all
biological membranes. A Surface-Active Phospholipid Layer (SAPL)
covers normal articular surfaces in a multi-bilayer structure. The
bilayers serve to integrate interfacial functions between surfaces and
have been a subject of much inquiry due to its tribological features.
However, at sites of articular cartilage damage, the SAPL is absent
because a suitable substrate upon which a SAPL can form does not
exist [4-6].

This book is focused on the mechanism of natural lubrication by
which the Phospholipids (PLs) in Articular Cartilage (AC) act as a
lubricant. The physiological function of PLs is unique in preventing
solid-solid contact and degradation of the articular surface. With
AGC, it is particularly important to have a model where PLs adsorbed
on the surface of cartilage impart a number of highly desirable
properties.

The importance of basic properties of the cartilage such as the
surface energy, wettability, pH, surface charge, and the amphoteric
surface character was determined and turned out to be compatible with
some features of joints lubrication.
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Figure 1. Book cover “Articular cartilage: Lamellar-repulsive lubrication of natural joints”
and phospholipids contents on the surface of articular cartilage and in synovial fluid

pH vs. friction of cartilage/cartilage surfaces

In Figure 2, the friction coefficient measured for a partially
depleted (curve 3) and completely depleted cartilage samples (curve
1) are compared with those of the healthy articular surface (curve 4).
Curve (1) of completely depleted PLs from BC surface, wettability
37°, showing the absence of polycation (-NH,*) and polyanion (-PO,’)
groups. Curve (3) partially depleted PLs from BC surface, wettability
83°, showing much lower friction of polycation (-NH,") than polyanion
(-PO,) charged surfaces. Curve (4) normal BC surface with wettability
103°% with a gradual increase in friction (-NH,"-> -NH,) and a curve
maximum at pH ~4.5 (isoelectric point, IEP), after IEP leading to a
negatively charged surface (-PO,H > -PO,) with a reduced friction
coefficient. The friction coefficient of cartilage as a function of the
pH (or charge density) is nonlinear for this amphoteric surface.
Based on these experimental results it can be demonstrated that the
cartilage friction is largely dependent on the electrostatic and electric
polarization involving (as for water) interactions between two cartilage
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Figure 2. The pH effect on the friction of bovine cartilage, BC surface (curve 1, 3, 4), deformation of bovine cartilage surface (curve 2) [2] and interfacial energy energy of model membrane
(used in the form of liposomes) formed by phosphatidylserine (curve 5). The standard deviation (SD) of the interfacial energy and the friction coefficient franges from 10 to 15 %.

surfaces. Electrostatic repulsion between two cartilage surfaces, which
favor the formation of a thicker water layer between the surfaces,
shifting in this way the lubrication mode from boundary to a mixed
or even hydrodynamic one, and distinctly reduces the friction between
them.

Deformation of the cartilage

Curve (2) in Figure 2 displays deformation profiles of AC with
the pH, the deformation decreasing rapidly being positively charged
before IEP ~ pH 5 [2]. Deformation of the cartilage, upon compression,
increased when the pH fell below ~ 5, whereas above this value it
remained unchanged, curve (2). The deformation of the AC surface
is discussed because it is related to several aspects of the lubrication
of joints. The relation between deformability (or softening) and lower
friction is observed at pH 2 to 4, Figure 2, curve (4) and to a much lesser
extent at pH 5-7.

Interfacial energy

Curve (5) shows the interfacial energy of the model membrane
(used in the form of liposomes) formed by phosphatidylserine as a
function of pH over the range 1.0 to 9.5 supporting the hypothesis of
the amphoteric character of phospholipidic cartilage as determined
by microelectrophoresis. Changes in interfacial energy interplay well
enough with the amino- and phosphate-charged groups: thus, at a low
pH (-NH,"> -NH,, and after IEP (pH 4.5), whereas at a higher pH
(-POH > -PO)) [7].

Amphoteric nature of cartilage surfaces

A relationship between the interfacial energy of the model
membrane (curve 5) and the friction coefficients (curve 4) in a bovine
cartilage pair vs. pH of the buffer solutions is demonstrated in figure
2. As the pH is varied, the interfacial energy of the liposomes’ model
membrane (curve 5) formed by phosphatidylserine and friction
coefficient (curve 4) in a bovine cartilage pair reaches maximum on
the curves, a remarkably similar amphoteric behavior occurring to that
characterizing the isoelectric point, IEP.

Below the isoelectric point (max curve) of the cartilage surface and
the liposomes’ model phospholipid membrane, the surface is positively
charged (-NH3+) curve, with a gradual change of friction and interfacial
energy as the pH shifts towards the IEP. After passing through the IEP,
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the surface charge gradually changes from positive (-NH3+) to negative
(-PO4), while the surface friction changes from the attractive curve
to a repulsive state curve. A similar trend was observed [8], using an
amphoteric material, SiO2. Relatively small slops in the tails of curves 4
and 5 are a good reason to refer to these portions as the buffer regions
with a very high buffer capacity (p) imparted by the phospholipid, AH+/
ApH = B [9]. This suggests that a portion of lubrication mechanism in
joints can be described as a lamellar-repulsive hydration mechanism.
We, therefore, conclude that lamellar slippage of bilayers and a short-
range repulsion between the interfaces of the negatively charged (-PO,’)
cartilage surfaces is a major facilitator of the low frictional properties
of joint.

While the principal aim of the “lamellar-electrostatic mechanism”
is to provide an understanding of the meaning of the surface-active
state (lamellar bodies), the other is to highlight the solid PL bilayers
that possess low surface energy at pH ~7.4, when applied to the body.
The understanding of AC amphoteric surface will be essential for the
effective repair and regeneration of the degraded knee joint. It has
been confirmed experimentally that phospholipidic multi-bilayers are
essentially described as lamellar frictionless lubricants protecting the
surface of the joints against wear [9].

Friction between Phospholipid (PL) bilayers attached to cartilage
surfaces is then considered including discussion on the recent
observation of an extreme friction reduction as a consequence of
a less charged hydrophilic cartilage surface. It is proposed that the
highly efficient lubrication occurring in natural joints arises from
the presence of negatively charged cartilage surfaces. The lamellar-
repulsive mechanisms for the reduction of friction is supported by
phospholipid lamellar phases and charged macromolecules residing
between contacting cartilage surfaces [10, 11].

In conclusion, it can be stated that the lamellar-electrostatic
lubrication mechanism, a new approach to understanding natural
lubrication, is challenging and deserves to be studied.
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