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Abstract Latex versus glass has frequently been used as
a model system for the investigation of natural lubrication
mechanisms, despite its significant differences from artic-
ular cartilage pairings. The differences in surface chemistry
account for its different behavior in terms of protein
adsorption and lubrication. While cartilage is well known
for its protein resistance, most proteins present in synovial
fluid can non-specifically adsorb onto latex or glass. We
have investigated latex-versus-glass lubrication by means
of pin-on-disk tribometry in the presence of synovial-fluid
proteins and glycoproteins, focusing on the influence of the
glass-cleaning procedure on friction. In order to simulate
the effects of possible contamination of glass in previous
studies, both hydrophilic and hydrophobic glass substrates
were tested. Albumin was shown to impair lubrication (in
comparison to PBS) when latex was slid against both types
of glass surface, whereas bovine synovial fluid (BSF)
and alpha-1-acid glycoprotein (AGP) impaired the lubri-
cation of latex versus hydrophilic glass and improved the
lubrication of latex versus hydrophobic glass. Protein
adsorption on the surfaces was monitored by means of
fluorescence imaging and optical waveguide lightmode
spectroscopy (OWLS), which revealed a faster and greater
amount of adsorption of AGP on hydrophobic surfaces than
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on hydrophilic ones. The influence of surface chemistry on
the friction behavior of BSF and on the adsorption of AGP
suggests that it plays a role in determining the relative
amounts of adsorbed synovial fluid proteins. When BSF is
used as a lubricant in the latex-versus-hydrophobic-glass
system, more of the AGP, relative to albumin, appears to
adsorb on both surfaces, counteracting the negative effect
of albumin on friction. It therefore seems that latex on
glass, while displaying nominal similarities to cartilage on
cartilage under certain conditions, is not a useful model
system. Moreover, surface contamination of the glass can
play a major role in determining the results.
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1 Introduction

Under physiological conditions, healthy articular joints
exhibit excellent tribological properties, thanks to the
combination of synovial fluid and articular cartilage [1].
Friction coefficients have been shown to be very low, in the
range of 0.0005-0.04 [2, 3], although the exact mechanism
of lubrication is not yet fully understood [4]. Lubricin, a
glycoprotein present in synovial fluid [5], has been sug-
gested to be responsible for the boundary lubrication of
articular joints, i.e. when they are subjected to high loads
and low speeds [6, 7]. In tests used to demonstrate this
superior lubricating ability, a set-up was used in which
cartilage slid against itself [8] or against polished glass [6].
It was shown that the friction of systems lubricated by
lubricin or by synovial fluid was similar, leading to the
bold conclusion that lubricin is responsible for the lubri-
cating properties of synovial fluid. The use of cartilage
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surfaces in friction tests is not trivial, since the deformation
of the cartilage itself leads to variations in the contact area
and pressure, and is difficult to control. In addition, the
mechanical properties of cartilage depend on the location
from which it is harvested and tend to be affected by the
environment during removal from the joint, making
reproducibility in the friction tests very difficult to achieve
[9, 10]. Therefore, a well-defined model system that is
capable of mimicking natural cartilage would be highly
desirable. In many studies, latex versus glass has been used
as such a model. Reciprocating sliding experiments carried
out in the boundary regime showed that this tribopair gave
similar friction coefficients for both lubricin and synovial
fluid, and for this reason, it was thought to be capable of
mimicking the cartilage-versus-cartilage system [11-14].
The lubricating properties of synovial fluid biomolecules
other than lubricin have not been investigated with the
latex-versus-glass apparatus.

In addition to macro-tribological studies, the role of
lubricin in natural joint lubrication has been assessed by
evaluating adsorption and interaction with model surfaces
[15, 16]. By means of atomic force microscopy (AFM), the
surface forces apparatus (SFA), and surface plasmon res-
onance (SPR), lubricin was shown to adsorb on both
hydrophilic and hydrophobic surfaces, forming brush-like
layers with the sugar residues extending into solution
together with loops and tails from the peptide chain. This
was the basis for the suggestion that lubricin has both an-
tiadhesive and chondroprotectant effects on cartilage sur-
faces, thus preventing wear [15]. The brush-like
conformation has also been suggested to be responsible for
the good lubricating properties of lubricin, similar to the
mechanism of lubrication by charged polymers [17].

One of the most obvious differences between cartilage
and glass/latex is the lack of resistance to non-specific
protein adsorption in the latter, i.e. there is either a very
selective or no adsorption of proteins on the cartilage
surface. It is widely agreed that the most abundant protein
in synovial fluid, albumin, does not play a role in the
lubrication of natural joints. However, this protein will
adsorb onto glass and latex and influence friction between
these materials. We have investigated the lubrication of
latex versus glass with bovine synovial fluid (BSF) to
clarify whether indeed it is a useful model system, and also
whether a single component, such as lubricin, could
determine the friction in this system.

In particular, the influence of the procedure used to
clean the glass substrates on protein adsorption and friction
was investigated, since cleaning procedures may influence
surface chemistry. Experiments were carried out using
Piranha-cleaned glass slides, which resulted in highly
hydrophilic surfaces, as well as ethanol-cleaned glass (as
has frequently been used by others) and functionalized,
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hydrophobic glass, all sliding against latex. Protein
adsorption on the surfaces (and close analogs) was also
studied by means of both fluorescence imaging and optical
waveguide lightmode spectroscopy (OWLS).

2 Materials and Methods

Additive-free latex (Interlatex GmbH, Germany) was used
to coat 9.5-mm-diameter cylindrical CoCrMo pins with one
end shaped as a spherical section of radius 1,200 mm
(Carpenter Technology Co. (USA), forged according to ISO
5832-12). The latex coating was approximately 80 pm
thick. The pins were rinsed with pure water and dried with
nitrogen before being used for friction tests. For the protein-
incubation tests, the same sample preparation procedure was
applied using flat-ended CoCrMo cylinders. SuperFrost®
Microscope Glass slides (Menzel-Glédser, Germany) were
cleaned with Piranha solution (conc. sulfuric acid (70%),
hydrogen peroxide (30%)), and subsequently boiled in pure
water to eliminate sulfur residues. Hydrophilicity of the
glass was determined by means of contact-angle measure-
ments; the static contact angle was not measurably higher
than zero. Hydrophobic glass was obtained via functionali-
zation of piranha-cleaned slides with 1H,1H,2H,2H-per-
fluorooctyltrichlorosilanes (ABCR GmbH & Co. KG,
Germany) from the gas phase by 1-h exposure at room
temperature in a desiccator. The resulting static contact
angle was 100°. In previous, related studies, glass slides
were reported to be cleaned by means of an ethanol-based
detergent [5, 14]. In order to mimic this treatment, slides
were sonicated in pure ethanol for 10 min. These ethanol-
cleaned glass slides displayed a static contact angle of 60°.

Bovine synovial fluid (BSF) was removed from the knee
joint of cows no older than 18 months at the Hinwil
slaughterhouse in Switzerland. All samples were clear,
yellow, particle-free liquids, and were stabilized with
protease inhibitor (Sigma-Aldrich, Switzerland) and 0.1%
sodium azide.

2.1 Labeling of Proteins

Fluorescence labeling of albumin and alpha-1-acid glyco-
protein (AGP) was carried out with ATTO 488 NHS ester
(Sigma-Aldrich, Switzerland). The structure of ATTO 488
is the undisclosed property of Atto-Tec GmbH, Siegen,
Germany (http://www.atto-tec.com).

Fatty-acid-free bovine serum albumin (BSA, Sigma-
Aldrich, Switzerland) was dissolved in a sodium bicar-
bonate buffer (0.1 M, pH 8.3, Merck, Switzerland) to a
concentration of 5 mg/mL. ATTO NHS ester (2 mg/mL)
was dissolved in amine-free, anhydrous dimethylsulfoxide
(DMSO, Sigma-Aldrich, Switzerland) immediately before
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conjugation. The conjugation reaction was carried out by
adding a twofold molar excess of dye to the protein solu-
tion followed by incubation for 60 min at 24°C with stir-
ring. Labeled proteins were separated from the unreacted
dye by dialysis overnight against phosphate-buffered saline
(PBS, Sigma-Aldrich, Switzerland) using 10 kDa dialysis
membranes (Slide-A-Lyzer, Perbio Science N. V., Bel-
gium). Aliquots of labeled albumin were stored at —20°C.
The same protocol was used to label AGP (from bovine
serum, Sigma-Aldrich, Switzerland).

2.2 Adsorption Studies via Fluorescence Microscopy
and OWLS

Fluorescently labeled AGP and BSA were diluted in PBS
to a concentration of 0.3 mg/ml. A droplet of each solution
was placed on latex, Piranha-cleaned glass, and silane-
functionalized glass samples, and the labeled proteins were
allowed to adsorb for 60 min in a dark environment. After
rinsing with PBS and pure water, fluorescence images at
the border of the droplets were obtained with an AX10
Imager M1 m (Zeiss, Germany). The protein solutions
were also used to incubate glass slides that had been
cleaned at one end with ethanol and at the other with
Piranha solution. This was to determine whether a contrast
could be observed in protein adsorption according to sur-
face wettability.

The BSA and AGP adsorptions were evaluated on
hydrophilic (static contact angle close to 0°) and hydro-
phobic (static contact angle 100°) SiO,/TiO, waveguides
(Sip75Tipr50, on glass, 1.2 x 0.8 cm?, Microvacuum,
Budapest, Hungary). Hydrophilic waveguides were
obtained by rinsing with 0.1% HCI and isopropanol, and
subsequently cleaning with O, plasma (Plasma Cleaner/
Sterilizer, PDC-32G instrument, Harrick, Ossining, NY,
USA) for 2 min. To obtain hydrophobic surfaces, the
waveguides were additionally functionalized with perflu-
orosilanes from the gas phase, as described previously. The
static water contact angle of the functionalized waveguides
was determined to be 100°.

Adsorption in the OWLS instrument (OWLS 110, Mi-
crovacuum, Hungary) was carried out at 37°C, using PBS
as a buffer. After having recorded the baseline, 0.5 mg/ml
of BSA or AGP solution were injected into the flow
chamber. Protein adsorption was allowed to proceed until a
plateau in the adsorption curve was observed. At this stage,
non- or weakly adsorbed proteins were washed away by
rinsing the flow chamber with PBS.

2.3 Pin-on-Disk Tribological Measurements

Friction in the boundary regime was investigated by means
of a pin-on-disk apparatus (CSM S.A., Switzerland).

During each experiment, the latex-coated CoCrMo pins
were slid against Piranha-cleaned, ethanol-cleaned or
silane-functionalized glass at a load of 1 N and a sliding
speed of 10 mm/s for 30 laps, using PBS as lubricant. At
the 30th lap, AGP, BSA or BSF were added to the PBS,
and sliding continued for another 30 laps. The sliding
distance was 226 cm. The final concentrations of AGP and
BSA were 0.3 or 12.5 mg/ml, respectively. By adding BSF
to the PBS, the BSF was diluted by 50%. At least three
tests were carried out in each lubricant.

3 Results

3.1 Protein-Adsorption Analysis with Fluorescence
Imaging and OWLS

Latex, Piranha-cleaned glass, and silane-functionalized
glass samples were incubated in labeled AGP and BSA
solutions. Both proteins adsorbed onto all three substrates
(Fig. 1), as shown by the clear difference in the fluores-
cence intensity at the border of the droplets, indicating a
difference between the blank and the area where protein
adsorption had occurred.

It was also possible to observe changes in AGP
adsorption qualitatively, according to the wettability of the
surface (Fig. 2a). The fluorescence signal from adsorbed
AGP was more intense on the ethanol-cleaned area of the
glass (static contact angle 60°) than on the Piranha-cleaned
region (static contact angle approximately 0°). The fluo-
rescence following adsorption of labeled BSA was not
visually different on the two areas (Fig. 2b).

Quantitative adsorption measurements carried out with
OWLS showed that the amounts of BSA and AGP
adsorbed onto a hydrophobic surface were 172 4+ 12 and
110 & 14 ng/cm?, respectively. BSA adsorption on the
hydrophilic surface was found to be 103 £ 23 ng/cm?,
whereas AGP adsorption was very low, and could
not be quantified due to the absence of a stable plateau
(Fig. 3).

3.2 Pin-on-Disk Tribological Measurements

The lubricating properties of solutions of AGP, BSA, and
BSF in the latex-versus-glass system were investigated
with a pin-on-disk tribometer. Figure 4 shows the friction
curve for latex sliding against ethanol-cleaned glass
immersed in BSF. The initial friction coefficient for PBS is
very high and decreases after addition of BSF to the PBS.

The latex-versus-Piranha-cleaned-glass system was
poorly lubricated by AGP in comparison to PBS (Fig. 5a).
An increase in friction was also observed upon addition of
BSA, and the degree of impairment was higher than with
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Fig. 1 Fluorescence images

of latex samples after incubation
with a labeled AGP and b
labeled BSA, of Piranha-
cleaned glass after incubation
with ¢ labeled AGP and d
labeled BSA, and of silane-
functionalized glass after
incubation with e labeled AGP
and f labeled BSA. Only part of
the samples were incubated to
allow a contrast with the blank
surface

Fig. 2 Fluorescence images of
glass samples half Piranha-
cleaned (left side) and half
ethanol-cleaned (right side)
after incubation with a labeled
AGP and b labeled BSA. A
blank area where no incubation
occurred is present in both
samples

AGP (Fig. 5b). When adding BSF to the PBS control, an
increase in friction was also observed (Fig. 5c).

The addition of AGP to latex sliding against hydro-
phobized glass in PBS resulted in a decrease in friction
(Fig. 6a), while BSA caused an increase in friction
(Fig. 6b). Upon addition of BSF, similarly to AGP, an
improvement in lubrication could be observed (Fig. 6¢).

@ Springer

4 Discussion

The use of a well-defined model system for the investiga-
tion of natural joint lubrication is desirable, due to diffi-
culties in controlling tribological experiments that involve
cartilage as a sliding surface. The motivation in the liter-
ature for the choice of latex and glass as a model system
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Fig. 3 OWLS curves for the adsorption of a BSA and b AGP on a
hydrophilic surface
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Fig. 4 Friction coefficients for latex sliding against ethanol-cleaned
glass in PBS with addition of BSF at the 30th lap

was empirical, following the supposition that lubricin was
responsible for synovial fluid lubricating ability [7]. As
similar friction coefficients for both solutions of lubricin
and synovial fluid had been observed, latex versus glass
was thought to be a system capable of mimicking natural
articular cartilage [11-14]. Moreover, latex on glass was
shown to be lubricated by lubricin as efficiently as other
tribological systems involving cartilage as one bearing
surface, apparently validating the hypothesis [6]. The
mechanical properties, surface chemistry, and resistance to
protein adsorption of latex and glass, however, are quite
different from those of cartilage.

Latex vs. Piranha cleaned glass
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Fig. 5 Friction coefficients for latex sliding against Piranha-cleaned
glass in PBS with addition of a AGP, b BSA, and ¢ BSF at the 30th
lap

In the case of latex and glass, the fluorescence imaging
showed that both albumin and AGP adsorb from synovial
fluid onto the surfaces. Therefore, it cannot be assumed that
lubricin is the only protein adsorbing onto the surfaces, and
it is highly unlikely to be the only protein that will influ-
ence friction. This lack of specific adsorption behavior was
shown in a previous study by means of adsorption mea-
surements on ultra-high-molecular-weight polyethylene
(UHMWPE) and alumina [18], which are frequently used
in joint prostheses. As fluorescence and SDS PAGE mea-
surements have shown, a wide range of synovial-fluid
proteins can adsorb onto a hydrophobic surface such as
UHMWPE or latex. Other synovial fluid proteins can,
therefore, adsorb and contribute to the friction of latex
versus glass.

The lubricating behavior of other synovial fluid proteins
was investigated. The setup used involved unidirectional
sliding and constant load, which differs from the conditions
in articular joints. This is inevitably a limitation, but this

@ Springer



Tribol Lett (2010) 38:267-273

272
Latex vs. Silane functionalized glass
AGP
€ (a)
7]
g 08
E
@ 06
3 W/ A WA,
= 0.4 v VA, =
e}
B 02
L o . . : i
0 10 20 30 40 50 60
Laps
Latex vs. Silane functionalized glass
BSA
g 1 (b)
2 i
[} LA
&§ e iy J,J'.f’eff“.rlr*f .r.fr!rlti‘fﬁ'fw
8 .uli g
= Ty
2
o0
—
L 0 . . ' . .
0 10 20 30 40 50 60
Laps
Latex vs. Silane functionalized glass
1 BSF
z (0
E 0.8
064} AMAMMAM
(&] I\ M*.N'y".fl"u".r"\,";\;ﬁ-.-"uu..l MMM
& 04 {H S Y
B 0.2
—
[N 04 3 ; - : :
0 10 20 30 40 50 60

Laps

Fig. 6 Friction coefficients for latex sliding against silane-function-
alized glass in PBS with addition of a AGP, b BSA, and ¢ BSF at the
30th lap

work focused on the investigation of the role of surface
chemistry in latex-on-glass lubrication, and this could be
assessed by means of pin-on-disk tribometry. Albumin was
chosen because it is the most abundant protein in synovial
fluid and AGP because of its good lubricating properties
[18]. Pin-on-disk experiments carried out using hydro-
philic, Piranha-cleaned glass slides led to unexpected
results. Contrary to previous reports with glass [11, 14],
addition of BSF resulted in an increase in the friction
coefficient (Fig. 5c). The same behavior was observed for
AGP and BSA (Fig. 5a, b). In this case, the system
involves a hydrophobic surface sliding against a hydro-
philic one. The absence of chemical interactions between
such surfaces generally leads to low friction coefficients in
water or saline solutions. The increase in friction caused by
BSA could be due to the formation of high-shear-strength
layers upon adsorption. The increase caused by AGP is
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most likely related to its low and slow adsorption onto a
hydrophilic surface, as shown by the OWLS results
(Fig. 3), meaning that the clean glass surface is only
sparsely coated with AGP. There will then be complex
electrostatic bridging interactions between the charges on
the glycoproteins adsorbed to the latex surface and the
exposed glass surface.

The increase of friction caused by addition of BSF can
be attributed to contributions from a number of proteins
since adsorption appears to be relatively unselective. The
relative amounts and conformations of the adsorbed mol-
ecules will inevitably play a role.

To determine whether contaminated surfaces, due to
inadequate cleaning procedures, could influence protein
adsorption to a sufficient extent to cause a change in the
friction behavior, ethanol-cleaned glass was used. In pre-
vious related studies, cleaning of the glass slides was
carried out by means of an ethanol-based detergent [5, 14].
The ethanol-cleaned glass substrates used in this study had
a static contact angle of 60°, indicating that the surface
was not as clean as the Piranha-cleaned samples. A sub-
stantially higher level of hydrophobicity was achieved by
functionalizing the glass surface, resulting in a static
contact angle of 100°. Friction coefficients in both cases
were higher in PBS than for the Piranha-cleaned glass,
presumably due to hydrophobic interactions between the
contacting surfaces. A decrease in the friction coefficient
was observed upon addition of BSF and AGP, as reported
by others for BSF [11, 14]. AGP adsorbs faster and to a
greater extent on hydrophobic surfaces, as shown by the
OWLS measurements and fluorescence studies presented
in previous work, forming a packed layer determined by
the size and packing of the glycan residues [18]. Its good
lubricating properties could, therefore, be attributed to the
presence of glycans on both contacting surfaces, providing
a highly hydrophilic layer capable of trapping water at the
surface to provide a lubricious, low-shear-strength liquid
film. The ethanol-cleaned glass, with a static contact angle
of 60°, displayed similar behavior to that of the hydro-
phobized glass with a static contact angle of 100°. This
suggests that the proteins interact with the ethanol-cleaned
glass through hydrophobic interactions and demonstrates
the importance of the cleaning procedure. BSA impaired
lubrication upon its addition to PBS for latex sliding
against both hydrophilic glass and hydrophobic glass. The
denaturation of BSA upon adsorption on a hydrophobic
surface results in a high-shear-strength layer with strong
hydrophobic interactions between the albumin and the
surface and between adjacent albumin molecules, which
can account for the poor lubricating properties [19].

Similarly to AGP, BSF improved the lubrication upon
addition to PBS. As albumin is the most abundant com-
ponent of synovial fluid, it may be expected to give a major
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contribution to the friction. However, other synovial fluid
proteins as well as glycoproteins such as AGP and alpha-
l-antitrypsin (A1AT) have been previously shown to
adsorb on both hydrophobic and hydrophilic surfaces
[18]; BSA, AGP, and A1AT were all found to adsorb to a
greater extent on the hydrophobic surface. Although the
adsorption studies showed that all investigated proteins
adsorbed to some extent from BSF onto both hydrophobic
and hydrophilic surfaces, the influence of surface chem-
istry on the friction behavior of BSF suggests that some
degree of selectivity in the relative amounts of adsorbed
proteins may be present. The higher friction coefficient
for hydrophilic glass, compared to that for hydrophobic
glass, suggests that the proportion of albumin adsorbed,
relative to glycoprotein, is higher on hydrophilic surfaces.
This is supported by OWLS results that show that BSA
adsorbed faster and to a greater extent on a hydrophilic
surface in comparison to AGP (Fig. 3). On the other
hand, when BSF is used as a lubricant in the latex-versus-
hydrophobic-glass system, more of the glycoproteins,
relative to albumin, may be adsorbing on both surfaces.
This would then, to some extent, counteract the negative
effect of albumin on friction. Synovial fluid is an extre-
mely complex mixture of biomolecules, and therefore
many other components or combinations of components
may be influencing friction. Additionally, the friction
coefficients will likely be not only influenced by the
relative adsorption of the different proteins but also by the
structure of the adsorbed proteins, which is highly sen-
sitive to the surface chemistry.

5 Conclusion

The precise surface chemistry of the sliding surfaces plays
an important role in the lubrication of latex sliding against
glass, which has been extensively used as a model system
for the investigation of natural joint tribology. Surface
hydrophobicity, largely determined by the effectiveness of
the cleaning procedure, has been demonstrated to exert a
strong influence on the lubricating properties of the
synovial-fluid proteins investigated. Furthermore, AGP, a
glycoprotein present in synovial fluid, was shown to
decrease friction in the latex-on-glass system, when
cleaned according to methods described in the literature,
showing that lubricin is not unique in this regard.

In summary, latex on glass appears to be a poor model
for cartilage—cartilage systems, as surface chemistry
inevitably plays a role in synovial fluid protein adsorption
and lubrication, and literature reports may have been
dominated by surface-contamination-induced artifacts.
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