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The cartilage’s amphoteric surface behavior is a physical phenomenon in biological lubrication.
However, there is a lack of knowledge on amphoteric phospholipids bilayers and in overcoming
friction in cartilage joints. In this paper, friction experiments were conducted, and the cartilage’s
surface was characterized using pH and wettability, while the interfacial energy and coefficients
were determined. The lamellar slippage of bilayers and a short-range repulsion between the interfa-
ces of negatively charged (-PO, ) cartilage surfaces resulted in low frictional properties of the

joint. © 2014 American Vacuum Society. [http://dx.doi.org/10.1116/1.4902805]

I. INTRODUCTION

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 surface of an articular carti-
lage (AC), which are responsible for the biological lubrica-
tion mechanism.™ It has been well established that the PL
bilayers mechanism, which essentially consist of a 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 highly hydrated three-dimensional lamellar mecha-
nism is electrically charged and is able to resist compressive
forces during joint loading.”'® The negatively charged articu-
lar surface interacts electrostatically with the macromolecules
of SF hyaluronate, lipids, and the glycoprotein lubricin.''
Without this electrostatic charge, frictional forces can either
deform or deplete the surface of the joint structure. A lamellar
PL structure consisting of 5-7 bilayers was experimentally
documented by electron microscopy and biochemical proce-
dures.'*'® It was observed that as friction increased, the
damaged cartilage was prone to degenerate by losing its PL
bilayers. The previous authors suggested that the PL bilayers
on the surface and the PL lamellar aggregates in SF play a de-
cisive role in the low friction of cartilage. Owing to the loss
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of the PL bilayers, the stiffness of cartilage increased'®*° and
in turn the friction coefficient was affected.*'**

The chemical and physical nature of the biological surfaces
is seen in an entirely different light to that of engineering
surfaces immersed in water.* The lubrication mechanisms in
an animal’s body, where the tissues slide over each other, the
surfaces coated with PL bilayers and a lamellar structure nega-
tively charged on articular surface with synovial fluid, have
been referred to as a “lamellar-repulsive” mechanism.?’~°
The role played by hydration or structural force is believed to
arise from a strongly bound and oriented first layer of the
water molecules on charged surfaces.* A distinct polar charge
distribution of the water molecule allows each molecule to
participate in strong polar (electrostatic charge—dipole or
hydrogen—bonding) interaction. The short-range repulsion
often observed between biological surfaces is not due to lay-
ered structure of water but due to entropic repulsion.”®

In this paper, the chemical and physical properties of the
bovine cartilage surfaces, the interfacial energy of the PL
bilayer, and the friction coefficient were found to respond in
an amphoteric manner as the pH varied. The wettability of a
normal articular surface was compared with its depletion of
PL bilayers. Also, the cartilage’s wettability effect on fric-
tion coefficient to support the lamellar-repulsive mechanism
of lubrication was investigated.

Il. MATERIALS AND METHODS
A. Materials

In the experiment, we used phosphatidylethanolamine
(PE) as a phospholipid substance (estimated to be 99%

© 2014 American Vacuum Society 041004-1
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pure), purchased from Fluka AG, Switzerland. To model the
phospholipid membrane, we prepared a solution containing
n-decane and 20 mg/ml phosphatidylethanolamine. The
articular cartilage specimens were collected from bovine
knees aged 15-20 months. Osteochondral plugs, 5 and
10 mm in diameter, were harvested from lateral and medial
femoral condyles using a circular stainless steel cutter. The
cartilage disks were cut into 3mm plugs with underlying
bone. Two types of samples were tested: untreated bovine
cartilage and bovine cartilage treated with a Folch reagent®*
(a 2:1 v/v mixture of chloroform and methanol), and a lipid-
rinsing solution to remove the lipids from the surface of the
cartilage. After preparation, the specimens were stored at
253K in saline of 0.155 M NaCl (pH=6.9), and fully
defrosted prior to testing. The cartilage disks were then
glued to the disk and pin stainless steel surfaces, and friction
tests were conducted in the saline. Bovine synovial fluid was
collected from bovine ankle joints within 32 h of commercial
slaughter. The fluid was filtered to remove cartilage debris
and then stored frozen at 253 K.

The friction measurements of the cartilage joint versus
pH (2.5-9.5) were carried out using a Britton—Robinson®
universal buffer solution. It consisted of a mixture of 0.04 M
H;BO3, 0.04 M H3PO4 and 0.04 M CH;COOH that has been
titrated to the desired pH with 0.2 M NaOH.

To obtain the required pH of the electrolyte solution, a
Radiometer pH-meter with an electrode (Schott-BlueLine 16
pH type) was used in the experiment. This instrument was
calibrated according to the recommendations made by
IUPAC.”

B. Interfacial energy measurements

The interfacial energy (y) of the phosphatidylethanol-
amine bilayer was determined by measuring the curvature
radius, r, of the convex surface formed by applying a pres-
sure difference, Ap, on its sides. The method used was based
on Young’s and Laplace’s (Y-L) equation®

2y = riAp. (1)

Gamma value obtained from (Y-L) equation was applied to
Eq. (2), K, and K}, was determined graphically, by using the
least squares method. The dependence of interfacial energy
on the pH using a Britton—Robinson universal buffer solution
has the form'”?’

1K,
Y = Ymax + 2SRT1n —+1
Ky
K, +
— SRTIn ( +1) (“H +1> , )
ay+ Kb

where K, and K}, are the acid and base equilibrium constants,
respectively, s (mol m~?) is the surface concentration of
phospholipids, s = Aﬁ; where A is surface area occupied by
the phospholipid molecules, and N, is the Avogadro con-
stant, ay+ is the hydrogen ion (H") concentration, R is the
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gas constant, T is temperature, and 7, is the maximum
interfacial energy of the lipid membrane.

The apparatus and the microelectrophoretic method used
are described in Refs. 26 and 27. The value of (y) was meas-
ured in 8—12 replicates with about seven instrumental read-
ings of the lipid spherical cap. The results of interfacial
energy (y) as a function of pH are given in Fig. 1.

C. Delipidization procedure

In the delipidization procedure, a Folch reagent (2:1 v/v
mixture of chloroform and methanol) was used to gradually
remove the PL bilayers from the cartilage surface. The sam-
ples were immersed in the reagent mixture for 9, 13, and 17
min, at the same meniscus. After extraction, the sample was
placed in saline solution for 1 h to remove the residue of the
solvent and promote rehydration. These samples were used
for the surface wettability and friction measurements. Other
authors used isopropanol®® and an enzymatic procedure with
phospholipase A.?*** The delipidization procedure removed
most of the PL although some amount of a hydrophobic pro-
teolipid remained as a minor component.”*°

D. Contact angle measurements

The contact angle was measured using a KSV CAM100
computerized tensiometer. A drop of the 0.155 M saline so-
lution was deposited on the air-dry cartilage surface. The
contact angle measurements of the normal (not depleted),
partial, and completely depleted cartilage samples were car-
ried out under dry-air atmosphere at 295 *= 2K and a relative
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Fic. 1. Influence of the buffer solution pH on the friction coefficient of carti-
lage. 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)
(-NH;" — -NH,), and after isoelectric point, IEP (-PO,H — -PO,") [this
work]. To support our experiment, multilayers of nonamphoteric [poly(L-ly-
sine)/hyaluronic acid] (Ref. 32); (curve 2) [L-lysine (-NH;" — -NH,)];
(curve 3) hyaluronic acid (-COOH — -COQO™) are shown. Additional sup-
port is provided by amphoteric character of phospholipidic cartilage and by
interfacial energy of phospholipid bilayer formed by PE vs pH [this work],
(curve 4) (-NH3;" — -NH,, after IEP (-PO,H — -PO, )]. Curve 1 friction
coefficient (%) standard deviation (SD) 10-17.
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FiG. 2. Contact angle measured as a function of air-drying time of the articular surface of bovine patella with partially depleted surface phospholipid bilayer
(contact angle of ~65°) compared to normal articular surface (contact angle ~ 100°). The transition from (HL — HB) is more likely due to the phospholipid
translocation, or flip—flop, and has to occur of the cartilage surface. Superficial phospholipid bilayer of articular cartilage in water (A,,) and air-dry (Ag,y) con-
ditions. A change in surface energy leads to conformational changes in the surface of bovine patella from bilayer (super hydrophilic ~0° contact angle) to

monolayer (hydrophobic) ~ 65°. Contact angle (%) SD 9-15.

humidity, HR ~50% = 5%, between 40 and 100 min of the
sample drying time (see Fig. 2 and Table I).>' The contact
angle test, on the normal, partial, and completely delipidized
cartilage samples, was repeated at least five times.

E. Friction coefficient measurements in saline
solution of 0.155 M NaCl (pH = 6.9)

The measurements were performed using a sliding pin-
on-disk tribotester T-11 manufactured by the National
Institute for Sustainable Technologies Research, Radom,
Poland. The tests were conducted at room temperature, at a
speed of 1 mm/s during 15 min, and under a load of 15 N
(1.2 MPa), which correspond to the physiological lubrica-
tion condition.”” Before each test, the cartilage samples
were left in saline solution for 1 h. The results of the fric-
tion coefficient (f), as a function of wettability, are given in
Table I and in Fig. 3 for the normal and delipidized carti-
lage/cartilage pairs, respectively. In each of the friction
pairs, an increase in the friction coefficient and actual con-
tact area (the parts rubbing) were observed with time. A
total number of five tests were conducted, using fresh sam-
ples for each experimental setup with at least four repeti-
tions per specimen pair, from which the mean and standard
deviation were calculated.

1. Friction test in universal buffer solutions
(pH 2.5-9.5)

Prior to the friction tests, the lubricants were prepared
using the Britton—Robinson universal buffer solution®> and
its pH values were measured. The pH value depended on the
volume quantity of the buffer solutions. The friction coeffi-
cients measurements of cartilage/cartilage tribopair were
carried out within the pH values ranging between 2.5 and
9.5. The testing samples were equilibrated with each buffer
under a load for 5 min, and the results of (f) as a function of
pH are given in Fig. 1. A total number of five tests were con-
ducted using fresh samples for each experimental setup with
at least four repetitions per specimen pair, from which the
mean and standard deviation were calculated.

lll. RESULTS AND DISCUSSION
A. Solution pH versus friction of cartilage surface

The frictional forces, acting on the surface of the carti-
lage, are found to be sensitive to the pH values (ranging
from 2.5 to 9.5) of the buffer solutions (lubricants) inserted
between cartilage/cartilage tribopair surfaces. The experi-
mental results in Fig. 1 display the relationship between fric-
tion coefficients and the pH solutions. Also shown in this

TaBLE L. Friction coefficient (f) for the (cartilage/cartilage) tribopair during the run in saline solution of 0.155 M NaCl (pH 6.9) and wettability of the normal,
partial, and completely depleted bovine cartilage surface measured for air-dry surface at ambient temperature and a relative humidity, HR ~ 50%.

Normal AC, Partially depleted AC, Partially depleted AC, Completely depleted AC,
Friction time run and (f)* 9 min, and ()" 13 min, and (H)* 17 min, and (f)*
—1 min 0.005 0.012 0.015 0.021
—15 min 0.007 0.015 0.018 0.023
5% SF”, 5 min 0.004 — — —
15% SF”, 5 min 0.003 — — —
Wettability (°) 100 65.0 54.0 36.7

(f) friction coefficient, (%) SD 10 to 17.

"Bovine synovial fluid, SF 5% and 15% diluted with 0.155 M NaCl solution.

Biointerphases, Vol. 9, No. 4, December 2014
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Fic. 3. Hydrophilicity of AC surface/or (friction coefficient) vs the stages of
wettability of the AC during the active lifespan of animals: (A) human and
bovine cartilage surface 103° (Ref. 25) and 100° [this work]; (A1) human
knee 79.7° (Ref. 30); (B) unhealthy cartilage surface 65° (Refs. 27 and 30);
(B1) human knee 63° (Ref. 30); (C) naturally degenerated hip 56.3° (Ref. 5
and 35); artificially partially depleted cartilage surface (D1) 65° [this work],
partially depleted cartilage surface (D2) 54° [this work]; completely depleted
cartilage surface (D3) 36.7° [this work]. Curve (1) changes of hydrophilicity
of AC surface from stage A to D; curve (2) changes of friction coefficient of
artificially depleted the bovine cartilage surface [this work]; curve (3)
changes of friction coefficient of natural joints (Ref. 27). Note typical inter-
lamellar aqueous spacing of 4.5nm between bilayers (Ref. 3). High contact
angle (in dry surface condition) corresponds to high hydrophilicity (when sur-
face is wet), while low contact angle (for dry cartilage) corresponds to low
hydrophilicity (when surface is wet). By illustration of the three bilayers, we
outline a mechanism of lamellar frictionless lubrication wherein the low
charged density the bilayer surface (Ref. 42) adsorbs biomacromolecules and
lamellar aggregates (Ref. 9). (f) Friction coefficient (%) SD 10-17.

figure is a separate graph of the characteristic isoelectric
point, IEP (curve 1). For comparative purposes, we used the
interfacial energies of PL bilayer (curve 4) and multilayer of
nonamphoteric [poly (L-lysine)/hyaluronic acid]*? [L-lysine
(-NH;" — -NH,)] (curve 2), and hyaluronic acid (-COOH
— -COQ™) (curve 3) to support the charged cartilage sur-
face. As the pH is varied, the curves, friction coefficient
(curve 1), and the interfacial energy (curve 4) show a
remarkably similar amphoteric behavior. Below the isoelec-
tric point (IEP) of the cartilage surface and PL bilayer, the
surface is positively charged (-NH;"), with the gradual
change of friction and interfacial energy, as the pH shifts to-
ward the IEP. After passing through the IEP, the surface
charge gradually changes from being positive (-NH;") to
negative (-PO, ), and the surface friction turns from the
attractive to a repulsive state. The nonamphoteric effect
(curves 2 and 3) confirms that the positively (-NH;") and
negatively (-COO™) charged surfaces under friction, respond
linearly to the pH range investigated. The relationship
between surface friction and the pH solution was previously
studied using amphoteric engineering material on a SiO, sur-
face and similar results were also observed.”

The PE belongs to an amphoteric polyelectrolyte,
amine (-NH,) and phosphate (-PO4H) functional group. The
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observed maximum on both curves was at the isoelectric
point (pH 4.3) for PLs (PE) (pure phospholipid) and pH 4.8
for cartilage (mix of phospholipids and other biomolecules).
This slow decrease in (f) after IEP suggests the existence of
other anionic macromolecules beside (-PO, ). The maxi-
mum interfacial energy (ymax) was found to be at 4.08 mJ
m ™2 while correspondingly on abscissa, the pH was noted to
be 4.2. On the upper graph of Fig. 1, the maximum friction
coefficient of 0.09 occurred when the pH was 4.8. When the
pH~2, amino groups of PLs occurs in the protonated form
(-NH;™"), while -PO,H is in its molecular form. As the pH of
the solution is raised, the amino groups begin to lose their
proton (-NH;" — -NH,), leading to an increase in the inter-
facial energy toward a maximum value at the IEP, while the
-PO4H group also tends to gradually lose its proton (-PO4H
— -PO,4 7). At IEP, both surface constituents would carry no
net electric charge (i.e., the negative and positive charges
would be equal).**" As the pH of the solution is increased,
after IEP, the amino group would gradually lose its charge,
while the -PO4H group loses its proton (-PO4H — -PO47),
leading to a negatively charged surface with decreased inter-
facial energy and decreased friction coefficient. The polye-
lectrolytes of nonamphoteric multilayers of PLL/HA
[poly(L-lysine)/hyaluronic acid] illustrate the variation of the
(), which was found to be linear over the whole solution pH
range of 3.5-9.5.

B. Cartilage surface wettability

The contact angle parameter is reflected in the charge
density of the functional group on the surface, especially in
the number of PLs bilayers on the cartilage surface. High
contact angle (in dry surface condition) corresponds to high
hydrophilicity (when surface is wet), while low contact angle
(for dry cartilage) corresponds to low hydrophilicity (when
surface is wet). Figure 2 shows a plot of the contact angle
versus time on a partially depleted cartilage sample.

We measured the contact angle of sessile saline droplets
on the surfaces of normal, partial, and totally depleted carti-
lage samples after 100 min of drying at room temperature.
The biological tissue of the cartilage in its natural condition
is superhydrophilic with a contact angle zero. The air-drying
time is a process of transformation from the hydrophilic to
the hydrophobic (HL— HB) condition overturning phospho-
lipid molecules (flip—flop), which is described by the surface
reorganization of PL molecules of the bilayer into mono-
layer.””** Here, the air-dry tissue loses surface water and
electrostatic repulsive forces and transforms from a hydro-
philic into a hydrophobic surface.

C. Cartilage surface wettability and friction

The bovine sample (cartilage/cartilage) pairs are used to
study the effects of friction on the surfaces of articular joints.
Various wettability states and their corresponding relation-
ships with different levels of adsorption and hydration were
considered. This includes the surface frictional and wettabil-
ity properties of the pH dependent acid—base dissociation of
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amphoteric PLs, that is, weak multilayer polyelectrolytes.
When comparing the depleted cartilage with untreated nor-
mal samples, the results support observations made by Hills
and other authors,27’35*38’41 that both the friction and wett-
ability are important factors in the assessment of biological
surfaces.

In Fig. 3, the friction coefficients measured for a partial and
completely depleted cartilage samples (curve 2) are compared
with the results obtained for natural joints (curve 3) with
healthy and naturally degenerated articular surfaces.’>>'~?
We interpret the increased friction coefficient values due to
the number of bilayers available in SAL.?’>%¢ Both the fric-
tion and wettability show very similar behavior as the SAL
thickness is varied.”’**** The cartilage implication from
osteoarthritis disease by a gradual losing of the surface amor-
phous layer has shown an increased friction coefficient.?>¢%
The SAL, phospholipidic lamellar aggregates and biomacro-
molecules in SF may contribute to electrostatic repulsion dur-
ing lubrication. The highly hydrated PL lamellar aggregates
are expected to cover cartilage surfaces and support hydro-
philic lamellar-repulsive lubrication,”**3>4°

The parameters found to consistently influence friction
were wettability, surface energy, pH, and effect of diluting
synovial fluid. The saline lubricant spiked with 5% and 15%
(v/v) of bovine synovial fluid resulted in decrease in friction
coefficient from 0.005 to 0.003 (Table I). These observations
indicate that the charged SF macromolecules were in contact
with the surface of the cartilage and they functioned as a
lubricant.*"*?

1. Short-range hydration repulsion between the
interfaces of negatively charged cartilage surfaces

Surfaces of articular cartilage joints coated with PL
bilayers and surrounded by synovial fluid inherit charged
macromolecules, proteins, and lipids. Low friction coeffi-
cient between articular cartilage surfaces in living joints,
f~0.005 under load 10 MPa, are described in this review as
a “lamellar-repulsive” mechanism.?’*° The major macromo-
lecules lubricin, hyaluronan A, proteoglycan (PTG) form
complex A"PTG negatively charged groups (-COO~ and
—S0O37). The cartilage surfaces experience weak van der
Waals attractive forces and much stronger short range repul-
sive forces due to hydration repulsion.***** Hydration repul-
sion dominates the interaction between charged cartilage
surfaces at nanometer separations and ultimately prevents
the sticking together of cartilage surfaces, even at high pres-
sures of 100 MPa.***> A layer of hydrated water strongly
binds to the negatively charge cartilage surface, and when in
contact with synovial fluid components (charged biomacro-
molecules, PL lamellar aggregates, and liposomes), this
reduces the friction between cartilage surfaces.* 2

IV. CONCLUSIONS

This study has revived the importance of the amphoteric
nature of an articular surface, and the surface amorphous
layer, in reducing friction coefficient after the isoelectric
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point. The cartilage surface was characterized using wett-
ability tests of fresh and depleted samples. Friction tests
were conducted on normal, partial, and completely depleted
bovine cartilage samples. The gradual removal of phospho-
lipid bilayers was found to influence the friction coefficient.
Saline fluid retained its lubricating properties when the fric-
tion test was implemented with 5% and 15% (v/v) synovial
fluid in 0.155 M NacCl lubricant solution. We demonstrated
experimentally showing that the cartilage pH sensitivity to
friction introduced a novel concept in joint lubrication on
charged surfaces. The possible lamellar-repulsive mecha-
nism of lubrication and the influence of pH on friction coeffi-
cient have been discussed.
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