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Abstract

The amphoteric nature of phospholipid bilayers membrane with the amino- and phosphate functional groups is affected by solution pH and was verified by the
electrophoretic method. We examined the characteristics of the spherical lipid bilayers form from phosphatidylcholine articular cartilage surface using a combination
of interfacial energy and friction tests. The observations have led to the conclusions that cartilage the interfacial energy is expressing amphoteric nature with isoelectric

point (IEP) “bell-shape curve” significantly dependent on pH range 0 to 6.5 and stable range 6.5 to 9.0.

Introduction

The hydrophilic surface of articular cartilage has been attracted
to bilayers of phospholipids, to generate a hydrophilic multibilayer
(Figurela) [1,2]. The ‘smart surface’ of articular cartilage is covered
by bilayers of phospholipids and has ~ 0° wettability when is wet
(hydrophilic) and 104° wettability when the surface is air-dry and turn
hydrophobic (Figurelb) [3].

In chemical analysis (SAPL) bilayers study, phosphatidylcholine
was found to be the major phospholipid class, constituting 41% of all
phospholipids, whereas phosphatidylethanolamine and sphingomyelin
accounted for 27% and 32%, respectively, of total phospholipids, Figure
2 [4]. Their configuration renders phospholipid molecule surface active
and capable of acting at interfaces. Surface activity is a property of PLs
to locate (adsorb) at an interface (surface) resulting imbalance of forces
at the interface impart additional surface energy, termed interfacial [1].
These desirable properties include load-bearing lubricants in the joints,
which Hills named surface-active phospholipid (SAPL).

SAPL occurs in synovial fluid (SF), its list of components is
much the same but in different proportion. In Kosinska, et al. [5]
study, the major phospholipid classes in SF were phospholipids that
contained phosphatidylcholine (67%), sphingomyelin (17%), and

(b)
Figure 1. (a) The electron microscopy of the articular cartilage of a human knee with
surface-active phospholipid (SAPL) bilayers [2], and (b) book cover page ‘Articular
cartilage: Lamellar repulsive-lubrication of natural joints’ [3]
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Figure 2. Molecular configuration of the major membrane lipids: Phosphatidylcholine
(PC); Phosphatidylethanolamine (PE); Phosphatidylserine (PS) and Sphingomyelin (SM)

lysophosphatidylcholine (10%) - whereas phosphatidylethanolamine
constituted only 2.5% of total phospholipids.

In this paper, the chemical and physical properties of the cartilage
surfaces, the interfacial energy of the spherical lipid bilayers form from
phosphatidylcholine, and the friction coefficient between (AC/AC) was
found to respond in the amphoteric manner as the pH varied and was
investigated.

Methods and materials
Materials

The articular cartilage specimens were collected from bovine knees
aged 15-20 months. Osteochondral plugs, of 5 and 10 mm in diameter,
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were harvested from lateral and medial femoral condyles. The cartilage
discs were cut into 3-mm plugs with underlying bone. The cartilage
discs were then glued to the disc and pin stainless steel surfaces, and
friction tests were conducted in the universal the Britton-Robinson
buffer solution.

Friction test

The measurements were performed using a sliding pin-on-disc
tribotester T-11 manufactured by the NIST Research, Radom, Poland.
The tests were conducted at room temperature, at a speed of 1 mm/s
during 5 minutes, and under aload of 15 N (1.2 MPa) which correspond
to the physiological lubrication condition. Prior to the friction tests,
the lubricants were prepared using the Britton-Robinson buffer
solution, and their pH values were measured. The friction coefficients
measurements of cartilage/cartilage tribopair were carried out over the
pH range between 1.0 and 9.5.

The microelectrophoretic apparatus and the method are described
in [6-8].

Results and discussion

The predominant component AC of PLs that contained
phosphatidylcholine, and sphingomyelin the molecular configuration of
which is shown in Figure 2, in its commonly occurring form quaternary
ammonium ion (QA) [(CH,),N*-]. QA is strongly positively charged at
pH 7.4 of biological tissues. Being positively charged possesses strong
adsorption ability to most biological surfaces negatively charged or
hydrophilic [1]. At pH 7.4, the concentration of hydroxide ions is high
enough to interact with quaternary ammonium ion (QA), (CH,),N*-)
with association constant, K ~5x 10°[9, 11].

[(CH,),N*-] + ( OH) = (CH,) N* (‘OH) K_~5x10°

The interfacial energy method was used in this study to address
the question of how the interfacial surface energy of amphoteric
phospholipidic bilayer surface affects the extremely low-friction
coefficient of natural articular cartilage [4,7]. Under our mechanism,
the articular surface is hydrophilic and negatively electrically charged.
It is consistent with the results from the study of natural joints [3] and
surfaces of multilayers of weak polyelectrolyte (hyaluronic acid/poly
(L-lysine) [8]. A lipid molecule is a pH-sensitive amphoteric zwitterion.
A study on adsorption of the (-H*) and (-OH") ions over the pH range 0
to 11 should demonstrate that it effectively could reproduce properties
of a living membrane. In the measurements, bilayer lipid membranes
were used in the form of spherical lipid bilayers.

The interfacial energy vs. pH

Phospholipids, amphoteric molecules containing both positive
and negative charges depending on the functional groups, is affected
by the solution’s pH. At a low pH, PLs amino group occurs in the
protonated (-NH,*) (phosphatidylethanolamine) or (CH,),N*) form
(phosphatidylcholine) and the phosphate group (-PO,H) occurs in its
molecular form; a situation that is characterized by a low interfacial
energy. As the pH of the solution is increased, the amino groups begin
to lose partially their charge (-NH,* - -NH2) (or (CH,),N*OH") and
the (-PO,H) groups begin to lose partially their proton (-PO,H --PO,
), this resulting in an increase in the surface energy with a magnitude
approaching a maximum. This maximum would occur, as shown in
Figure 3, at the isoelectric point, IP which corresponds to the pH at
which PLs or surface carriers have no net electrical charge, or when the
negative and positive charges become equal [1].
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Figure 3. (a) Effect of pH buffer solution on the interfacial energy spherical lipid bilayers
formed by phosphatidylcholine and (b) the cartilage friction coefficient. Experimental
values of the interfacial energy taken from (Petelska and Figaszewski [10])

The isoelectric point, IEP, is at a pH of 4.12 (a) (Left-hand branch of the curve) pH 1.0 to
4.12 (CH,),N") — (CH,),N'OH"); Maximum point of curve (pH 4.15, IEP, (CH,),N" (CH,),
PO, R R); (b) Right-hand branch of the curve pH 4.12 to 6.6 (-PO,H — -PO,). The
friction changes, as the pH is raised toward to curve’s maximum as can be expressed by
reactions progressing on the cartilage surface: (curve 1) (CH,),N") — (CH,),N'OH’) and
after the isoelectric point, IEP (-PO,H — -PO,’). For support our experiment, multilayers of
non-amphoteric (poly (L-lysine)/hyaluronic acid) [8] (curve 2) (L-lysine (-NH," — -NH,);
(curve 3) hyaluronic acid (-COOH — -COO); (Curve 1) friction coefficient (%) standard
deviation (SD) 9 to 14.

In this situation, the resulting surface would become less
hydrophobic with a lower friction coefficient (f) [8]. The maximum
interfacial energy (y,__ ) values of the PC and PS membrane were found
tobe 3.53 and 2.93 mN/m at the pH of 4.1 and 3.80, respectively. The pH
of the solution influences changes in electric charge of the membrane
due to variations in the acid-base equilibrium of the functional groups
(-NH, or (CH,),N*) and (-PO,H) of the membrane.

The effect of pH on the interfacial energy of spherical lipid bilayers
formed from sphingomyelin (SM) has been described previously by
Petelska and Figaszewski [9]. At pH 7.4 concentration ions (—OH)
which are the very strong base to discharge Me N* + (-OH) = Me,N*
(‘OH), and to keep cartilage surface negatively charged from functional
group (-PO,). Biosurface wettability can be measured relative to the
differences in the charge density of functional amino-, and phosphate
(-NH,, or (CH,),N*) and -PO,H) groups. In this regard, the wettability
and interfacial energy of surfaces that are characterized by charged
anionic phosphate (-PO,’)) groups are lower than those of surfaces
carrying molecular constituents (-PO,H) [7-11].

Thephosphatidylcholine (PC)belongstoamphotericpolyelectrolytes
with the amine (CH,),N*) and phosphate (-PO,H) functional groups.
The maximum on both curves was at the isoelectric point (pH 4.12) for
PLs (PC) (pure phospholipid), and at pH 4.5 for cartilage (a mixture of
phospholipids and other biomolecules) (Figure 3). This slow decrease
in (f) after IEP suggests the presence of other anionic macromolecules
besides the phospholipid. The maximum interfacial energy (y, ) was
found at 3.53 mJm™, while on the abscissa the pH was 4.12. On the
upper graph of Figure 3 (curve 1), the maximum friction coefficient
of 0.009 occurred when the pH was 4.7. At a pH of about 2, the amino
groups of PLs occur in the protonated form (CH,),N*), while -PO,H is
in its molecular form. When the pH of the solution increases, the amino
group begins to lose its proton (-NH,+ - -NH,), leading to an increase
in the interfacial energy towards a maximum value at the isoelectric
point (IEP), amphoteric while the -PO,H group also tends to gradually
lose its proton (-PO H->-PO 4'). At IEP, both surface constituents would
carry no net electric charge (i.e., the negative and positive charges would
be equal) [6]. With a continual increase in the pH, after IEP, the amino
group would gradually lose its charge, while the -PO,H group loses its
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proton (-PO,H > -PO,), leading to a negatively charged surface with
decreased interfacial energy and decreased friction coefficient (f).

Amphoteric nature of cartilage surface

Some organic compounds, e.g., phospholipids and amino acids
are amphoteric molecules that contain both acidic and basic groups.
The pH at which the molecule charge is zero or a neutral is known as
the molecule’s isoelectric point, IEP. A neutral molecule is named as a
zwitterion. Zwitterions, formerly called dipolar ions, are ions with both
a negative and positive charges. Phosphatidylethanolamine one of the
components of cartilage is shown in it’s cationic, anionic and zwitterion
forms (Figure 4).

The amphoteric cartilage’s surface behavior is a physical
phenomenon in biological lubrication. However, there is a lack of
knowledge on amphoteric phospholipids bilayers and on overcoming
friction in cartilage joints. An important difference between biological
and man-made lubrication systems is that in the former the lubricant is
chemically attached to the surface of, for example, a cartilage joint. The
amphoteric phospholipids (PLs) are the main solid-phase components
on the negatively charged surface of articular cartilage (AC) which are
responsible for the biological lubrication mechanism [6]. It has been
well established that the PL bilayers mechanism, which essentially is
based on the surface amorphous layer (SAL) surrounded by a 0.155
M electrolyte synovial fluid (SF) of pH ~7.4 with high-molecular-
weight charged biomacromolecules, supports low friction. The results
demonstrate that PLs present in the SF and on the surface amorphous
layer (SAL) ensure low friction in joints. The common joint dysfunction
is osteoarthritis and, in most cases, accompanied by degradation of PLs
bilayers, this causing that the friction coeflicient was affected [11,12].
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Figure 4.  Phosphatidylethanolamine (PE) a weak electrolyte, with the amino- and
phosphate- functional groups is affected by solution pH. Cationic form (at pH 1 to 4), pK,
=5.98. Anionic form (at pH 6.5 to 10), pK, = 2.42; zwitterionic form, pH = 4.18 = IEP

Conclusions

The observations have led to the conclusions that cartilage the
friction coefficient curve vs pH and interfacial energy of a spherical lipid
bilayer curve vs pH is expressing amphoteric nature of phospholipidic
surface with characteristic the “bell-shape curve” and isoelectric
point (IEP). It was found that the interfacial energy of spherical lipid
bilayers was stabilised at its lowest energy values when the pH varied
between 6.5 and 9.5 which cover working conditions at pH 7.4 ()1.5 of
natural joints. The interfacial energy vs pH has the “bell-shape curve”
significantly dependent on pH is expressing cationic and anionic
character of phospholipid. Most importantly shoving positive charge
surface from zero pH of (IEP, 4.12), and negative surface charge from
(IEP) to pH 12.0.
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