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Lamellar slippage of bilayers in natural joints lubrication
Aleksandra Mreła1 and Zenon Pawlak2*
1Kujawy and Pomorze University in Bydgoszcz, Faculty of Technology, Torunska 55-57, Bydgoszcz, 85-023, Poland
2Tribochemistry Consulting, Salt Lake City, UT 84117, USA and  University of Economy, Biotribology Laboratory, Garbary 2, 85-229  Bydgoszcz, Poland

*Correspondence to: Zenon Pawlak, Tribochemistry Consulting, Salt Lake City, UT 
84117, USA, E-mail: zpawlak@xmission.com

Key words: articular cartilage, lamellar slippage model, boundary layered 
lubrication, atomic force microscopy, wettability

Received: June 11, 2018; Accepted: June 22, 2018; Published: June 30, 2018

Introduction
Cartilage has excellent biotribological properties with low friction 

and no wear/or very minimum wear in diarthrodial joints [1]. According 
to Linn and Sokoloff [2] ‘the secret of the low friction between the 
cartilage-bearing surfaces is that they never touch’. We can add ‘the 
secret of the supper low wear between the cartilage-bearing surfaces 
is lamellar mechanism of lubrication’. A morphological evidence 
demonstrates that phospholipid bilayers as the outermost lubricating 
lining of the articular surface [3]. Phospholipids in the biological 
material is highly self-organized biomolecules in aqueous media and 
their structure let them form spontaneously vesicles, lamellar phases, 
multibilayers, and membranes (Figure 1). The multilamellar structure 
of phospholipids, namely the surface amorphous layer (SAL), covers 
the natural surface of articular cartilage. It is concluded that a very 
high porosity (75 to 80 %) is a critical factor in providing excellent 
tribological properties of articular cartilage, by analogy to porous metal 
bearings (15 to 30%) [3].

In contacting cartilage surfaces, the two multi-bilayers are against 
each other as opposing hydrophilic negatively charged surfaces with 
the electric double-layers resulting in repulsive electrostatic forces, 
which in the presence of pressurized water and macromolecules, e.g. 
glycoprotein named lubricin is capable of lubricating with low friction 
forces [4].

Methods
Articular cartilage specimens were prepared from the patella of 

3-4-year-old bovine animals and stored at -20oC until testing.  Using the 
nanoscale characterization and the SMENA-AFM imaging microscopy, 
the specimen was submerged in PBS solution ready for the scanning, 
for details go to [5].

Wettability

The contact angle was measured using a KSV CAM100 
computerized tensiometer. A drop of the 0.155M saline solution was 

deposited on the air-dried cartilage surface.  The contact angle test was 
repeated at least five times.

Results and discussion
A boundary layered lubrication

Schematic illustration of biological boundary layered lubrication, 
and with the phospholipid bilayers friction mechanism in articular 
cartilage is presented in Figure 1. The surface amorphous layer (SAL) 
covering the articular cartilage as multi-bilayers has hydrophilic surface 
negatively charged and appears remarkably similar to that of graphite 
which is known as a ‘lamellated solid’ lubricant (uncharged). A typical 
interlamellar spacing is about 4.5 nm.

Layers of solid platelets in the tribological pair between surfaces, 
can align themselves parallel to the direction of relative motion and 
slide over one another with relative ease, and provide very low friction.  
There is strong interatomic bonding and packing in each layer and the 
layers themselves are relatively far apart and the forces that bond them 
are weak van der Waals ones. To perform effective lubrication some 
conditions are required for each platelet solid lubricant. 

The lubrication mechanism proposed here is one, which liposomes, 
phospholipid lamellar phases and phospholipid sheets (Figure 2), slide 
over each other with minimal friction. In engineering lubrication 
graphite, h-BN and molybdenum disulfide have a similar layered 
structure performing boundary layered lubrication.  The phospholipids 
have been ignored despite the “oily” nature of the articular surface and 
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the presence of phospholipids in the concentration higher than lubricin 
[6]. The study upon on replacement the synovial fluid by saline (friction 
unaffected), and delipidization of cartilage surface (friction increased) 
[6,7], indicate a lipid lubricant is attached by adsorption to the 
articular cartilage.  When PLs adsorption occurs on cartilage, surfaces 
are hydrophilic with wettability ~0°. The wettability of the resulting 
coating depends upon numbers of phospholipid bilayers. When the 
standard procedure [8-10] is used to measure contact angle (°) on the 
well rinsed and air-dry articular surfaces, the value of 100° to 104° is 
recorded. During the drying process, a change in surface energy leads 
to conformational changes in the surface phospholipid (flip-flop), the 
surface changes from bilayer (hydrophilic) to monolayer (hydrophobic) 
[4,11].

Previous studies have demonstrated the presence of lamellated 
lubricant is imparted to the articular surface by surface-active 
phospholipids, and some basic aspects include (a) an electron 
micrograph of the articular cartilage surface of a human knee 
demonstrating an adsorbed lining similar structure in the lung [12-14], 
(b) The good correlation between the number of lamellae seen in the 
electron micrograph and the calculated from phospholipid recovered 
from solvent rinsing. (c) Thick bilayers can be deposited on various 
solid surfaces, (d) using phospholipid extracts from bovine joint 
deposited on flat quartz (3 bilayers), the friction coefficient was found 
0.003 to 0.006 and wettability 96.2° [13], (e) the tendency for PLs to 
form multilaminar structures and bilayers as manifested in all natural 
membranes.

The atomic force microscope (AFM) was used to characterize the 
samples nanoscopically under the two surface conditions (normal, and 
depleted/ osteoarthritic) (Figure 3).

The present results demonstrate that the biological lubrication 
mechanism, facilitated by a ‘lamellar-repulsive’ process is compatible 
with the presented data as well as those reported elsewhere [1,15-18]. 
Three or more bilayers are needed to achieve effective biolubrication at 
low shear stress resulting in low friction coefficient [1,19,20].  Anisotropy 
of mechanical properties, or in simple term, planes of weaknesses are 
characteristic of lamellar lubricants. If these lamellae are able to slide 
over one another at relatively low shear stress, then the multibilayer 
becomes a self-lubricating bearing [9,20].  The planes of low resistance 
allow relative movement between lamellae. The PLs molecule adheres 
strongly to the worn surface and the lamellar structure deforms at very 
low-stress levels. When the PLs multibilayer surfaces are brought into 
contact, there is an electrostatic attraction between the corresponding 
interfaces [13,20]. Thus, the cartilage surfaces of the phosphate groups 
are negatively charged, creating electrostatic hydration repulsion 
between the interfaces and making the slippage frictionless [21,22].  

 The cartilage interfaces share a hydration repulsive mechanism 
believed to be responsible for the low friction of the two negatively 
charged surfaces [1,22].  Electrostatic forces between AC surfaces in 
SF are consequences of (a) surface charging by (-PO4-) group, (b) and 
adhesive bio-macromolecules from SF on the cartilage surfaces. The 
effect of adhesion of the SF constituents onto the articular surface was to 

Figure 1. (a) Biological boundary layered lubrication of phospholipid bilayers and (b) Book cover “Articular cartilage: Lamellar-repulsive lubrication of natural joints” [1]

Figure 2.  The three stages of the quality of a multibilayer structure over the articular surface of cartilage (AC) in human life: (a) normal healthy surface of AC (wettability ~ 103°); (b) 
unhealthy surface of AC (wettability 75°); (c) degenerated surface of AC (wettability < 60°). Note the typical interlamellar aqueous spacing of 4.5 nm. The lamellar spheres, liposomes, and 
macromolecules act like a roller-bearing mechanism between two cartilage surfaces
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further reduce the surface charge density by 25% of its original value of 
0.037 Cm-2 of young bovine cartilage [18]. The lubrication mechanism 
in joints according to the proposed ‘lamellar-repulsive’ scheme is 
a bimodal process which occurs simultaneously. Firstly, through 
lamellar activation of the bilayers which occurs when they slide over 
each other and secondly, through hydration repulsion and adhesion 
SF macromolecules on the PL membrane [20-22]. Charged lamellar 
aggregates, liposomes, and macromolecules act electrostatically on 
negatively charged cartilage surfaces [1,4]. 

The hydration repulsion of the negatively charged sliding surfaces 
can sustain a large load. The counter-ions trapped between the two 
negatively charged surfaces in the gap must be electroneutral [3,4]. 
The large hydration energy of the counter-ions effectively results in a 
strong hydration repulsion preventing contact of the cartilage surfaces 
[21,23,24].  The cartilage surface at pH ~ 7.4, composed of phospholipidic 
bilayers and compressed phosphate (-PO4-) groups, ensure an excellent 
hydration repulsion capacity [22]. In some circumstances, the pH of SF 
can be changed due to cartilage degeneration (osteoarthritis) but the 
friction coefficient remains unaltered.  Serious biological changes in the 
structure of PL bilayers are noticed by increasing the friction coefficient 
[13,25].

As illustrated in Figure 2 when the multibilamellar PL lubricant 
present on sliding surfaces slide over one another with relative ease to 
provide very low friction, the interlayer share mechanism is believed to 
be responsible for the low friction of most lamellar solid lubricants. As 
far as the excellent solid-lubricating capacities of bilayers are concerned, 
a region of negative electrical charge is contained within the layers. 
Thus, the surfaces of the phosphate groups are negatively charged, and 
through creating an electrostatic repulsion between the layers and them 
make the interlayer slippage much easier. The relatively larger interlayer 
separation in PL bilayers is thought to result from electrostatic repulsion 
between the successive atomic layers of these lipid bilayers.

The low-friction behaviour of PLs in the aqueous electrolyte is an 
intrinsic property of the crystal structure, where hydrophobic weak 
forces are joined to form a bilayer.  A PL multibilayer which displays 
low-friction behaviour will have most of the lamellar aggregates aligned 
parallel with the sliding direction. The friction coefficient of bilayers, 
like other lamellar solids, is largely determined by the ratio of shear 
strength to the specific load. There is a linear relationship with contact 

pressure, and thus the coefficient of friction decreases with increasing 
contact pressure.

 The friction behavior of a multibilayer coating such as on cartilage 
surface usually follows a series of stages shown in Figure 2a. Typically, 
there is a long period of low, stable friction coefficient, with a little 
or no apparent wear. Phospholipidic lamellar spheres, lamellae, and 
macromolecules circulate between the contacting surfaces of AC, 
and can be very supportive for lubrication.  Eventually, there is a 
breakthrough of the coating, degradation of the surface by biological 
causes. Typically, the PLs multibilayer undergoes deformation or 
fractures during the applications of a load. The lamellar aggregates 
become reoriented so that they are parallel to the sliding direction, and 
material transfers to the counter face. Enough liposomes and lamellar 
spheres can still be circulating in the system or stored in holes and 
troughs to ‘heal’ such ruptures followed by an irreversible low-friction 
behavior, Figure 2b.  Finally, when the PL multibilayer structure is gone, 
Figure 2c, the protection and separation between the joint surfaces are 
not in place.

Conclusion
Solid lubricants in natural lubrication are characterized by 

phospholipid multibilayers in articular joints and phospholipid 
lamellar phases in synovial fluid. It was experimentally proven that 
a phospholipid (PLs) bilayer with a lamellar structure can act as an 
effective solid lubricant in friction and wear under biological test 
conditions. We present evidence of the outstanding performance of 
phospholipids and argue that this is due to their chemical inertness 
and hydrophilic-hydrophobic structure which imparts amphotericity 
and the ability to form lamellar structures that can facilitate functional 
sliding.
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