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Abstract
One of the major constituents of the synovial fluid that is thought to be responsible for
chondroprotection and boundary lubrication is the glycoprotein lubricin (PRG4); however, the
molecular mechanisms by which lubricin carries out its critical functions still remain largely
unknown. We hypothesized that the interaction of lubricin with type II collagen, the main
component of the cartilage extracellular matrix, results in enhanced tribological and wear
properties. In this study, we examined: i) the molecular details by which lubricin interacts with
type II collagen and how binding is related to boundary lubrication and adhesive interactions; and,
ii) whether collagen structure can affect lubricin adsorption and its chondroprotective properties.
We found that lubricin adsorbs strongly onto denatured, amorphous, and fibrillar collagen
surfaces. Furthermore, we found large repulsive interactions between the collagen surfaces in
presence of lubricin, which increased with increasing lubricin concentration. Lubricin attenuated
the large friction and also the long-range adhesion between fibrillar collagen surfaces.
Interestingly, lubricin adsorbed onto and mediated the frictional response between the denatured
and native amorphous collagen surfaces equally and showed no preference on the supramolecular
architecture of collagen. However, the coefficient of friction was lowest on fibrillar collagen in the
presence of lubricin. We speculate that an important role of lubricin in mediating interactions at
the cartilage surface is to attach to the cartilage surface and provide a protective coating that
maintains the contacting surfaces in a sterically repulsive state.
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Introduction
In healthy joints, articular cartilage provides an extremely efficient load-bearing surface and
exhibits extraordinary lubrication and wear (Ateshian, 2009; Katta et al., 2008; Mow et al.,
1992; Swanson, 1979). The superficial zone of articular cartilage and its thin, amorphous
outermost layer, the lamina splendens, comprise the bearing surface for joint contact. This
superficial zone consists of a mostly tangentially arranged collagen fibrillar network (Jeffery
et al., 1991), and the adhesion of molecules to the cartilage surface is believed to contribute
to its boundary lubrication properties (Chan et al., 2011a). Damage to this superficial zone,
or absence of lubricating factors, may cause a cascade of mechanical and biological events
that can lead to irreversible wear and joint disease such as osteoarthritis (Neu et al., 2010,
Saarakkala, 2010 #33).

Lubricin, also called superficial zone protein (SZP) or proteoglycan-4 (PRG4), is found in
the synovial fluid and also on the superficial zone of the articular cartilage, and is believed
to contribute to the lubrication, wear resistance, and anti-adhesive properties of cartilage
(Elsaid et al., 2005; Jay et al., 2001; Rhee et al., 2005; Schumacher et al., 1994; Swann et
al., 1981). Lubricin is composed of 1404 amino acids, with a somatomedin-B (SMB)-like
domain and a hemopexin (PEX)-like domain at its N- and C-terminal ends, respectively
(Rhee et al., 2005). The hydrophilic center domain of lubricin is heavily glycosylated and
partially capped with negatively charged sialic acid. Recent experiments confirmed that to
function as an effective boundary lubricant, lubricin must adhere to the surface (Chang et al.,
2009; Chang et al., 2008; Zappone et al., 2007). However, the details of lubricin binding to
cartilage surfaces are still largely unknown (Nugent-Derfus et al., 2007).

Recent immunolocalization studies suggest that lubricin binds to the articular cartilage
surface with its C-terminal end (Jones et al., 2007), which contains a hemopexin-like
domain. This domain is conserved on many matrix metalloproteinases (MMPs), such as
collagenases, where it mediates binding to native, triple helical collagen (Murphy and
Knauper, 1997; Perumal et al., 2008; Tam et al., 2002), but not on denatured collagen (Tam
et al., 2002). This finding suggests that besides unspecific interaction with the cartilage
surface, binding to collagen is potentially important for anchoring lubricin to the cartilage
surface. Type II collagen is the predominant type of collagen in articular cartilage, where it
self-assembles into large, fibrillar aggregates and adopts a complex degree of structural
organization (Mow et al., 1992; Sokoloff, 1978). A Monomeric type II collagen consists of
three polypeptide strands, intertwined into a triple helical structure. Each triple-helix
associates with its neighbors and forms microfibrils that are staggered regularly apart at a
distance of 67 nm (Lehninger et al., 2000).

We hypothesized that lubricin has specific binding affinity to collagen II where it binds
preferentially to triple helical collagen and mediates adhesion and friction. To test this
hypothesis we used colloidal probe microscopy (CPM) to examine the conformational and
tribological properties of lubricin on collagen surfaces to further understand the interaction
and function of lubricin as a boundary lubricant and chondroprotectant in diarthrodial joints.
Specifically, we used denatured collagen (without triple-helix structure), amorphous
collagen (native triple helical collagen), and fibrillar collagen (aggregates of native triple
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helical collagen), to determine the effect of collagen structure and conformation on lubricin
binding. We also examined how lubricin interacts with collagen and what effect this binding
has on friction and adhesion properties. Our results provide new insights into the molecular
interactions of lubricin with collagen.

Materials and Methods
Materials

Lubricin was purified from human synovial fluid (Jay et al., 2001), and a series of lubricin
solutions (50 - 400 μg/ml) was prepared from stock solution by dilution with phosphate
buffered saline (Gibco, 1x PBS, 1mM KH2PO4, 155 mM NaCl, 3 mM Na2HPO4, pH 7.4).
The concentration range was chosen to bracket the physiological value of ~200 μg/ml found
in synovial fluid (Elsaid et al., 2005).

Type II collagen (from chicken sternal cartilage, Sigma Aldrich) was received as powder
and dissolved in 0.25% acetic acid at 1mg/ml overnight at 4°C. For amorphous collagen, the
dissolved collagen was diluted with PBS to 100 μg/ml concentration. For denatured
collagen, the collagen solution was heated to 60°C for 15 minutes and then diluted with
PBS. For fibrillar collagen, the dissolved collagen was allowed to self-assemble at
physiological pH at room temperature until collagen strands were detectable with AFM.

Preparation of colloidal probes and substrate surfaces
Gold-coated colloidal probes, functionalized with alkanethiol self-assembled monolayers
(SAMs) and various forms of collagen, were fabricated by gluing 10 μm diameter glass
microspheres (Duke Scientific, Palo Alto, CA) to the end of AFM cantilevers (V-shaped
Si3N4 cantilever with 0.58 N/m typical spring constant, Bruker-Veeco™) with a one part
photo-curing epoxy (Norland Optical Adhesive #81) (Chang et al., 2008). The probes were
then coated with a 5 nm chromium adhesion layer followed by a 45 nm gold layer using an
e-beam evaporator (CHA Industries, Fremont, CA).

Type II collagen was chemically attached to gold-coated glass substrates and colloidal
probes with glutaraldehyde coupling chemistry (Figure 1). First, the gold substrates and
colloidal probes were cleaned with UV ozone for ~5 min, rinsed with 0.05% SDS, dH2O,
and ethanol, and then incubated in 1mM NH2-terminated SAM (cystamine hydrochloride,
Sigma Aldrich) in ethanol overnight at room temperature. After incubation, the substrates
were sonicated briefly to remove excess thiol (with exception of the colloidal probes) and
then rinsed with copious amounts of ethanol and dried with nitrogen. The amine-terminated
SAM were activated in 12% glutaric dialdehyde (Sigma Aldrich) for 30 minutes and then
incubated in 100 μg/ml of the collagen solution of interest for over 2 hours. Fibrillar
collagen substrates were obtained by chemically attaching the fibrils onto the substrate
surface, using the procedure described above.

Characterization of Collagen Structure
CD—Circular dichroism spectroscopy (CD) was used to monitor the secondary molecular
structure of collagen. The collagen solution with a concentration of 0.04 mg/ml in 0.25%
acetic acid was measured with a CD spectrophotometer, equipped with a stirred
thermoelectric cell holder (Aviv model 202 CD spectrophotometer). CD spectra were
acquired over the wavelength range of 190-260 nm at 25°C before and after heating. The
thermal denaturation of collagen was monitored by observing the CD signal at 220 nm over
the range of 25-60 °C with a 10 s averaging time and a 2 min equilibration time. The
resulting data were baseline corrected by solvent subtraction.
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XPS—X-ray photoelectron spectroscopy (XPS) (Axis Ultra, Kratos Analytical) was used to
verify the surface chemical composition. A monochromatic Al source was used (10 mA, 15
kV) for both the survey and high resolution scans. Survey spectra from 0 to 1200 eV were
taken followed by high resolution scans around the C1s, and N1s regions. To avoid
degradation of the nonconductive samples, charge neutralization with low energy electrons
and a magnetic immersion lens was used. The spectra were shifted by setting the binding
energy maximum of C1s at 284.5 eV.

AFM—The substrate surfaces were imaged in Tapping Mode® with a Multimode AFM
using a Nanoscope IIIa controller (Bruker-Veeco, Santa Barbara, CA) using an ultrasharp
silicon tip (NSC14, MikroMasch, San Jose, CA). Fibrillar collagen formation was verified
by AFM imaging, by incubating a freshly cleaved mica surface with ~40 μL collagen fibril
solution for ~15min, followed by rinsing gently with MilliQ water, and drying under a
stream of nitrogen. After chemical attachment, the collagen surfaces were imaged again at
the lowest applied load.

Ellipsometry—Dry collagen film thicknesses were measured on a spectroscopic
ellipsometer (M-88 Model 450, J. A. Woollam Co., Lincoln, NE) at 65°, 70°, and 75°. For
each substrate, ellipsometric data was collected on the gold surface before and after collagen
deposition. The collagen film thickness was obtained by fitting the ellipsometric data with a
Cauchy dispersion model on top of the bare gold layer (Ma et al., 2004). The film thickness
of each sample was measured at three different locations and is reported as an average value.

Contact Angle—A contact angle goniometer (Model 100, Rame-Hart Instrument Co., NJ)
was used to measure the contact angle on the collagen substrates. Static contact angles were
taken in ambient condition at room temperature with Milli-Q grade water (18.2 MΩcm) on
at least 4 different locations on the same sample and reported as an average value.

Adsorption Measurements
Lubricin adsorption onto collagen surfaces was measured using surface plasmon resonance
(SPR Biacore X instrument, Uppsala, Sweden) (Chang et al., 2008). Prior to any
measurement, the substrate surfaces were first equilibrated with PBS (pH ~7.4), injected at a
flow rate of 5 μL/min at 25°C. The adsorption of lubricin on collagen surfaces was achieved
by sequential injection of 15 μl solution from 25 to 400 μg/ml concentrations. After each
lubricin injection, a continuous flow of PBS was used to rinse away any loosely adsorbed
molecules. The change in the response unit (RU) before and after each injection is
proportional to the number of molecules adsorbed on surface. As a reference, for globular
proteins, 1 ΔRU is equivalent to a surface coverage of approximately 1 pg/mm2.

Force Measurement
A MFP-3D AFM (Asylum Research, Santa Barbara, CA) was used to measure the friction
and normal interaction forces. The cantilever normal spring constant (kn, nN/nm) was
determined prior to any measurements from the power spectral density of the thermal noise
fluctuations in air (Hutter and Bechhoefer, 1993) by fitting the first resonance peak to
equations for a simple harmonic oscillator (Walters et al., 1996). The normal photodiode
sensitivity (S, nm/V), was determined from the constant compliance regime upon approach
against a hard substrate. The lateral calibration factor, (α, nN/V), was obtained by the wedge
calibration method (Ogletree et al., 1996; Varenberg et al., 2003) with a 30° sloped Si
calibration wedge (Tocha et al., 2006) using equations adapted for colloidal probes (Han et
al., 2007).
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Friction measurements were made as described previously (Chang et al., 2009). Briefly,
friction was measured as a function of normal load by incrementally increasing the applied
load from 0 nN to ~115 nN then incrementally decreasing the load until the tip separated
from the surface. All friction measurements were performed over a scan area of 20×20μm
and at a scan speed of 40 μm/s. Normal and lateral signals were monitored simultaneously
over 256 scan lines, with the measured force values averaged over 256 points per scan line.
The friction force was determined by taking half the difference between the lateral
deflection signal obtained from the forward (trace) and backward (retrace) scans. Friction
versus load data were obtained on the same region over the entire load range at three
different locations. To assess any wear effect on friction force due to scanning, three
repeated scan cycles on the same location were conducted. Lateral force measurements were
performed in the presence of purified human lubricin (50, 100, 200, 400 μg/ml), after
allowing 15 minutes of equilibration time between each change in concentration with the
colloidal probe far removed from the substrate surface.

Results
Collagen Substrate Characterization

All collagen-coated substrates were prepared by chemically attaching collagen from a
solution of interest to the substrate surface with glutaraldehyde. The topographical AFM
images of the denatured, amorphous and fibrillar collagen surfaces showed distinct
morphologies (Figure 2). For amorphous collagen coatings, a solution of native collagen
was used, where the triple helical (coiled coil) structure is conserved. The presence of the
coiled coil motif was verified by CD, where the spectrum showed a peak with a maximum at
220 nm (inset of Figure 3). For denatured collagen coatings, the collagen solution was
subjected to a heat treatment. Collagen denaturation was verified by the absence of the peak
maximum at 200 nm in the CD spectrum (Figure 3). For the fibrillar collagen coating,
dissolved collagen was allowed to self-assemble into micro fibrils at physiological pH at
room temperature, prior to chemical grafting to the substrate surface. Figure 2c shows that
the triple helical collagen self-assembled into fibrils by aligning in parallel, staggered
fashion, producing the characteristic cross-striation with a pitch of 66 nm (Meisenberg and
Simmons, 1998) (inset of Figure 2c).

Ellipsometric measurements showed that the denatured and amorphous substrates have a dry
film thickness of 3.2 ± 0.4 nm and 4.0 ± 0.1 nm, respectively. The fibrillar substrate,
however, was too rough to yield accurate ellipsometric height values. Instead, AFM
topographical images revealed collagen microfibril heights ranging from 35 to 150 nm. The
root-mean-square (RMS) surface roughness over 20 by 20 μm scan areas of denatured,
amorphous, and fibrillar collagen substrates were 4.6 nm, 3.4 nm, and 68.4 nm, respectively.

XPS survey spectra (Figure 4) and high resolution scans of the C1s and N1s regions (data not
shown) were used to verify the presence of collagen on the substrate surfaces. The
appearance of the N peak, from the nitrogen in the collagen, confirmed the successful
immobilization of collagen. The N/C molar concentration ratio of the denatured, amorphous,
and fibrillar collagen surfaces were around 0.26-0.32, which is in good agreement with the
expected value of 0.32 from pure collagen and better than the 0.12 ratio obtained from a
spin-coated collagen layer (Dupont-Gillain and Rouxhet, 2001). The contact angles of the
denatured, amorphous, and fibrillar collagen substrates were 45°, 29°, and 34° ± 4°,
respectively.
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Adsorption Measurement
The adsorption of lubricin on denatured (heat-treated), amorphous (native), and fibrillar
(native & self-assembled) collagen surfaces were measured by SPR (Figure 5). Lubricin
adsorbed readily onto all three types of collagen surfaces, and the adsorbed amount
increased gradually with increasing lubricin concentration. The adsorbed amount is similar
on the denatured and amorphous collagen surfaces, and about 50% higher on the fibrillar
collagen surface.

Normal Forces on Approach
Averaged AFM normal force curves were measured upon approach between a flat surface
and a colloidal probe, both functionalized with collagen of interest (Figure 6). The normal
forces between surfaces measured in presence of lubricin were repulsive and increased with
increasing lubricin concentration. The extent of repulsion was similar for the three different
types of collagen surfaces.

Adhesion Forces on Retraction
Adhesive interactions arose upon surface separation between collagen surfaces both in PBS
and also in the presence of lubricin. Retraction force curves showed significant molecular
stretching events (Figures 7a, b). In presence of lubricin, the stretching signature was similar
to that previously observed between hydrophobic and hydrophilic surfaces (Chang et al.,
2008) In absence of lubricin, molecular stretching of collagen molecules was observed.
Between two fibrillar collagen surfaces, in absence of lubricin, these adhesive interactions
persist over long retraction distance (Figure 7a). The distance at max pull-off force was
approximately 1500 nm and was reduced with addition of lubricin (Figure 7c). In presence
of lubricin, the maximum pull-off force was approximately 300 nm for all three types of
collagen surfaces.

The adhesion energy, calculated from the area under the retraction curves, was relatively
constant among the denatured, amorphous, and fibrillar collagen surfaces (Figure 7d). In
presence of greater than 100 μg/ml of lubricin, the adhesion energy remained approximately
constant, with an average adhesion energy of about 1 fJ (Figure 7d).

Friction Interaction
Friction forces were determined as a function of normal load between denatured,
amorphous, and fibrillar collagen surfaces (Figures 8a-c), and the average coefficients of
friction (COF), calculated from the slopes of the friction force vs. load curves, varied as a
function of lubricin concentration (Figure 8d). Friction was high only on fibrillar collagen
surfaces and in absence of lubricin; however, addition of as little as 50 μg/ml lubricin
lowered the friction force substantially (Figure 8c). Interestingly, the frictional behavior in
the presence of lubricin was largely independent of lubricin solution concentration and about
the same for denatured and amorphous collagen surfaces (COF ≈ 0.2). On the other hand,
the COF between fibrillar collagen surfaces in presence of lubricin was slightly lower at
approximately 0.1.

Discussion
Although the presence of lubricin on articular cartilage surfaces has been shown to be
essential in the boundary lubrication mechanism necessary for joint lubrication and joint
health (Coles et al., 2010b; Elsaid et al., 2005; Jay et al., 2001; Rhee et al., 2005; Schmidt et
al., 2007) details of the interaction between lubricin and the cartilage surface are still largely
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unknown. Recent immunolocalization studies with recombinant lubricin revealed a specific
binding affinity between the cartilage surface and the C-terminal ends of lubricin (Jones et
al., 2007) suggesting a possible interaction between lubricin's hemopexin-like domain and
the cartilage surface. This hemopexin-like domain is conserved on many matrix
metalloproteinases (Murphy and Knauper, 1997) and has been shown to be involved in the
binding, and possibly the unwinding, of native triple-helical collagen (Perumal et al., 2008).
Interestingly, the hemopexin-like domain does not bind on denatured collagen (Tam et al.,
2002).

In the current study, we investigated the interaction between lubricin and type II collagen, a
major component of articular cartilage, in denatured, amorphous and fibrillar forms, and
examined lubricin's ability to adhere and lubricate these collagen surfaces. Our findings
showed that human lubricin adsorbed to all three types of collagen surfaces, where it
effectively mediates the friction upon adsorption. The collagen II surfaces used in the
present work are meant to serve as controlled model systems and thus do not include all the
features of the native articular surface; however, this approach provides a controlled model
system to investigate the specific interaction between lubricin and type II collagen. Collagen
is present at or near the cartilage surface in multiple forms, and AFM images of cartilage
surfaces reveal a wide range of surface structures, most of which are amorphous, acellular
and largely non-fibrous (Coles et al., 2008; Jurvelin et al., 1996). Fibrillar collagen is seen
on the superficial zone of the articular cartilage surface, where it is oriented tangentially to
the surface and mostly formed by aggregation of collagen types II (80%), IX (10%), and XI
(10%) (Bruckner and Vanderrest, 1994). Recent computational and molecular visualization
studies showed that fibril architecture and triple-helical conformation govern collagen
proteolysis (Perumal et al., 2008). It was shown that normal thermal fluctuations are
sufficient to cause partial unwinding of the triple helix which allows collagenases to dock
and lock onto collagen via their hemopexin domains. Here we hypothesized that akin to the
collagenases, lubricin binds to triple helical collagen via lubricin's hemopexin-like domains.

The amounts of lubricin adsorbed on the three types of collagen surfaces (denatured,
amorphous, or fibrillar) were approximately the same with a somewhat higher adsorption
onto the fibrillar collagen substrate. We attribute this adsorption difference to the larger
surface area presented by the fibrils compared with that by the planar coatings. The surface
roughness of the fibrillar collagen substrate (RMS roughness = 68 nm) was more than an
order of magnitude larger than that of the denatured and amorphous substrates (RMS
roughness = 3-4 nm), which supports the notion that the available surface area for lubricin
adsorption on the fibrillar substrate is much larger. The adsorbed amount of PRG4 on the
model collagen surfaces is approximately 1-2 mg/m2. This amount is less than the 7 mg/m2

reported to be bound to superficial articular cartilage surfaces (Nugent-Derfus et al., 2007).
Cartilage surfaces are, however, much rougher than our model surfaces, and thus the true
area for adsorption is larger for cartilage surfaces, which likely explains the observed
discrepancy of the amount of adsorbed PRG4. Our adsorption measurements show that
lubricin adsorbs readily onto the three different types of collagen surfaces. This result is
surprising, and suggests that lubricin binding does not depend on the availability of the triple
helix structure or higher order collagen assembly, and possibly implies that the C-terminal
hemopexin domain of lubricin is not critical for collagen binding. Clearly, further
experiments are needed to ascertain the role of the C-terminal hemopexin-like domains for
binding, such as experiments with deactivated hemopexin-like domains or truncated,
engineered lubricin constructs. The current results support our previous findings (Chang et
al., 2008) that lubricin is a highly surface-active molecule that can adsorb onto a wide
variety of surfaces, including hydrophobic CH3-terminated SAMs, hydrophilic OH-
terminated SAMs, denatured collagen, amorphous collagen, fibrillar collagen, and even
protein resistant tri-ethylene glycol-terminated SAMs.
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The extent of repulsion between denatured and amorphous collagen surfaces was slightly
larger than between the fibrillar surfaces. This observation can be explained by considering
that the amorphous and denatured collagen coatings are highly hydrated, with collagen
molecules extending into solution. These hydrated coatings are more easily compressed
compared to the more tightly bound fibril bundles, which are less hydrated and much stiffer,
and thus also significantly less compressible. In the presence of lubricin, large repulsive
forces arise when two collagen surfaces are brought into close contact. The extent and
strength of the long range, steric-entropic repulsion forces increase with increasing lubricin
concentration. We found that the extent of the repulsive force is relatively similar between
the denatured, amorphous and fibrillar collagen surfaces. In summary, the ability of lubricin
to adhere to surfaces and exert repulsion forces is consistent with our previous studies on
chemically uniform hydrophobic and hydrophilic surfaces (Chang et al., 2008) which further
points to the potential role of lubricin as a chondroprotectant (Coles et al., 2010a).

Although interactions on approach were repulsive, adhesions between collagen surfaces
occurred and were mediated by lubricin. The jagged adhesion force profiles observed here
are characteristic of the stretching and breaking of molecular bridges that form between
molecules tethering the surfaces. In absence of lubricin, the interactions between fibrillar
collagen surfaces upon separation showed molecular stretching events to distances of
approximately 1500 nm. This long-range force disappears after addition of lubricin,
suggesting that lubricin shields the interaction between the collagen fibrils after adsorbing to
the surface. The interaction distances upon separating two lubricin-coated collagen surfaces
are similar to those observed on chemically uniform SAM surfaces (Chang et al., 2008).
This finding further demonstrates lubricin's ability to prevent direct molecular interaction
between the underlying substrates. An adhesive interaction between lubricin molecules upon
surface separation was observed previously on hydrophobic and hydrophilic model surfaces
(Chang et al., 2008). The finding that a lubricating agent can develop adhesion, while
somewhat counterintuitive, is not entirely unreasonable. For example, recent
nanomechanical studies showed self-adhesion between largely negatively charged cartilage
glycosaminoglycans (GAGs) (Han et al., 2008) where this self-adhesion was proposed to
play an important role in the structural and mechanical integrity of the cartilage tissue. Here,
similar to GAGs, lubricin showed molecular chain entanglement or self-adhesion upon
compression. This self-adhesion may have an important chondroprotective function, where
the molecular chain interaction may enhance the shear resistance of the lubricin layer, thus
maintaining the integrity of the cartilage surface under load (Coles et al., 2010a; Coles et al.,
2010b).

Next we discuss the effect of lubricin on friction between denatured, amorphous, and
fibrillar collagen surfaces (Figure 8). The COFs determined in the present study are quite
similar to those measured in a cartilage-on-cartilage friction study (Schmidt et al., 2007).
The COF on denatured and amorphous collagen surfaces was about 0.15 in PBS and
increased slightly with addition of lubricin, i.e., there was no dose-dependent lubrication
effect. These surfaces are smooth and hydrated, likely bearing a “brushy” collagen layer (see
above), which contributes to boundary lubrication already in absence of lubricin. The slight
increase in the COF with increasing amount of adsorbed lubricin is consistent with the
additional forces the colloidal probe experiences while it is plowing through an increasingly
viscous adsorbed layer. In contrast, the COF for fibrillar collagen surfaces sliding in PBS
was much higher than that for the denatured and amorphous collagen surfaces, and was
dramatically reduced upon addition of lubricin (Figures 8c,d). This friction behavior agrees
with findings in the cartilage-on-cartilage friction study by Schmidt et al., who reported a
COF of about 0.29 in PBS and a strong dose-dependent lubrication effect by PRG4 (Schmidt
et al., 2007). In absence of lubricin, the rough, fibrillar collagen surfaces do not bear a
sterically repulsive, hydrated layer, which likely explains the overall higher COF compared
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with that for amorphous and denatured collagen surfaces. Taken together, our findings are
consistent with previous studies that show that the boundary lubrication properties of
cartilage are dependent on contact pressure as well as the presence of boundary lubricants at
specific sites within the joint (Chan et al., 2011a, b).

In summary, we observed that lubricin binding to collagen II does not appear to depend on
the molecular and supramolecular architecture of collagen, as similar binding behavior can
be seen on denatured, amorphous and fibrillar collagen surfaces. Our findings further
support the notion that lubricin is a highly surface active molecule which can adhere to a
variety of surfaces. This calls in question whether lubricin's hemopexin-like domains are
critically involved in binding to collagenous regions of the cartilage surface. Furthermore,
we found that lubricin develops strong steric-repulsive interactions on all types of collagen
surfaces to prevent direct surface contact, and thus mediates the adhesion and friction forces
between the collagen surfaces. These findings support the hypothesis that lubricin plays an
important role in maintaining the structural integrity of the cartilage surface and thus in
promoting joint health by self-adhesion to provide a protective layer on the cartilage surface.
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Figure 1.
Chemical attachment of collagen ton amine-functionalized surfaces with glutaraldehyde.
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Figure 2.
Topographical AFM images of the a) denatured, b) amorphous and c) microfibrillar collagen
surfaces (Z scale = 100, 100, and 200 nm, respectively). Inset: High magnification of the
fibrillar collagen phase image, showing collagen molecules are staggered ~66 nm apart.
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Figure 3.
Temperature dependence of the ellipticity of a collagen solution measured at 220 nm. The
inset shows the circular dichroism spectra of native (helical) and denatured (random)
collagen before and after heating.
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Figure 4.
XPS survey spectra of gold (I), denatured collagen (II), amorphous collagen (III) and
fibrillar collagen (IV) surfaces along with their corresponding nitrogen to carbon (N/C)
ratio. The spectra were offset in the Y direction for clarity.
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Figure 5.
Biacore SPR measurements of lubricin adsorption on denatured, amorphous, and fibrillar
collagen surfaces as a function of concentration. A change in one response unit (ΔRU)
corresponds to approximately 1pg/mm2 of adsorbed globular protein.
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Figure 6.
Interaction force upon approach normalized by probe radius, plotted as a function of
separation distance between a) denatured, b) amorphous, and c) fibrillar collagen surfaces,
for a range of lubricin concentrations. Each curve represents an average of approximately
100 individual curves.
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Figure 7.
Typical force curves between fibrillar collagen in a) PBS and in b) 200 μg/ml lubricin
solution. c) Average distance at max pull-off force, Fmax distance, and d) average adhesion
energy, between three types of collagen surfaces, as a function of lubricin concentration.
The error bars represent the standard deviation of the mean from measurements taken on
100 different locations.
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Figure 8.
Typical friction vs. normal force curves measured between a) denatured, b) amorphous, and
c) fibrillar collagen surfaces, for a range of lubricin concentrations and in PBS. d)
Coefficient of friction plotted vs. lubricin concentration for the tree different collagen
surfaces shown in a-c). The error bars represent the standard deviation of the mean from
friction measurements on 3 different locations.
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