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Abstract
Proteoglycan 4 (PRG4) is a glycoprotein in synovial fluid (SF) and on the articular
cartilage surface, where it acts as a boundary lubricant. Hyaluronan (HA) is another SF
constituent that acts as a boundary lubricant at the cartilage-cartilage biointerface and interacts
with PRG4 to synergistically lower friction. The meniscus is a fibrocartilaginous pad in the knee,
on which PRG4 exists, that is critical for joint health. This thesis aimed to develop an in vitro
lubrication test to determine the boundary lubricating ability of PRG4 and HA, alone and in
combination, at the cartilage-meniscus biointerface, and assess the surface adsorption of
recombinant human PRG4 (rhPRG4). A novel cartilage-meniscus test demonstrated that
(rh)PRG4 and HA, alone and in combination, act as effective boundary lubricants at this
biointerface. rhPRG4 adsorbed to the meniscal surface. This work contributes to the
understanding of meniscus lubrication and potential development of osteoarthritis biotherapeutic
treatments.
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This thesis is presented in a traditional thesis format. While none of the chapters have
been submitted for publication at the time of thesis submission, it is the author’s intent to
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CHAPTER 1: Introduction

1.1 Introduction to Thesis
The meniscus is a fibrocartilaginous pad found in the knee with load-bearing and
lubricating properties. It articulates with the articular cartilage of the femoral condyles superiorly
and tibial plateau inferiorly. Chronic degradation of cartilage, or osteoarthritis (OA), is an
increasingly common condition that lowers quality of life and is costly to treat. OA is a multifactorial disease, but the friction and wear of articulating surfaces in the knee joint may
contribute to the onset and progression of this pathology. However, the lubrication at the
biointerface formed by articular cartilage and meniscus has not been characterized.
Synovial fluid (SF) provides shock adsorption, lubrication, and nutrition to the
surrounding tissues in the knee joint. Two lubricating SF constituents, the mucin-like
glycoprotein proteoglycan 4 (PRG4) and the negatively charged polysaccharide hyaluronan (HA),
are found on the surfaces of both articular cartilage and the meniscus. Both PRG4 and HA act as
effective boundary lubricants at an articular cartilage-cartilage biointerface. In addition, they
have been shown to form a complex in solution and interact synergistically to lower friction at
this biointerface. The boundary lubricating effects of PRG4 and HA at the articular cartilagemeniscus biointerface have yet to be examined.
Recently, full-length recombinant human PRG4 (rhPRG4) has been produced stably in a
mammalian cell line with a high yield and demonstrated the ability to bind to and lubricate
cartilage surfaces. While native PRG4 binds to the surface of the meniscus, rhPRG4 has yet to be
observed doing so. This is critical, as boundary lubricants must adsorb to the articulating surface
to fulfill their role.
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The research presented in this thesis addressed these questions and tested the following
hypotheses:
1.

PRG4 and HA, alone and in combination, lower friction at an articular cartilagemeniscus biointerface at low effective velocities characteristic of boundary
lubrication.

2.

(rh)PRG4 and HA, alone and in combination, lower friction in a boundary mode of
lubrication at an articular cartilage-meniscus biointerface.

3.

rhPRG4 is able to adsorb to the surface of the meniscus depleted of PRG4.

This work contributes to the study and understanding of PRG4 and HA’s boundary
lubricating ability, specifically at the articular cartilage-meniscus biointerface. Furthermore,
characterization of rhPRG4’s surface adsorption and boundary lubrication properties may
indirectly support the development of a biotherapeutic treatment for OA.
The chapters, outlined below, correspond to the three specific hypotheses of the thesis.
Chapter 1 provides background information on OA, relevant tissue surfaces in the knee joint,
modes of lubrication and the conditions under which they occur, and synovial fluid constituents
of interest before outlining the aims of the thesis. Chapter 2 investigates the velocity dependence
of kinetic friction for PRG4 and HA, alone and in combination, at the articular cartilagemeniscus biointerface. Chapter 3 examines the boundary lubricating ability of (rh)PRG4, with
and without HA, at the articular cartilage- meniscus biointerface. Chapter 4 assesses the
adsorption of rhPRG4 to the meniscus following surface depletion by shaking or salt extraction.
Chapter 5 summarizes the findings of the thesis, discusses the implications of these results and
considers potential future work.
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1.2 Osteoarthritis
OA is a chronic disease that affects articular joints throughout the body. Joints that
experience high loads and/or very frequent use, such as the hips, knees, or hands, are most often
afflicted by OA, which is characterized by degradation of articular cartilage, limited
inflammation of synovial tissue and exposure of subchondral bone1. Symptomatically, OA is
associated with function impairment of the affected joint and inflammatory indicators such as
pain and stiffness, as well as decreased mobility2. Late-stage OA occurs when full thickness
lesions in the cartilage surface allows for bone-on-bone contact, leading to debilitating pain and
greatly reduced joint function. Primary, or idiopathic, OA is due to aging and general chronic
wear, while secondary, or post-traumatic, OA occurs following an acute injury to the joint3–5.
Finding effective treatments for OA has proven difficult, due in part to the multifactorial
nature of the disease. Biomechanical factors, such as abnormal joint loading due to muscle
weakness, obesity, or joint laxity, do not account for all the symptoms associated with OA. Risk
factors relating to age, ethnicity, and sex such as estrogen levels and bone density play a role in
OA progression, as do genetics and dietary intake6. However, the articular surface is critical for
proper load transfer through the joint, and evidence suggests that increased/altered loading
patterns can accelerate both the initiation and progression of OA7.

1.2.1 Social and Economic Costs
OA is very prevalent in North America; it the most common form of arthritis in the
United States and affects 27.5 million people8. Nearly half of all people will experience
symptomatic knee OA by the time they are 85, and 50% of all adults over the age of 65 suffer
from OA already9,10. Also, it is predicted that 25% of the entire population of the United States
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will suffer form OA by 2030, with 25 million of these patients reporting arthritis-related activity
limitations11. Costs related to OA treatment total $US 60 billion annually12.
Arthritis costs the Canadian economy an estimated $CAD 33 billion each year13. OA is
the most common form of arthritis in Canada as well, affecting over 10% of the population and
accounting for 90% of knee replacements14. In the next 30 years it is estimated there will be a
diagnoses of OA every 60 seconds, leading 30% of the workforce to experience difficulty
working due to their condition13.
The lack of proper joint function has been compared to the disability caused by heart
disease, and the decreased quality of life associated with OA comparable to that of an advanced
cancer patient15. Furthermore, suffering from OA puts a person at higher risk for a variety of
other medical conditions, such as depression, hypertension, and diabetes16. While OA is often
associated with the elderly, it has also been shown to cause lower productivity and increase costs
for working aged employees experiencing pain17. In fact, over a quarter of arthritis sufferers
between the ages of 25 and 44 are not working due to their condition14. Of those who do work,
44% report workplace limitations, and 33% require job modifications14. This loss of productivity
and absenteeism in the working population accounts for a third of the total cost experienced by
the health-care system, the rest relating to direct treatment costs. The total cost has been
estimated at $16,146 per annum for OA sufferers, excluding surgery costs16.

1.2.2 Current Treatment Options
Effectively treating OA could play an important role in reducing health-care costs, but
many current treatments focus on reducing patient pain rather than halting or reversing disease
progression. Being overweight or obese is a risk factor for OA, and those at risk who lose one
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pound experience a four-pound reduction in knee loading each step14,18. As such, the first and
cheapest treatment for early stage OA is lifestyle changes, specifically a balanced diet and
regular exercise. Non-steroidal anti-inflammatory drugs (NSAIDS) are often used for pain relief
but have several negative side effects and do not prevent further tissue degradation12.
The only option for late-stage OA is total knee replacement, which has a low failure rate
and generally positive outcomes19,20. However, this efficacy has led to younger and younger
patients receiving total joint replacements21. Joint loosening and general wear cause these
implants to have lifetimes of 10-15 years, necessitating a revision surgery22. In addition, these
replacements can cost $24,000 and can lead to surgical complications, making earlier
intervention attractive12,23.
One type of biotherapeutic treatment aims to restore the function of the SF in the knee by
injecting biologically based fluids. HA, a negatively charged polysaccharide found in the knee, is
one such injection. HA increases the viscosity of SF in the joint and therefore is called a
viscosupplement. The efficacy of these viscosupplements is comparable to or greater than other
early stage OA treatments such as improved diet, exercise, and NSAIDs24. However, current
viscosupplements begin leaving the joint after only one day, despite lowering pain for up to one
month25,26. This suggests that perhaps these treatments only reduce pain rather than offer
significant chondro-protective properties27. A commercially available HA supplement, Hylan GF 20, while showing improved pain scores, produced a higher coefficient of friction in vitro
when compared to human SF24,28. These supplements also were shown to decrease an apoptotic
marker in chondrocytes compared to a saline control solution, though SF reduced expression of
this marker even further28. This suggests that these HA injections do not fully replicate the
mechanical functionality of SF, and other constituents of SF are critical for joint health.

	
  

5	
  

1.3 Articular Cartilage
The connective tissue covering the articulating surfaces of synovial joints is hyaline
cartilage which, given its role, is called articular cartilage. Despite being only, at most, several
millimeters thick, articular cartilage is very resilient under compression and distributes loads to
minimize peak stresses on subchondral bone29,30. Articular cartilage is unique among connective
tissue in that it is lacking blood vessels, lymphatic vessels, and nerves31. Cartilage has low
metabolic activity compared to other tissues such as bone or muscle, and as such is less
responsive to changes in loading or injury occurrence. Like these other load-bearing tissues
however, cartilage has an ordered structure that contributes to its mechanical properties.

1.3.1 Structure
Cartilage is comprised of one cell type, the chondrocyte, and extracellular matrix. This
extracellular matrix accounts for the vast majority of the volume of the tissue, as chondrocytes
occupy only 1% of the total volume32. Chondrocytes vary in size, shape, and metabolic activity
depending on the zone of the cartilage they inhabit, though they all share the necessary
organelles for matrix synthesis33. These cells do not contact one another; rather they are
surrounded

by

extracellular

matrix.

Chondrocytes

synthesize

collagen,

aggregating

proteoglycans, and several noncollagenous proteins that form the molecular framework of the
extracellular matrix. The interaction between this frame and tissue fluid provides cartilage with
its desirable mechanical properties29.
Water contributes 80% weight to the cartilage. The tissue fluid contains small proteins,
metabolites, and a high concentration of cations. The volume and concentration of water within
the tissue depends on its interaction with the structural macromolecules within and affect its
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behavior. These proteoglycans and other glycoproteins help maintain fluid levels in the matrix
and contribute to its mechanical behavior31. This framework accounts for 20-40% of the weight
of the tissue. 60% of the dry weight of the cartilage is collagen, primarily type-II, 25% is
proteoglycans, and the remaining 15% are noncollagenous proteins. These proteins either bind to,
or are entrapped in, the collagen framework. This framework is then filled with the
aforementioned water.
Grossly, the cartilage is composed of the superficial-tangential zone, transitional or
middle zone, deep zone, and calcified cartilage zone that differ morphologically, as shown in
Figure 1-131,34.

Figure 1-1: Illustrations demonstrating articular cartilage morphology. A, Schematic image
demonstrating chondrocyte organization in the three main zones of uncalcified cartilage (i.e.,
superficial-tangential zone [STZ], middle, deep), the tidemark, and the subchondral bone. B,
Sagittal cross-sectional illustration of collagen fiber architecture demonstrating the three salient
zones of articular cartilage35.

The superficial zone is the thinnest layer of the cartilage and consists of a clear, acellular
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film of fibrils, called the lamina splendens. The rest of this zone is comprised of thin, ellipsoid
shaped chondrocytes (see Figure 1-2), whose major axis is parallel to the cartilage surface. These
chondrocytes produce a higher concentration of collagen and less proteoglycan relative to the
other zones, as well as the most water. The collagen matrix in the superficial zone is very dense
and lies parallel to the surface.
The middle, or transitional, zone has spheroidal chondrocytes that produce higher
concentrations of proteoglycans and lower concentrations of water and collagen. These collagen
fibrils have a greater diameter than those in the superficial zone and have no specific directional
alignment.
Below the middle zone, the deep zone has spheroidal chondrocytes that are aligned in
pillars, perpendicular to the cartilage surface. Collagen fibers have the thickest diameter in the
cartilage here. Collagen and water concentration are low in this layer, but proteoglycan
concentration is the highest in the deep zone.
The boundary between subchondral bone and the cartilage itself is a zone of calcified
cartilage, where chondrocytes with small volume and few organelles, are encased in calcified
cartilage matrix.
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Figure 1-2: Electron micrographs of chondrocytes from the medial femoral condyle of a
skeletally mature rabbit. a) superficial zone, b) middle zone, c) deep zone, and d) calcified
cartilage zone. N: nucleus, G: glycogen, IF: intermediate filaments, UM: unmineralized matrix,
MM: mineralized matrix34.
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1.3.2 Function
Cartilage’s load-bearing properties are facilitated by the interaction of the positively
charged ions in the fluid and the negatively charged proteoglycans in the structural network,
which maintains osmotic pressure and provides mechanical stability. This biphasic theory states
that the stiffness and resilience of the tissue is due to the osmotic pressure from the
macromolecules. These molecules are largely negatively charged due to sulfate or carboxylate
groups, repelling similarly charged ions and attracting positively charged ions. This high
concentration of inorganic ions causes an osmotic pressure that the collagen meshwork
resists29,36.
When the joint is subject to load, the increased interstitial fluid pressure causes fluid to
flow out of the tissue, which plays a roll in lubrication (discussed below) and creates drag on the
collagen framework37. This drag contributes to the biphasic viscoelastic behavior of the tissue.
The collagen framework also has intrinsic viscoelastic properties, thus allowing load to be born
by both solid and fluid states37,38.
Cartilage also demonstrates creep and stress-relaxation behavior. Constant compressive
loads cause steady deformation, or creep, until an equilibrium value is reached. In a similar
fashion, when a constant strain is applied to the tissue, the load experienced increases to a peak
before stress relaxing. Both of these mechanisms allow for high stresses or strains to be
experienced over periods of time, minimizing sudden failure of the tissue39.
The collagen meshwork in the superficial zone controls permeability in the tissue, which
contributes to the biphasic load-bearing mechanism discussed above, but also allows for nutrition
and waste to be exchanged between the SF and chondrocytes31. In addition, this meshwork
resists shear forces at the surface31. The randomly aligned collagen meshwork of the middle zone
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bears tensile stress, stretching to resist shear stress40. Upon being fully stretched, the ultimate
tensile strength is determined by the inter- and intramolecular crosslinking of the fibrils39.

1.3.3 Articular Cartilage and OA
Seemingly in spite of these impressive mechanical properties, cartilage can begin to
degenerate and lose functionality due to chronic wear or acute injury. OA manifests in several
ways throughout the joint, but the primary changes are cartilage loss, subchondral bone
remodeling, and the formation of osteophytes41.
The sign of OA onset is the fraying and fibrillation of the collagen network in the
superficial zone, which progress to surface roughness and clefts that reach deeper and deeper
into the cartilage. Decreased proteoglycan staining is also observed at an early stage. Eventually
these lesions can reach the subchondral bone. This bone becomes increasingly stiff as it remodels
which, coupled with enzymatic digestion of the extracellular matrix, only contributes to further
cartilage degradation41.
The progression of the disease in cartilage is characterized by three overlapping stages.
The first stage consists of disruptions to the structural framework at the molecular level and
increase in water content. Furthermore, the concentration and aggregation of proteoglycans,
aggrecan, and glycosaminoglyans decrease. Permeability of the tissue increases as the
concentrations of these macromolecules decrease. This causes the stiffness of the cartilage to
decrease, allowing for further mechanical damage42,43.
The second stage involves the chondrocytes response in which a variety of cytokines and
growth factors are released in an effort to combat the onset of disease. Specifically, the
chondrocytes become more metabolically active, as well as increase in number. The now higher
number of chondrocytes releases anabolic and catabolic factors and tries to produce more
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macromolecules. This can restore the cartilage, but if the chondrocytes cannot keep up with the
repair of the tissue, some cytokines, such as interleukin-1, and proteases can cause collagen
degradation and weaken the structure of the tissue41.
If this cellular response in stage two is not effective, the final stage takes place in which
there is a progressive loss of cartilage as well as decrease in chondrocyte activity42,43. This is due
to the increased damage to the tissue and associated death of chondrocytes as their supportive
extracellular matrix degenerates, as well as potential down regulation of anabolic cytokines. This
reaction could be facilitated by the increase of molecules that bind to these anabolic factors,
preventing their stimulation of the chondrocytes41.

	
  

12	
  

1.4 Meniscus
The meniscus is a fibrocartilaginous pad in the knee joint with load-bearing and
lubricating properties44. The menisci are semilunar in shape and insert into the tibial spine, as
seen in Figure 1-3, below.

Figure 1-3: Illustration of Knee Joint. Superior view with femur removed45

The peripheral part of the menisci are thicker than the inner concave part, resulting in a
wedge-like cross-section. This shape allows for congruency in movement between the rounded
femoral condyles and comparatively flat tibial plateau during loading. The perimeter of the
menisci is attached to the joint capsule through the coronary ligament, limiting movement in the
anterior-posterior direction as well as during rotation46. The medial meniscus is also attached to
the medial collateral ligament (MCL), further reducing its mobility. The lateral meniscus is
attached to the femur via the ligament of Humphrey (anterior) and the ligament of Wrisberg
(posterior). Finally, the transverse ligament attaches the anterior portion of both menisci. These
ligaments serve as stabilizers that prevent the menisci from being extruded during joint
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compression47,48. Unlike articular cartilage, the menisci have both vascular and nervous supply,
which is crucial for tissue healing46.

1.4.1 Structure
The menisci have several structural similarities to articular cartilage. Menisci are
composed of 70% water and 30% organic matter. This organic matter is 75% collagen and 813% non-collagenous proteins49. A notable difference between articular cartilage and the menisci
is that, while cartilage contains type-II collagen, the meniscal tissue is comprised mostly of typeI collagen, a structural feature it shares with bone and tendon. However, like the collagen in
articular cartilage, this type-I collagen serves as the primary structural framework for the tissue50.
These collagen fibers are organized into three layers in the tissue. In the superficial layer,
collagen fibers run radially to resist shear stresses and prevent the tissue from splitting. The
middle layer has circumferential fibers resisting “hoop” stresses due to load bearing. Running
parallel to the periphery of the tissue in woven collagen bundles is the deep layer46,50.
The remainder of the organic matter is composed of proteoglycans and aggrecan, which
provide the menisci with mechanical properties similar to articular cartilage via water retention
and electrostatic repulsion. Indeed, the tissues’ water exudation due to these molecules not only
confers compressive stiffness to the tissue, but also contributes to lubrication when loaded46. The
greatest concentration of these molecules are in the horns of the meniscus and the inner half of
the bulk tissue, corresponding to the major load-bearing areas51.
The cells the populate the meniscus are several different types of fibrochondrocytes50.
These fibrochondrocytes have traits of both chondrocytes and fibroblasts; they are round and
produce the necessary components of a cartilaginous matrix like chondrocytes, but also produce
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type-I collagen like fibroblasts46. The cells of the outer periphery are more similar to fibroblasts,
producing solely collagen type-I and lacking a pericellular matrix. The inner and middle layers
have round cells that produce type-I and -II collagen and possess an extra cellular matrix. The
cells of the superficial zone have a fusiform shape and no cytoplasmic projections52.

1.4.2 Function
The meniscus is vital for proper joint function and health44. The main functions of the
menisci are to distribute load during weight bearing, stabilize the joint, nourish and lubricate the
articular cartilage, and allow for smooth joint gliding47,48,53,54. It accomplishes these goals
through several mechanisms.
The congruent shape of the meniscus allows for an increase in contract area and thus
lower contact stresses during motion. As much as 45-70% of the loads in the knee joint are
transmitted through the meniscus normally, but if the meniscus is removed this leads to smaller
contact areas and a doubling of contact stresses46,49,55.
The menisci accommodate both the posterior translation of the femoral condyles on the
tibial plateau, as well as tibial internal rotation. The lateral meniscus experiences more
translation movement as compared to rolling, while the medial meniscus is exposed to even
amounts of both types of motion56. This congruency allows the menisci to stabilize the joint,
even when the supporting ligaments are damaged53.
Like articular cartilage, the menisci display viscoelastic properties such as creep, where
steady loading causes increasing deformation over time46. While this mechanical property, and
others such as compressive stiffness, cell nourishment, and lubrication, are provided by the
osmotic pressure resulting from proteoglycans and the associated water exudation during loading,
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its tensile stiffness is provided by elastin, which comprises only 0.06% of its mass but aids the
recovery of shape following loading46,50.
Menisci were believed to function as shock absorbers, and are often described as such44.
However, recent review of this work suggests that the meniscus does not in fact act to dissipate
energy to modify the response of the joint; that is, it does not behave as a shock absorber57. This
recent work explains that, while shock absorption does occur in the knee joint to attenuate the
forces experienced by the rest of the body, it is likely the tissue fluid in which the energy is
dissipated, not the menisci57,58. Previous work promoting the meniscus as a shock absorber made
several incorrect assumptions, such as assuming that stored elastic energy is a form of shock
absorption. In fact, some work shows that meniscectomized knees absorb more shock59. Finally,
if the meniscus does absorb shock, it is not great enough at physiological loading levels to be
significant57.

1.4.3 Meniscus and OA
Given that the meniscus functions to maintain joint health, degradation of the menisci and
cartilage as seen in OA are interrelated in their progression and contribution to pain and loss of
function. Specifically, damage or removal of the menisci can lead to changes in joint loading and
subchondral bone structure, which are hallmarks of OA60.
Damage to the menisci can occur due to both chronic and acute stimulus. Misaligned
joint movement, obesity, and general wear can cause the meniscus tissue to degrade through
overloading and changes to the matrix architecture61. Trauma to the knee joint can cause similar
changes the eventually lead to the cycle of OA, as shown in Figure 1-4, where the onset of
damage, from whatever source, leads to damage that limits the ability of the tissue to repair itself
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and maintain function. This of course leads to further damage and further loss of function.
What’s more, meniscal lesions are prevalent in the middle-aged and elderly (ranging 19% of
women aged 50-59 to 56% of men aged 70-90)62.

Figure 1-4: The “meniscal pathway” to knee OA due to the negative feedback of tissue damage
and loss of function61.

While damaged menisci can play an important role in the progression of OA, they are not
always painful and thus are hard to diagnose, being found often in asymptomatic joints. In fact,
76% of asymptomatic joints showing signs of meniscal damage in the elderly63. Cartilage
damage occurs primarily in the regions of meniscal damage64, and meniscal damage is correlated
to OA60. Thus, it is important to identify potential causes of meniscus damage to minimize OA
progression in at-risk individuals.
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1.5 Lubrication Mechanisms
A biointerface is an interface between a cell, molecule, tissue, or biomaterial with another
tissue or biomaterial. Biointerface science contributes to the understanding of interactions
between molecules and surfaces; interactions of molecules, and their resulting function, at a
surface can be different to those in solution. Biointerfaces are central to many fields of science
and engineering, including biotribology. Biotribology is the study of lubrication, friction and
wear of sliding biological surfaces that provides insight into the fundamental mechanism of
biolubrication.
The biointerface formed by the cartilage and meniscus tissue surfaces is subject to high
loads and frequent use, so friction and wear are important variables to consider for proper
function. Friction is the resistance to motion between two apposing surfaces. There are two types
of friction: surface friction is caused by the adhesion between the apposing surfaces (due to
surface roughness or fluid viscosity) and bulk friction, caused by internal energy dissipation (e.g.,
energy losses of fluid flowing through structural framework in cartilage36). Several types of wear
are observed, two of which are fatigue and interfacial. Fatigue wear is a result of repetitive
loading, while interfacial wear is due to abrasive surface contact36. Lubrication is the mechanism
by which friction is decreased, lowering wear in the process. Friction is quantified by the
coefficient of friction and serves as an indicator of lubrication. This coefficient of friction is a
ratio of the frictional and inertial forces, shown by the following equation:
µ=

!
!

Where µ = coefficient of friction (dimensionless), F = frictional force (F), and N = Normal
applied load (N)
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Lubrication is, generally, defined by two apposing modes: fluid-film and boundary. The
active modes taking place depend on forces on the interface, motion between the apposing
surfaces, and the time history of loading and motion65. The change in lubrication mode is
illustrated in the Stribeck Curve in Figure 1-5.

Figure 1-5: Stribeck Curve: Change in lubrication regime with coefficient of friction (red) and
fluid-film thickness (blue) on the y-axis and critical lubrication variables, viscosity and velocity,
on the x-axis. Adapted from previous work66.

The Stribeck curve was developed using a steel-on-steel interface, and thus represents the
lubrication between classical engineering materials. Porous, soft, and hydrated tissue surfaces,
such as the cartilage and meniscal surfaces, do not directly mimic this behavior67, but
understanding these mechanisms and which one, or combination of them, takes place in the knee
joint can potentially give insight into the wear of cartilage that develops during OA.
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1.5.1 Fluid Mediated Lubrication
Fluid-film lubrication is defined by the presence of a layer of fluid completely separating
the apposing surfaces. Friction is generally lower during fluid-film lubrication than another type
of mode, boundary lubrication. Fluid-film lubrication includes hydrodynamic lubrication,
squeeze-film lubrication, hydrostatic lubrication, self-generating lubrication, and boosted
lubrication.
Hydrodynamic lubrication involves the fluid pressure generated by surfaces moving
relative to one another bearing the load. The motion “drags” fluid between the surfaces,
separating them completely. This type of lubrication requires relatively high, continuous speed
motion36. The minimum thickness for an effective fluid film, 1.4 µm, is not feasible when
considering surface roughness (healthy human talar cartilage has, for example, 0.8 µm on each of
the two apposing surfaces for a combined roughness of 1.6 µm. The fluid film must be thick
enough to fully separate the surfaces so there is not contact between the asperities of each surface
for fluid-mediated lubrication to occur)68. Fluid-flim lubrication may occur during the swing
phase of locomotion, when load is low and motion fast36. When the deformation of the cartilage
is considered, elastohydrodynamic lubrication occurs36.
Squeeze-film lubrication occurs when lubricants cannot escape from the space between
the surfaces. This pressurizes the fluid and supports the load. This mode depends on the time
taken for the fluid thickness to decrease to the minimum sufficient for lubrication, roughly 60
seconds in the synovial joint36. This mode is dependent on fluid viscosity, cartilage permeability,
and the ability for the fluid to be replenished over time. This may occur during human motion
due to its intermittent loading36.
Hydrostatic lubrication occurs when loading causes the cartilage matrix to exude water to
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fill the space between the surfaces, earning it the alternative title “weeping” lubrication. This has
been shown to bear significant loads and, as long as the contact area changes fast enough to
prevent depressurization, the load can be supported over time69. The classical engineering analog
for modeling purposes is that of a fluid pump continuously providing flow to the lubrication
system36.
Theoretically, when the leading edge of the counterface surface passes over the tissue,
fluid will be exuded that facilitates a self-generating mode of lubrication36. This fluid would be
reabsorbed in the center of contact and potentially exuded again due to the movement of the
trailing edge of the counterface.
A boosted lubrication mechanism is possible when the force of the increasingly close
surfaces pushes the water component of SF into the matrix, leaving a gel-layer composed of the
SF solutes. This could only be operative for short periods of time, however, as the increasing
pressure could eventually cause the surfaces to push through the gel layer36.
During OA, SF viscosity increases as cartilage permeability increases, causing the fluid
flow through the cartilage and joint to stagnate, leading to the inability of hydrodynamic and
squeeze-film lubrication to bear load36,42,43. Furthermore, modeling suggests that the porosity of
cartilage would not allow for long-term fluid film maintenance70. Hydrostatic lubrication still
plays a role in joint lubrication during OA, but the characteristics of increased friction suggest it
is boundary lubrication that accounts for this increase71.

1.5.2 Boundary Lubrication
In boundary mode lubrication, the articulating surfaces are no longer separated and load
is born by surface-to-surface contact. Thus, it is the surface-bound molecules that affect the
friction65. Unlike fluid-film lubrication, boundary lubrication is associated with high loads and
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low speeds. The dynamic nature of the joint means one mode does not alone account for the
lubrication of the joint, but when fluid depressurizes it is thought to become the dominant mode
operating in the joint36. As depressurization occurs, more surface-to-surface contact is achieved.
While this may only amount to 10% of the total area directly bearing load, it is thought that a
majority of the friction may be generated here72.
Boundary lubrication is indicated when the coefficient of friction is independent of
relative sliding velocity and normal load which, as discussed above, normally affect the
development and performance of a fluid film layer65. In order to study boundary lubrication of
articular cartilage independent of other modes of lubrication, experiments must allow for fluid
depressurization to occur70.
Molecules that are bound to the articulating surfaces can affect friction during boundary
lubrication; a variety of molecules found in SF have been investigated36.

1.5.3 Experimental Analysis
Given the importance of understanding the operative mode of lubrication to determine the
effectiveness of lubricants, the type of experimental test setup must be considered carefully. The
type of lubrication occurring in a test sequence must be understood so that accurate conclusions
are reached.
An in vivo test would have the most physiologically relevant surface interactions as well
as accurate joint kinematics. When a excised joint was used to determine friction through a
pendulum motion between the tibia and femoral surfaces, extremely low coefficients of friction
were calculated, ~0.00171. However, this setup was not able to differentiate between the different
modes of lubrication.
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In vitro tests allow for more flexibility in experimental design and setup that may help
focus on different modes of lubrication. These tests can use a variety of different types of motion,
such as reciprocating or rotational. Reciprocating motion is more like joint kinematics and allows
for Stribeck analysis, but fluid pressurization at the leading edge of the motion allows for fluidmediated lubrication to occur. In a rotational setup, the stationary area of contact allows for fluid
to depressurize and the boundary mode of lubrication to be dominant65.
The materials used in these tests are also important. Synthetic surfaces are easier to
manipulate into an appropriate test setup. However, synthetic counterfaces do not accurately
replicate the soft, porous tissue surfaces, suggesting that natural tissue surfaces would better
represent the physiological environment67. To fully replicate the surface interactions found in the
joint, two physiological surfaces should be used despite the potential difficulties in test setup.
This may effect how naturally occurring lubricants bind to the surface and thus modulate friction.

Figure 1-6: Differing experimental test protocols and interfaces used to assess friction
modulating of lubricants. Adapted from previous work65,71,73.
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1.6 Proteoglycan 4
PRG4 is a glycoprotein found in SF that contributes to, and is necessary for, joint health74.
In

fact,

mutations

in

the

PRG4

gene,

in

the

autosomal

recessive

disorder

camptodactylyarthropathy-coxa vara-pericarditis (CACP), result in no PRG4 protein expression
and juvenile-onset joint failure75. Similarly, animal models have shown increased cartilage wear
and high friction, as shown in Figure 1-771.

Figure 1-7: Surface smoothness affected in PRG4 knockout mice. A and B, Representative
photomicrographs of toluidine blue-stained knee joint cartilage sections from 2-week-old
PRG4+/- (A) and PRG4-/- (B) mice, demonstrating differences in surface smoothness69.

PRG4 is synthesized and secreted by cells near the surfaces of both articular cartilage and
the meniscus, and is found on the articulating surfaces of these tissues74,76,77. It is also found
throughout the body wherever sliding is common, such as in the eye78, in tendons79, and the
intervertebral disc80. The PRG4 gene codes for the production of megakaryocyte-stimulating
factor (MSF), superficial zone protein (SZP) or lubricin74, which are all different names of the
same protein that for the extent of this work will be referred to collectively as PRG4.
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1.6.1 Structure
PRG4 is a 12-exon glycoprotein with a central mucin-like domain. This domain has a
carboxyl (C) terminal and an amino (N) terminal on either side of it, which play a role in
bonding to other PRG4 molecules and the extracellular matrix74.

Figure 1-8: Schematic of PRG4 molecule81.

This mucin domain is glycosylated with negatively charged O-linked oligosaccharides,
many of which have sialic acid caps82. Generally, mucins can form into multimers via disulfide
bonds, first dimerizing in the endoplasmic reticulum after protein translation before further
multimerization in the golgi apparatus82. Structural changes in mucins tend to produce functional
changes, and it appears PRG4 is similar to mucins in this manner82,83.

1.6.2 Function
PRG4 is an effective boundary lubricant at a variety of interfaces73,84–86. At an in vitro
cartilage-cartilage biointerface it appears to also interact with HA synergistically to lower
friction further, while another SF constituent, surface active phosolipids, did not contribute to
lubrication65,84. PRG4 has also been shown to have anti-adhesive properties, preventing
nonspecific adhesion of globular proteins87.
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There are several theories as to how PRG4 provides these remarkable low-friction
properties. PRG4 may form a sacrificial layer on the surface of the tissue that is sheared off
during motion due to the speed at which this layer is replenished by SF following depletion88.
The mucin domain of the PRG4 is known to facilitate lubrication through electrostatic repulsion
and osmotic pressure74. Specifically, the negatively charged glycosylations repel other surfaces
with similar charges, such as an opposing layer of PRG4. Osmotic pressure occurs due to the
binding of the cysteine rich C and N terminals to the surfaces via disulfide bonding. When
anchored to the surface in the presence of other molecules, this causes the molecules to rearrange
themselves to minimize steric forces. This causes the molecules, given enough density, to form a
brush-like layer on the surface87,89,90. This brush layer repulses similar brush layers to prevent
further increase in molecular density. It has also been proposed that the hydrophilicity of the
glycosylations attracts water that forms a hydration layer. This layer can not only bear load, but
still behaves as a fluid at small scales and thus has little resistance to shear86.

1.6.3 PRG4 and OA
Levels of PRG4 in SF can drop precipitously following acute knee injuries, which are
highly associated with subsequent progressive cartilage degeneration leading to OA4,91. A year
following major joint injury, PRG4 levels return to their previous levels92. An ovine model,
however, suggests that PRG4 levels rise quickly in the first weeks after an injury before
returning to normal, though this SF did not lubricate effectively93. As such, this measured value
may not be indicative of full-length functional protein.
PRG4 molecule interactions within the joint remain to be clarified, but preclinical studies
show that local administration of PRG4 is therapeutically effective in preventing cartilage
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degeneration27,94.
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1.7 Hyaluronan
HA is a glycosaminglycan found in SF that has been shown to be an effective boundary
lubricant at a cartilage-cartilage biointerface84,95. It is currently used in viscosupplementation and
is considered quite effective12. However, the residency time in the joint is fairly low for HA, with
higher molecular weight (MW) forms decreasing in concentration over time24. This is a problem,
because HA’s MW affects its boundary lubricating ability96.

1.7.1 Structure
HA’s negatively charged, polymeric structure is constructed from alternating glucuronic
acid and N-acetylglucosamine. This repeating structure causes a wide range of physiologically
observable MWs, up to 4 MDa.

Figure 1-9: HA’s chemical structure97.

1.7.2 Function
HA provides SF with its viscoelastic properties, hydrates the tissue surface, and enables
assembly of glycoproteins97. Mechanically, it is a dose-dependent boundary lubricant at the
cartilage-cartilage biointerface, being slightly more effective as its MW increases84,96.
While PRG4 and HA have been shown to reduce friction more effectively when
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combined, the mechanism by which this is accomplished is not yet understood84. Electron
microscopy suggests that the interaction was a physical one due to hydrophobic attraction, rather
than a chemical bond98. Particle tracking research suggested that PRG4 helps organize HA
molecules; specifically decreasing the intramolecular interactions of the rigid HA polymer and
allowing it to align with the direction of the flow71. Recent work demonstrates that, in solution,
PRG4 and HA bind together to create a large complex that may provide this lubricating
function96.
HA also exhibits a surface-dependent function. While both latex-glass and mica-mica
interfaces have shown PRG4 to be an effective boundary lubricant, HA results haven’t been in
agreement86,98,99. At a cartilage-cartilage biointerface however, where appropriate physiological
interactions occur, HA does effectively lower friction in a boundary mode84,96. It is important to
consider the type of surfaces when assessing HA’s lubricating function.

1.7.3 HA and OA
With OA, HA’s concentration in SF can remain the same, but more low MW species of
HA have been found to be present93,94. What’s more, the lubricating ability of this SF is
diminished, though this can be counteracted with a PRG4 dose93,94. This is beneficial because,
while HA’s MW affects its lubricating ability alone, when combined with PRG4, MW does not
affect its ability to lower friction96.
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1.8 Thesis Aims
The three hypotheses stated in section 1.1 will be tested with the following specific aims:
Aim 1: Determine the velocity dependence of the kinetic coefficient of friction at an
articular cartilage-meniscus biointerface with SF constituents.
Aim 2: Measure the boundary lubricating ability of (rh)PRG4 ± HA at an articular
cartilage-meniscus biointerface.
Aim 3: Assess the surface adsorption of rhPRG4 to the meniscus following depletion of
endogenous PRG4.
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CHAPTER 2: Effect of Sliding Velocity on Lubricating Ability of PRG4 and HA
at an Articular Cartilage-Meniscus Biointerface

2.1 Abstract
Objective: Determine the velocity dependence of the kinetic coefficient of friction at an
articular cartilage-meniscus biointerface with SF constituents.
Methods: The friction-reducing ability of PRG4 and HA was tested using a novel in vitro
articular cartilage-meniscus test by modifying a previously described boundary lubrication
experimental setup with rotational geometry and stationary area of contact. Samples were
harvested from mature bovine stifle joints. Articular cartilage annuli were cut from the
patellofemoral groove while the meniscus cores were cut from the tibial facing surface of the
meniscus. Following vigorous shaking to remove residual surface-bound molecules, samples
were tested in phosphate buffered saline (PBS) (negative control), the lubricant of interest (PRG4,
HA, or PRG4+HA), and SF (positive control). The articular surfaces of bovine cartilage and
meniscus samples were articulated against one another over a wide log scale range of effective
velocities (veff): 10, 3, 1, 0.3, 0.1, and 0.01 mm/s. A kinetic coefficient of friction was calculated
and used to compare the effectiveness of the lubricants.
Results: PRG4 lowered friction compared to PBS at low and intermediate veff, but was
not an effective lubricant at higher veff. HA lowered friction at all veff compared to PBS. When
PRG4 and HA were used in combination, friction was lowered, approaching the level of whole
SF.
Conclusions: These results suggest that effective velocity affects PRG4’s frictionreducing capability and must be considered to properly evaluate its boundary lubricating ability.
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2.2 Introduction
The knee is one of the most heavily loaded joints in the body, and the specialized tissues
that compromise it are critical for proper function and long-term health. One such tissue is
articular cartilage, which covers the ends of long bones. In the knee, it covers the posterior
surface of the patella, the femoral condyles and groove, and the tibial plateau. It is a soft, porous,
and hydrated tissue31 that provides several key biomechanical properties; it is load bearing, wearresistant, and low friction29,30. These properties are provided by the interaction of the fluid, the
ions contained therein, and the collagen framework within the cartilage31,37. However, due to
either wear and tear over time or traumatic joint injury, the cartilage can begin to degrade,
leading to pain and loss of function1,3,4. This chronic breakdown of cartilage, OA, lowers quality
of life and increases medical bills for the afflicted patients12. While OA is a multifactorial
condition, one of the contributing mechanisms is the breakdown of proper lubrication in vivo100.
Another tissue within the knee joint that contributes to proper function is the meniscus.
This fibrocartilaginous pad articulates with the femoral condyles superiorly and the tibial plateau
inferiorly. Menisci are semi-lunar shaped wedges that facilitate congruent movement between
the rounded femoral condyles and the relatively flat tibial plateau45. This shape contributes to the
menisci’s function as a load-bearing and lubricating tissue46–48. Like articular cartilage, these
mechanical properties are provided by the interaction between the fluid and solid phases within
the tissue50. Unfortunately, the menisci also share cartilage’s potential for degradation. The
menisci can break down due to overloading and the accompanying changes in overall joint
mechanics, which also effects the cartilage and subchondral bone60,61. What’s more, once the
menisci start to degrade, they become more susceptible to further damage and their surgical
removal only worsens the OA symptoms in the joint60,64. Thus, it is very important that the tissue
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remains healthy and does not begin this negative cycle.
These tissues provide effective lubrication for the knee joint, contributing to the
maintenance of overall joint health. Lubrication is generally divided into two opposing modes:
fluid-mediated lubrication and boundary lubrication65. Fluid-mediated lubrication occurs when
the fluid both between and within the tissue surfaces bear significant portions of the load with
little shear resistance36. This mode of lubrication is affected by fluid properties such as viscosity
and film thickness36. Conversely, when the tissues are in surface-to-surface contact and the load
is borne by direct contact, it is the surface-bound biomolecules that modulate friction65. Given
the biphasic properties of both cartilage and the menisci, as well as the wide range of loading
conditions that occur in the knee joint during different activities (e.g., walking, running, jumping,
or standing), it is no surprise that both of these types of lubrication, and indeed, a mixture of both,
occur36. However, while boundary lubrication only occurs over a small part of the joint surface,
it is thought that these locations are also where the majority of the friction is generated72 as this
mode of lubrication is classically associated with increased levels of friction (and wear). As such,
it is important to consider boundary lubrication in the joint.
Boundary lubrication occurs when there is direct surface-to-surface contact between the
apposing tissue surfaces. This situation arises when the fluid in the relevant joint tissue has
depressurized, significantly decreasing the load from being borne by a fluid film36. Similarly,
when the load is high and the velocity is low, a viscous fluid film of sufficient thickness to fully
separate the apposing surfaces is not consistently formed, causing boundary lubrication to be
dominant at the biointerface65. As such, these conditions must be in place to specifically
investigate boundary lubrication in vitro70. Once testing conditions are such that boundary
lubrication can be facilitated, the friction-reducing effect of surface-bound molecules can be
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studied. These boundary lubricants mediate friction during this critical mode of lubrication and
elucidating their comparative boundary lubricating ability contributes to the understanding of a
fundamental joint lubrication mechanism, and potentially could contribute to future development
of injectable biotherapeutics for treatment of OA.
Perhaps unsurprisingly, the best boundary lubricants are likely naturally occurring
constituents of SF. PRG4 is one such molecule. The mucin-like glycoprotein is found on the
surface of articular cartilage and meniscus, as well as in the SF74,76,77 and has been shown to be
an effective boundary lubricant at a variety of different surfaces and in different test setups.
Between synthetic surfaces such as latex-glass98 or mica-mica86,99, physiological surfaces like
cartilage-cartilage84,85, or a combination such as cartilage-glass73, PRG4 lowers friction
effectively. In addition, it has been demonstrated so for both reciprocating and rotational motion.
This is a critical point, as rotational test geometry allows for a boundary mode of lubrication to
be operative and a reciprocating test is more similar to joint kinematics with a mixed lubrication
regime65,70. When investigating boundary lubrication of articulating tissues in the knee joint,
using physiological surfaces (i.e., tissues) could facilitate molecular and surface interactions seen
in vivo compared to synthetic surfaces. Furthermore, a stationary contact area with rotational
motion will allow for fluid depressurization and prevent a fluid film from forming due to
exudation36,70. This test setup will allow PRG4’s boundary lubricating ability to be investigated
specifically.
Another SF constituent of interest is HA, a negatively charged polysaccharide found in
the joint. HA has been shown to operate as a dose-dependent boundary lubricant at a cartilagecartilage biointerface84,96, though at synthetic interfaces it does not behave like a boundary
lubricant98. HA’s cartilage boundary lubricating ability has also been linked with its MW,
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specifically that the higher MW HA is a more effective lubricant96. This is important as during
OA, while HA concentration remains the same in the joint, the molecules’ MW decrease94.
HA also has been shown to interact synergistically with PRG4 to lower friction in an in
vitro cartilage-cartilage boundary lubrication test, further than either molecule alone84. In
solutions these two molecules form a larger complex, but the specifics of this interaction are
unknown96. HA is currently used as a viscosupplement to treat OA12, so learning how these
molecules interact could benefit future injectable treatments.
While PRG4 and HA are shown to be effective boundary lubricants at a cartilagecartilage biointerface, they not been investigated at the cartilage-meniscus biointerface. The
meniscus is critical for joint health, with a majority of loads experienced by the knee transmitting
through it55. Furthermore, the meniscus helps provide lubrication to the knee joint46–48,
suggesting that the boundary lubricating ability of SF constituents PRG4 and HA should be
determined at this important biointerface.
As such, the objective of this study is to determine the velocity dependence of the kinetic
coefficient of friction at an articular cartilage-meniscus biointerface with PRG4 and HA, alone
and in combination. This will provide insight into the lubrication mode that takes place at this
biointerface and how naturally occurring SF constituents affect it.
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2.3 Methods
An in vitro boundary lubrication test was modified to accommodate an articular cartilagemeniscus biointerface and used to test the ability of a variety of lubricants to affect the kinetic
coefficient of friction over a wide range of velocities. Fluid depressurization and stationary
contact geometry facilitated an operative boundary mode of lubrication. The lubricants PRG4,
HA, and PRG4+HA are tested in comparison with a negative control, PBS, and positive control,
SF.

2.3.1 Lubricant Preparation
Skeletally mature bovine stifle joints were obtained from a local abattoir (Calgary, AB,
Canada). Fresh bovine SF was aspirated from synovial joints within 15 minutes of slaughter and
visually inspected for signs of blood before purchase, at which point it was aliquoted, and stored
at -80°C for several months before use84.
PRG4. PRG4 was purified from media conditioned by bovine articular cartilage explants,
as described previously84,96. Briefly, cartilage discs with a 6 mm diameter were cut from the
patellofemoral groove of these bovine joints and cultured in Dulbecco’s Modified Eagle’s
Medium (Life Technologies, Carlsbad, CA) with 0.01% bovine serum albumin. This media had
25 µg/mL of ascorbic acid and 10 ng/mL of recombinant human transforming growth factor-β
added to enhance PRG4 secretion101. The media were purified using gravity flow-through
diethylaminoethanol anion exchange (DEAE) chromatography (GE Healthcare Life Sciences,
Baie d’Urfe, QC, Canada) and step elutions of increased salt concentration101,102. The 0.615 M
NaCl batch elution was collected and filtered through a 100 kDa spin filter. The retentate was
collected and pooled with filter rinse before being stored at -80°C. A bicinchoninic acid (BCA)
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assay (Sigma-Aldrish, St. Louis, MO) was used to determine the total concentration of protein in
the final solution. The purity of this solution was confirmed using 3-8% Tris-Acetate sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). These gels were subject either
to western blot, where they probed with PRG4-specific antibody LPN (Life Technologies,
Carlsbad, CA), or stained with Simply Blue protein stain (Life Technologies, Carlsbad, CA) and
analyzed with densitometry software (Image J, Bethesda, MD)83. PRG4 was prepared in PBS at
physiological concentration, 450 µg/mL, from this concentrated and filtered solution103.
HA. 1.5 MDa HA was acquired commercially (Lifecore Biomedical, Chaska, MN) and
prepared in PBS at a physiological concentration of 3.33 mg/mL95.

2.3.2 Lubrication Test Tissue Sample Preparation
Cartilage annuli (Router = 3.2 mm and Rinner = 1.5 mm) were cut from osteochondral
blocks harvested from the patellofemoral groove of mature bovine stifle joints65,84, acquired as
described above. Meniscal cores (R = 6 mm) were cut from menisci taken from these same joints.
Cores were harvested from these menisci from the femoral to tibial facing surfaces. The femoral
facing surface was cut away to leave a flat surface, on which a coring punch was then used. A
custom cutting-jig was then used to cut this cored tissue sample into ~2.5 mm thick discs with
the tibial facing surface of the menisci intact. Samples were shaken vigorously overnight in PBS
at 4°C to remove residual SF from the surface65,84 before the first test in PBS. The meniscal discs
were then adhered to a wooden plug of the same radius with Krazy Glue (Westerville, OH) prior
to lubrication testing, as shown below in Figure 2-1.
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Figure 2-1: Cartilage and meniscus sample preparation

2.3.3 Cartilage-Meniscus Boundary Lubrication Test
The lubrication testing was conducted on a Bose ELF 3200 biomechanical testing device
(Bose ElectroForce Systems Group, Eden Prairie, MN) equipped with sensors for axial
displacement (±6,250 mm range), axial load (N, ±45.0 N range ), and torque (τ, ±70.0 N mm
range). Test protocol was modified from previous studies84,94,96 to determine velocity dependence
to friction in each lubricant at the articular cartilage-meniscus biointerface. Custom fixtures were
used to attach the samples to the testing device, oriented concentrically and articulating surfaces
in apposition. The cartilage annulus was fixed to the sensors and axial actuator superiorly while
the meniscal core was secured to the rotational actuator inferiorly. The core was had inert silicon
tubing circumferentially attached to serve as a lubricant bath in which ~ 0.3 ml lubricant was
placed to completely immerse both surfaces, as shown below in Figure 2-2.
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Figure 2-2: Boundary lubrication test orientation

Each sample is compressed to 18% of total cartilage thickness (shown to be sufficient for
boundary lubrication and a cartilage-cartilage biointerface and similar to compression
experienced in the joint during squatting65,104) before stress relaxing for 40 minutes to allow for
fluid depressurization interstitially. Samples were then rotated two revolutions in both directions
at varying effective sliding velocities (veff = ω×Reff, where Reff is effective radius (= 2.4 mm) and
ω is angular velocity65,84). These veff were varied along a log scale through several orders of
magnitude, such that lubricants that have different viscosities may be compared. First there was a
10 mm/s pre-conditioning spin before beginning the data collection with veff = 10, 3, 1, 0.3, 0.1,
0.01 mm/s with a pre-sliding duration (Tps) of 120 seconds before each new velocity. This test
protocol was used for three sequential test sequences to compare different lubricants:
1) PBS, PRG4, SF; n = 6.
2) PBS, HA, SF; n = 6.
3) PBS, PRG4+HA, SF; n = 5.
Following each test, the samples were bathed in the next test lubricant. Annuli were
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bathed in 0.1 mL of fluid, the core 0.2 mL. This allowed the articulating surface to be completely
submerged while the samples were stored in 4°C overnight.

2.3.4 Data Analysis
The kinetic coefficient of friction, which is the resistance to continuous motion, was
calculated from torque (τ) values measured during the second revolution of each test and axial
load (N). To calculate the coefficient of kinetic friction, the equilibrium load, Neq, was used,
given by the formula <µkinetic,Neq> = τ/(Reff Neq)65. This equilibrium load, Neq, is measured after
the initial 18% compression and 40-minute stress relaxation of the apposing tissue surfaces, but
before the rotational testing begins. As such, it neglects the viscoelastic and hydrodynamic forces
within the cartilage tissue that may cause variations in the instantaneously measured load, N,
during the revolutions.
Data are presented as mean ± SEM. ANOVA was used to determine the effect of
lubricant and Veff as a repeated factor on the kinetic coefficient of friction. One-way ANOVA
test was then run, followed by Tukey post-hoc test, to compare lubricants at velocities of interest,
specifically the highest (10 mm/s), lowest (0.01 mm/s), and an intermediary velocity that was
shown to be sufficient for boundary lubrication at an articular cartilage-cartilage biointerface (0.3
mm/s)65. Statistical analysis was implemented with Systat12 (Systat Software, Inc., Richmond,
CA).
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2.4 Results
A novel in vitro articular cartilage-meniscus lubrication test was developed, enabling
repeatable measurements to be made to compare different lubricants in terms of ability to lower
kinetic coefficient of friction at a previously uninvestigated, and physiologically important,
biointerface. PRG4, HA, and PRG4+HA were tested in separate sequences, compared to PBS
and SF. The velocity dependence of the kinetic coefficient of friction was observed for each
lubricant of interest.

2.4.1 Test Sequence 1: PRG4
PRG4 lowered kinetic coefficient of friction at intermediate velocities compared to PBS,
while at both high and low velocities PRG4 had higher friction than PBS, though they were
similar. <µkinetic,Neq> values varied with test lubricant and velocity (p < 0.05), with an interaction
(p = 0.011). For all intermediary velocities (0.1-3 mm/s), <µkinetic,Neq> values were highest in PBS
and lowest in SF, while PRG4 was intermediary. <µkinetic,Neq> values appeared to increase as the
effective velocity increased.
At the velocity of interest, veff = 0.3 mm/s, PBS values were highest (0.132±0.027), SF
lowest (0.047±0.018), and PRG4 intermediate (0.105±0.004). PBS was significantly different
from SF (p < 0.05), though there was not significant difference between PRG4 and either PBS
(p = 0.579) or SF (p = 0.107).
At low speed, veff = 0.01 mm/s, PRG4 values were highest (0.093±0.017), PBS slightly
lower (0.085±0.018) and not significantly different (p = 0.909). SF had the lowest value,
(0.053±0.004), but was not significantly different from either PRG4 or PBS (p = 0.153, 0.295
respectively). At high speed, veff = 10 mm/s, PRG4 was again the highest (0.237±0.053), with
PBS slightly lower (0.229±0.054) and statistically similar (p = 0.991). SF had the lowest
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coefficient of friction, 0.096±0.013, and was not significantly different from either PBS or PRG4
(p = 0.120, 0.096 respectively) (Figure 2-3).

Figure 2-3: Kinetic friction coefficient <µkinetic,Neq> for PRG4 at 0.450 mg/mL. Data presented as
mean±SEM, n=6.

2.4.2 Test Sequence 2: HA
1.5 MDa HA lowered friction compared to PBS at all velocities. <µkinetic,Neq> varied with
both lubricant and velocity (p < 0.001), with an interaction between the two (p < 0.05). At all
velocities, <µkinetic,Neq> values were highest in PBS, lowest in SF, and intermediate in HA.
At veff = 0.3 mm/s, PBS (0.147±0.016) was statistically different (p < 0.005) from both
HA (0.083±0.009) and SF (0.046±0.007), although HA and SF were not quite significantly
different (p = 0.080).
Similarly, at low speeds, PBS (0.103±0.014) and SF (0.072±0.006) were significantly
different (p < 0.005). HA (0.047±0.006) was not significantly different from either, however (p =
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0.085, 0.170). At high speeds, PBS (0.201±0.037) was statistically different (p < 0.05) from both
HA (0.099±0.017) and SF (0.093±0.008). HA and SF were no different, however (p = 0.984)
(Figure 2-4).

Figure 2-4: Kinetic friction coefficient <µkinetic,Neq> for 1.5 MDa HA at 3.33 mg/mL. Data
presented as mean±SEM, n=6.

2.4.3 Test Sequence 3: PRG4 + HA
PRG4+HA lowered friction compared to PBS at all velocities and was not significantly
different from SF. Both lubricant and velocity affected <µkinetic,Neq> (p < 0.01), and an interaction
was observed (p < 0.005). PBS had the highest values of <µkinetic,Neq>, SF the lowest, and
PRG4+HA was intermediate for all tested velocities.
All speeds displayed the same trends, with PBS (0.105±0.015 to 0.238±0.049) being
significantly different (p < 0.05) from both PRG4+HA (0.062±0.005 to 0.109±0.022) and SF
(0.046±0.006 to 0.080±0.009), except at veff = 0.3 mm/s, where PBS and PRG4+HA were almost
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significantly different (p = 0.052). PRG4+HA and SF, however, were not significantly different
(p = 0.522 to 0.793) (Figure 2-5).

Figure 2-5: Kinetic friction coefficient <µkinetic,Neq> for PRG4+HA with [PRG4] = 0.450 mg/mL,
[1.5 MDa HA] = 3.33 mg/mL. Data presented as mean±SEM, n=5.
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2.5 Discussion
The results from this study support the hypothesis, showing that velocity does affect the
lubricating abilities of SF and its constituents such as PRG4 and HA, both alone and in
combination, at an articular cartilage-meniscus biointerface. What’s more, this effect is similar
for all lubricants tested here, with the kinetic coefficient of friction remaining the same or
increasing slightly from veff = 0.01 - 1.0 mm/s, before increasing more sharply to 10 mm/s.
PRG4 appeared to lower friction at low and intermediate velocities, but did not reduce friction
compared to PBS at higher velocities. HA and PRG4+HA were effective lubricants across a wide
range of velocities, approaching the level of SF. Summarized data shown below in Figure 2-6 for
comparison.

Figure 2-6: Kinetic friction coefficient <µkinetic,Neq> for PRG4 at 0.450 mg/mL, 1.5 MDa HA at
3.33 mg/mL and PRG4+HA. Data presented as mean±SEM, n=5-17.
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Using an in vitro articular cartilage-meniscus lubrication test with rotational motion has
both advantages and disadvantages. While an ex vivo test can more closely resemble the
physiological kinematics of a knee joint85, in which different modes of lubrication will be
operative, this in vitro setup allows for a boundary lubrication to be examined through specific
test parameters that could not be controlled in an ex vivo situation71. Similarly, a reciprocating
pendulum test may provide more accurate kinematics73, but the transition between fluid and
boundary mediated lubrication would make it difficult to draw conclusions on either mode of
lubrication. The rotational geometry used in this test minimizes fluid exudation, while the 40minute stress relaxation allows for fluid depressurization. Together this prevents a fluid film
from developing and allows a boundary mode of lubrication to be dominant65. Synthetic surfaces
would allow for even more careful control of test parameters (surface roughness, charge,
etc.)86,98,99, but would not retain the physiological interactions present at an articular cartilagecartilage65,84 or cartilage-meniscus biointerface. The novel articular cartilage-meniscus test that
was developed does not accurately simulate the joint motion of the knee or the same stress
distribution experienced therein (i.e., hoop stresses in the meniscus). It does, however, replicate
the physiological surfaces present in the joint and create the conditions in which boundary mode
lubrication, where the majority of wear occurs in vivo, is operative.
It is worth noting the tissue variability seen in these tests. For example, the average PBS
values from all 17 tests for veff = 0.3 mm/s, (0.145±0.015) were different than those seen in the
PRG4 trials (0.132±0.027). Given the range between the negative and positive controls PBS and
SF, this tissue variability may explain, in part, the lack of significant differences between PBS
and PRG4 seen in those tests, despite consistent trends being observed.
PRG4 has been shown to be an effective lubricant at a variety of interfaces, both
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synthetic73,98 and physiological tissue84,85. The results of this study are consistent with these
findings and in general show PRG4 lowers friction at intermediary speeds when compared to the
negative control PBS, but does not reduce friction at high velocities. This supports its role as a
boundary lubricant; that is, when speeds are slow enough for boundary lubrication to occur it
effectively reduces friction. When speed increases however, fluid-mediated lubrication may play
a more important role in reducing the measured friction36 and thus PRG4, with a viscosity
equivalent to that of saline and significantly less than SF, does not lubricate.
At an articular cartilage-cartilage biointerface, HA has been shown to be an effective,
dose-dependent lubricant84,96, which is also supported by the findings of this study at the
cartilage-meniscus biointerface. Indeed, here HA reduces friction compared to PBS, approaching
the level of whole SF. Furthermore, when combined with PRG4, friction was again reduced. In
fact, PRG4+HA was not significantly different from SF across a range of velocities. This
showcases HA’s lubrication both at slow speeds where boundary mode is operative, but also at
higher velocities where fluid properties, such as viscosity, mediate friction. It also appeared at
intermediate speeds that the combination of PRG4 and HA lower friction further than either
molecule alone, suggesting they do interact synergistically to reduce friction through formation
of a complex in solution96 and/or at the biointerface tested here.
It is unknown how specifically PRG4 and HA provide their boundary lubricating
properties in the joint. A boundary lubricant must bind to the surface by definition74,105, but the
specific mechanism by which these lubricants reduce friction is less clear. One possibility is the
formation of hydration layers around hydrophilic domains of boundary lubricants86. The water
molecules are strongly attracted to these domains, supporting high pressures, while retaining
their fluidity. This fluidity allows for low friction shearing at the slip plane between the apposing
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surfaces. It has also been suggested that boundary lubricants function as a sacrificial layer,
protecting the surface from wear by shearing away during surface-to-surface movement88. Indeed,
SF was shown to replenish the layer of boundary lubricants faster than they were depleted;
however, isolated PRG4 solution did not replenish as quickly88, suggesting PRG4 alone may not
be able to lubricate in this fashion. Similarly, Greene et al.105 suggest that the PRG4+HA
complex operates “adaptively”. Under low loads, PRG4 binds to the surface and becomes
entangled with HA, acting as lubricating complex. As load increases, HA is compressed and
entraps PRG4, which is redistributed to places of higher shear due to its weaker surface
attachment, much like the sacrificial layer88,105.
This sacrificial or adaptive theory has been challenged for relying on replenishment from
hydrostatically exuded fluid, which is argued does not affect the friction106. Recently, atomic
force microscopy (AFM) showed that layers of PRG4 had steric or entropic repulsion when
bound to a series of differently charged surfaces89. While PRG4 did rearrange under shear as
suggested in the adaptive mode, preventing damage at higher pressures, the repulsive forces of
the surfaces point to PRG4 acting as a polymer brush89,105. It is believed that the C and N
terminals bind to the surface, allowing the negatively charged hydrophilic mucin domain to be
exposed. As the density of surface adsorbed PRG4 increases, these domains reform into tall,
brush-like structures to lower entropy. That is, the similarly charged domains want to be in the
lowest possible concentration while adhered to the surface. In the eye, where PRG4 is also
found78, it has been suggested that very low friction in boundary mode of lubrication may be
attributed to these brush-like formations of PRG4 repelling one another due to the
aforementioned steric repulsion, as well as electrostatic repulsion90. In fact, in blinking
lubrication, friction is actually lowest in boundary mode due to this behavior, rising slightly as
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speed increases due to the tear film’s shear thinning property90. SF is also shear thinning106, and
together with this polymer-like lubrication would explain the low friction values at low speeds
rising at higher speeds, as shown in this study.
The performance of SF constituents PRG4 and HA at the cartilage-meniscus biointerface
is very similar to that seen in previous studies at the cartilage-cartilage biointerface65,84,96.
Indeed, in a boundary mode of lubrication, facilitated in these studies by a rotational test
geometry and fluid depressurization, at physiological surfaces both PRG4 and HA operate as
boundary lubricants. Surface characteristics are important considerations for boundary
lubrication. The similarities between these surfaces could be due to the analogous structurefunction relationships present in these tissues. Cartilage and meniscus are both composed of a
collagen framework (with adhering macromolecules) bathed in a fluid containing charged
ions44,107. The structure in these tissues leads to the biphasic interaction between these
components that provides, in part, the tissues mechanical properties29,50.
In conclusion, a novel in vitro articular cartilage-meniscus lubrication test was developed
that showed, for the first time, that SF constituents PRG4 and HA lubricate at this important
biointerface. The data obtained in this study suggest that at an articular cartilage-meniscus
biointerface, velocity does affect the kinetic coefficient of friction, as do SF constituents PRG4
and HA, alone and in combination. At slower speeds, PRG4 appears to lower friction, and does
so further when combined with HA, approaching the level of whole SF. At higher speeds, PRG4
seems to be less effective, suggesting that a mixed lubrication regime may be approaching at 310 mm/s. This study suggests that a velocity of 0.3 mm/s is sufficient for boundary mode
lubrication at the articular cartilage-meniscus biointerface, as it was at the cartilage-cartilage
biointerface.
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CHAPTER 3: Synergism of (rh)PRG4 and HA at
Articular Cartilage-Meniscus Biointerface

3.1 Abstract
Objective: Measure the boundary lubricating ability of (rh)PRG4 ± HA at an articular
cartilage-meniscus biointerface..
Methods: An in vitro articular cartilage-meniscus boundary lubrication test, using 18%
compression, 40-minute stress relaxation and 0.3 mm/s velocity, was used to calculated both
static and kinetic coefficients of friction for PRG4 and HA, alone and in combination. rhPRG4
was also tested with and without HA at this biointerface.
Results: (rh)PRG4 lowered friction significantly alone compared to PBS, and appeared
to lower friction further when combined with HA, approaching the level of SF. HA lowered
friction as well compared to PBS alone.
Conclusions: This study suggests that PRG4 and HA’s synergistic boundary lubricating
ability at the articular cartilage-cartilage biointerface is retained at the cartilage-meniscus
biointerface. In addition, rhPRG4 lubricates effectively at this biointerface as well, while still
appearing to interact with HA to further lower friction. These results could potentially contribute
to the development of injectable rhPRG4 ± HA biotherapeutics for treatment of OA.

	
  

50	
  

3.2 Introduction
In Chapter 2, PRG4 was shown to be an effective boundary lubricant at an articular
cartilage-meniscus biointerface for the first time. PRG4 has been shown previously to lower
friction at a cartilage-cartilage biointerface, further supporting its role as a boundary lubricant at
physiological biointerfaces found in the joint84,85. HA has now been shown to operate as a
boundary lubricant at both the cartilage-cartilage84,96 and cartilage-meniscus biointerfaces, as
seen in the previous chapter. The in vitro lubrication test used in Chapter 2 utilized stationary
contact geometry and fluid depressurization, which appeared to facilitate an operative boundary
mode of lubrication at lower velocities. A velocity of 0.3 mm/s was shown to be sufficient for
boundary lubrication at both the cartilage-cartilage65, and now at the cartilage-meniscus,
biointerfaces.
A majority of friction and wear are generated during boundary lubrication in the knee72,
suggesting that effective boundary lubricants, such as PRG4 and HA, could contribute to joint
health. Indeed, when PRG4 is absent, be it from the genetic disorder camptodactylyarthropathycoxa vara-pericarditis (CACP) or observed in PRG4 knockout mice, joint degradation occurs69,75.
Furthermore, PRG4 supplementation has chondroprotective effects71,85,94. Similarly, HA has also
been used in an effort to restore this joint function. These viscosupplements are currently used to
treat OA12,24; treatments have been shown to reduce pain but have a very short residency time in
the knee, raising questions about their efficacy12,28. As such, PRG4 and HA individually
contribute to joint health.
These two molecules have also been found to synergistically interact to lower friction at a
cartilage-cartilage biointerface84,96. Furthermore, combining with PRG4 allows for HA to
contribute to effective lubrication at synthetic surfaces99. The work in Chapter 2 showed that

	
  

51	
  

combining PRG4 with HA appeared to decrease kinetic friction further than either molecule
alone at the cartilage-meniscus biointerface at a variety of rotational velocities. This synergistic
interaction makes PRG4 and HA excellent candidates for biotherapeutic treatments for OA84,94,96.
To this end, several different forms of recombinant human PRG4 (rhPRG4) have been
investigated. A truncated form of rhPRG4, called LUB1, was developed and shown to have
chondroprotective effects and stayed in joints for 28 days108. However, this shortened structure
may have other effects on the molecules’ function, as the glycosylated domain of PRG4 that was
shortened for production of LUB1 is thought to contribute to lubrication81,83. Other work has
shown that structural changes of a different version of rhPRG4 prevent proper binding to a
cartilage surface109.
However, recently a full-length version of rhPRG4 was produced stably and in large
amounts by Lubris, LLC. This rhPRG4 has been shown to have the ability to dimerize as well as
the appropriate glycoslations110. Furthermore, it has shown the ability to lubricate effectively,
both with and without HA, at an ocular biointerface and an in vitro cartilage-cartilage
biointerface110,111. This rhPRG4 has never been tested at the physiologically relevant articular
cartilage-meniscus biointerface, either alone or in combination with HA.
As such, the objective of this study is to measure the boundary lubricating ability of
(rh)PRG4 and HA, alone and in combination, at the articular cartilage-meniscus biointerface.
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3.3 Methods
The modified in vitro boundary lubrication test used in Chapter 2 to investigate friction at
the articular cartilage-meniscus biointerface was again utilized to test the ability of a variety of
lubricants to affect friction, in this case both kinetic and static coefficients of friction. Fluid
depressurization, stationary contact geometry and, based on the findings of Chapter 2, an
effective velocity of 0.3 mm/s facilitated an operative boundary mode of lubrication. The
lubricants PRG4, HA, and rhPRG4 were tested alone in comparison with a negative control, PBS,
and positive control, SF. A combination of (rh)PRG4 and HA was also tested in each sequence.

3.3.1 Lubricant Preparation
Lubricants SF, PRG4, and HA were prepared as outlined in section 2.3.1.
rhPRG4 was prepared as described previously110. Lubris LLC (Framingham, MA), in
collaboration with Selexis SA (Geneva, Switerland), transfected a Chinese hamster ovary (CHO)
line with the PRG4 gene, which was then used to condition culture media. The gene encoding the
full-length 1404 amino acid human PRG4 was inserted into commercially available plasmid
vectors at Selexis SA. This provides enhanced gene expression in mammalian CHO cells. Shake
flask culture with fed-batch cultivation (SFM4CHO medium [Hyclone, Logan, UT]) was
supplemented with 8 mM L-Glutamine, hypoxanthine, and thymidine (1x HT, Life Technologies,
Carlsbad, CA) and the rhPRG4 media collected from the high expressing rhPRG4 clonal cell
lines.
Enriched rhPRG4 was prepared by concentrating the raw rhPRG4 media using a 100 kDa
MW cutoff centrifugal filter. As with native PRG4, BCA assay (Sigma-Aldrish, St. Louis, MO)
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was used to determine concentration and 3-8% Tris-Acetate SDS-PAGE gel was used to confirm
purity. rhPRG4 was diluted in PBS to a physiological concentration, 450 µg/mL103.

3.3.2 Tissue Sample Preparation
Tissue samples were prepared as outlined in section 2.3.2.

3.3.3 Boundary Lubrication Test
Boundary lubrication test equipment, sample orientation, and test parameters were the
same as outlined in section 2.3.3.
Following 18% compression and 40-minute stress relaxation, samples then were held
stationary for a pre-sliding duration (Tps) of 1200, 120, 12, and 1.2 seconds (s). Following each
of these waiting periods, samples were rotated at veff = 0.3 mm/s for +/- 2 revolutions. Then the
test repeats itself in the opposite direction of rotation, -/+ 2 revolutions. This test protocol was
used for three test sequences to test synergism between (rh)PRG4 and HA:
1) PBS, PRG4, PRG4+HA, SF; n = 4.
2) PBS, HA, PRG4+HA, SF; n = 4.
3) PBS, rhPRG4, rhPRG4+HA, SF; n = 8.

3.3.4 Data Analysis
Both the static coefficient of friction, which is the resistance to the onset of motion, and
the kinetic coefficient of friction, representing the resistance to continuous motion, were
calculated. The static coefficient of friction, µstatic,Neq, was calculated from the τ values measured
during the first 10 degrees of rotation and Neq using the formula µstatic,Neq = τ/(Reff Neq)65. The
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kinetic coefficient of friction, <µkinetic,Neq>, was calculated using the same formula, but using the
τ values measured during the entire second test revolution. Data are presented as mean ± SEM.
Repeated measures ANOVA was used to determine the effect of both lubricant and Tps on the
coefficients of friction discussed above. This was followed by a one-way ANOVA at Tps = 1.2 s
and a Fisher LSD post-hoc test to compare PBS, (rh)PRG4 or HA, and (rh)PRG4+HA. Statistical
analysis was implemented with Systat12 (Systat Software, Inc., Richmond, CA).

	
  

55	
  

3.4 Results
A boundary lubrication test showed that (rh)PRG4 and HA appeared to reduce both static
and kinetic coefficients of friction at an in vitro articular cartilage-meniscus biointerface
compared to PBS. When combined, friction was lowered even further, approaching the level of
SF. Static friction increased with Tps, while kinetic friction was relatively invariant. As such,
kinetic coefficients of friction are presented at Tps = 1.2 s for clarity and brevity, as done
previously84,96,112.

3.4.1 Test Sequence 1: PRG4 ± HA
PRG4 lowered friction at an articular cartilage-meniscus biointerface, and when
combined with HA lowered friction to a level that was not statistically different from SF.
µstatic,Neq varied with Tps and test lubricant (both p < 0.001), with an interaction (p < 0.001).
Values appeared to increase with Tps. PBS consistently had the highest values, while PRG4 was
intermediate and PRG4+HA and SF were similar and lowest (Figure 3-1A).
<µkinetic,Neq> values exhibited similar trends, varying with lubricant and Tps (both p <
0.001) increasing only slightly with Tps (0.168±0.005 to 0.204±0.009 in PBS), with an interaction
(p < 0.001). Tps has minimal affect on kinetic friction coefficients because the time the tissue
surfaces have had to interact does not affect frictional forces once steady motion has been
achieved. <µkinetic,Neq> values at Tps = 1.2 s were greatest in PBS (0.168±0.005) and lowest in SF
(0.032±0.005). Values in PRG4 (0.090±0.021) and PRG4+HA (0.039±0.002) were significantly
different from each other (p < 0.05), as well as PBS (p < 0.01) (Figure 3-1B).
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Figure 3-1: A) Static friction coefficient µstatic,Neq and B) kinetic friction coefficient <µkinetic,Neq>
at Tps = 1.2 s for PRG4 at 0.450 mg/mL ± 1.5 MDa HA at 3.33 mg/mL. Data presented as
mean+/-SEM, n = 4.

3.4.2 Test Sequence 2: HA ± PRG4
HA appeared to lower friction compared to PBS, and further reduced friction when
combined with PRG4. µstatic,Neq varied with both Tps and test lubricant (both p < 0.001), with an
interaction present (p < 0.05). Friction values increased with Tps. PBS had the highest values at
all Tps, while HA values were intermediate. PRG4+HA and SF values were lowest (Figure 3-2A).
Values of <µkinetic,Neq> also varied with Tps and test lubricant (p < 0.001) with an
interaction ( p < 0.001). At Tps = 1.2 s, <µkinetic,Neq> values were greatest in PBS (0.166±0.009)
and lowest in SF (0.034±0.006). Values in HA (0.083±0.013) were significantly lower than those
in PBS, as were values in PRG4+HA (0.040±0.004) (p < 0.001). HA and PRG4+HA were also
significantly different (p < 0.05) (Figure 3-2B).
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Figure 3-2: A) Static friction coefficient µstatic,Neq and B) kinetic friction coefficient <µkinetic,Neq>
at Tps = 1.2 s for 1.5 MDa HA at 3.33 mg/mL ± PRG4 at 0.450 mg/mL. Data presented as
mean+/-SEM, n = 4.

3.4.3 Test Sequence 3: rhPRG4 ± HA
rhPRG4 lowers friction alone and in combination with HA, approaching the level of SF.
µstatic,Neq values varied with Tps and test lubricant (both p < 0.001), with an interaction (p < 0.001).
Values appeared to increase with Tps. PBS consistently had the highest values, while those in
rhPRG4 were intermediate, and those in rhPRG4+HA and SF being the lowest (Figure 3-3A).
<µkinetic,Neq> values also varied with lubricant and Tps (both p < 0.001) increasing only
slightly with Tps, with an interaction (p < 0.01). <µkinetic,Neq> for the lowest Tps value showed PBS
values (0.129±0.033) to be highest and significantly different from rhPRG4 and rhPRG4+HA
values (p < 0.05). SF values (0.032±0.004) were lowest. rhPRG4 (0.057±0.009) and
rhPRG4+HA (0.038±0.004) values were not significantly different (p = 0.512), though the
addition of HA appeared to lower friction (Figure 3-3B).
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Figure 3-3: A) Static friction coefficient µstatic,Neq and B) kinetic friction coefficient <µkinetic,Neq>
at Tps = 1.2 s for rhPRG4 at 0.450 mg/mL ± 1.5 MDa HA at 3.33 mg/mL. Data presented as
mean+/-SEM, n = 8.
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3.5 Discussion
The aim of this study was to investigate the synergistic boundary lubricating ability of
(rh)PRG4 and HA at the articular cartilage-meniscus biointerface. It was hypothesized that
(rh)PRG4 and HA would lower friction in a boundary mode of lubrication at the critical articular
cartilage-meniscus biointerface. This hypothesis was correct as it was shown that with varied
sequences and both native and recombinant PRG4, the ability of a (rh)PRG4 + HA complex to
synergistically lower friction at physiological surfaces, in this case the cartilage-meniscus
biointerface, is retained. Each sequence showed the improvement from a SF constituent alone to
the combination, which was similar to SF in all cases.
The synergistic ability of PRG4 and HA to improve boundary lubrication has been
observed at both synthetic and physiological interfaces84,96,98,99, and now has been observed at a
new physiologically relevant biointerface, articular cartilage-meniscus. It was shown in test
sequences 1 and 2, as in other studies, that HA and PRG4 lubricate physiological surfaces
effectively alone but reduce friction even further when combined. Despite the frequent
observation of this relationship, the specific mechanism by which they interact remains unknown.
PRG4 and HA are known to form a complex in solution, but how this complex reduces friction is
debated96. It has been suggested that HA and PRG4 become entangled within one another and
form an adaptive surface layer that shears off during loading, redistributing across the surface,
before being replenished by SF88,105. Conversely, others believe that PRG4 binds to the surface
and acts as a negatively charged polymer brush89. Such systems rely on the steric and
electrostatic repulsion generated by these brush layers. The addition of HA, a large, negatively
charged polymer, would only increase the osmotic pressure to keep apposing surfaces, possibly
covered in the same layer, separated90.
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However these two SF biomolecules interact, they are effective lubricants at
physiological biointerfaces. While PRG4 reduces friction at a range of surfaces, HA is effective
alone only at physiological surfaces84. At synthetic surfaces such as latex, glass, and mica, HA
does not operate as a boundary lubricant86,98,99. This suggests its lubricating ability alone relies
on specific surface interactions. In fact, it has been postulated that PRG4 improves HA’s
lubricating ability at man-made surfaces simply by acting as link protein86. While this theory
may explain HA’s improvement, it does not account for PRG4’s lubricating ability alone. These
potential surface interactions are critical for boundary lubricants, however. The similar trends
observed at the articular cartilage-meniscus biointerface may be explained by the analogous
structure-function relationship of these tissues. Both tissues are comprised of collagen
frameworks and fluid filled with ions and macromolecules41,44; and both gain their mechanical
function from the interplay between the solid and liquid states of this structure37,50,113. Indeed, at
the boundary layer film scale of biomolecules adhered to the surface during direct surface-tosurface contact, the articular cartilage-meniscus biointerface is hard to distinguish from the
cartilage-cartilage one structurally. Perhaps it is not surprising then that the differences
functionally, at least in an in vitro boundary lubrication test, are minimal.
Test sequence 3 showed the lubricating ability of rhPRG4, alone and combined with HA.
While rhPRG4 has been shown to be effective in animal studies previously108, the importance of
binding sites and glycosylations to PRG4’s function suggested a full-length version was
needed83,109. A new, full-length rhPRG4 was shown to have the ability to multimerize and have
glycosylations like that in native protein110 and reduce friction at ocular and cartilage
surfaces110,111. Given the similar morphologies and functional mechanisms of articular cartilage
and meniscal tissue, it is not shocking that rhPRG4 reduced friction alone, as well as appearing
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lower friction further when combined with HA. It is important, however, that rhPRG4 functions
similarly at a cartilage-meniscus biointerface as native protein. When compared to native protein
directly at a cartilage-cartilage biointerface, rhPRG4 did in fact lower friction similarly to
PRG4111. The potential for PRG4 to improve the lubricating ability of the current
viscosupplement HA12,24, potentially by increasing its viscosity114 or residency time108, points to
rhPRG4 as a viable candidate for use in biotherapeutic injections for treatment of OA.
This study used a test that was previously characterized in Chapter 2 to operate in
boundary mode lubrication at a velocity of 0.3 mm/s. Using this test at the identified velocity
required for boundary lubrication, the lubricating ability of (rh)PRG4 and HA was effectively
demonstrated. However, there is, like the previous study presented in Chapter 2, variable
presence of significant differences between the SF constituents, particularly when alone, and the
negative control, PBS. PBS friction values appear to be lower than in cartilage-cartilage
biointerfaces, where <µkinetic,Neq> values of ~0.2 are measured compared to ~0.15 at the cartilagemeniscus biointerface, but are still consistently the highest value. This more effective negative
control (though still the least effective lubricant) may make it more difficult to find differences
within a group of reasonably effective lubricants. However, the reliably similar trends present in
all sequences suggest that the SF constituents of interest tested in this study do in fact reduce
friction as compared to a negative control.
This observed reduction of friction at relatively high loads and slow velocities is critical
for a boundary lubricant, as is the ability to adsorb to the articulating surface65. PRG4 is found on
both the cartilage and meniscal surfaces76,77,

and rhPRG4 was recently shown to adsorb

successfully to a cartilage surface111. However, rhPRG4 has not yet been shown to adsorb to the
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meniscal surface. Given the importance of the meniscus to knee joint health in general and
lubrication specifically, this surface adsorption warrants further study.
To conclude, PRG4 and HA, while effective boundary lubricants at the articular
cartilage-meniscus biointerface, are even more effective when combined, retaining their
synergistic interaction seen at other surfaces. In addition, full-length rhPRG4 lowers friction,
alone and in combination with HA, at this physiologically important tissue biointerface.
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CHAPTER 4: Surface Adsorption of Full-Length Recombinant
Human Recombinant Proteoglycan 4 on Meniscus

4.1 Abstract
Objective: Assess the surface adsorption of rhPRG4 to the meniscus following depletion
of endogenous PRG4.
Methods: Immunohistochemistry (IHC) with anti-PRG4 mAb 9G3, and secondary
antibody Alexa Fluor-594 rhodamine-conjugated goat-anti mouse IgG, was employed to
visualize the adsorption of PRG4 preparations to the surface of meniscal explants. Bovine
meniscal samples were either fresh, or depleted of PRG4 by shaking in PBS or PBS with 1.5M
NaCl. Meniscal samples were then incubated in lubricants of interest including PBS, PRG4,
rhPRG4, or SF, prior to processing for IHC.
Results: rhPRG4-soaked meniscal samples showed protein immunolocalized to the
surface similar to that observed for samples soaked in native PRG4 and SF, both at the
articulating and cut surfaces of the tissue. Shaking in PBS depleted endogenous PRG4 from the
surface, as indicated by decreased fluorescence. Salt extraction did not appear to further deplete
PRG4 from the surface; however, it did appear to limit repletion of PRG4 at the articular surface.
Conclusions: These results demonstrate rhPRG4 is able to adsorb to the meniscal surface,
which is a requirement for boundary lubrication function, in a manner consistent with that
observed for native PRG4 and whole SF. This finding, combined with rhPRG4’s boundary
lubrication synergism with HA at a cartilage-meniscus biointerface, make it an attractive
candidate for future development and evaluation as an OA biotherapeutic.
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4.2 Introduction
PRG4, the mucinous glycoprotein found in the SF of the knee joint, has been shown to be
an effective in vitro boundary lubricant at several physiological biointerfaces: cornea-eyelid110,
articular cartilage-cartilage84,96,112, and now, as shown in chapters 2 and 3, articular cartilagemeniscus. Furthermore, the recently available full-length rhPRG4 was also demonstrated to
function as a boundary lubricant at the cartilage-meniscus biointerface. As normal PRG4
expression is necessary for knee-joint health and its main function is to provide boundary
lubrication, proper boundary lubrication of joint tissues may be an important and contributing
factor in prevention of tissue degradation and eventual development of OA28,71,74,85.
Boundary lubrication occurs during surface-to-surface contact, often due to high loading,
fluid depressurization, and low sliding speeds36,65. The testing protocol used in the previous
chapters demonstrated (rh)PRG4’s efficacy in this lubrication regime through specific
parameters that facilitated boundary lubrication: 18% tissue compression, 40-minute stress
relaxation time, and stationary contact geometry65. In this lubrication paradigm, it is molecules
adhered to the surface of the articulating surfaces that mediate friction. While other types of
lubrication occur in the knee joint, the nature of boundary lubrication occurring during surfaceto-surface contact and high loads means a majority of friction experienced by the joint occurs in
the boundary mode72.
To act as a boundary lubricant properly, a molecule must, by definition, be able to bind to
the articulating surface65. PRG4 is found at both the meniscus and articular cartilage surfaces in
joints, supporting the case it is a boundary lubricant74,76,77. Assessing this surface adsorption of
proteins can be accomplished by IHC. IHC is a method by which protein can be visualized in
tissue sections through binding of specific antibodies to the protein of interest. Detection of this
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antibody may be done directly or with a secondary antibody via chemiluminescent, fluorescent,
or enzymatic detection.
Recently it was shown with IHC that rhPRG4 does adsorb to the surface of articular
cartilage following surface depletion, comparable to the level of native protein111. The cartilage
surface was repleted with protein following surface depletion by vigorous shaking in PBS;
enzymatic, ionic, and other mechanical methods of surface depletion may alter the surface
properties of the tissue and as such were avoided103,109,115. Indeed, salt extraction has been shown
to deplete the surface of PRG4 in skeletally immature bovine calf cartilage109,115.
It is unknown if rhPRG4 is able to adsorb to the surface of the meniscus. Indeed, if
rhPRG4 molecule is to be operative effectively as a boundary lubricant in vivo at the articular
cartilage-meniscus biointerface, it must be able to localize to the surface of the meniscus. As
such, the objective of this study is to assess the surface adsorbing ability of rhPRG4 on the
meniscal surface.
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4.3 Methods
To assess the surface adsorption of rhPRG4, meniscus tissue discs were shaken in either
PBS alone or PBS with 1.5M NaCl to deplete the surface of endogenous PRG4 before soaking in
PBS, PRG4, rhPRG4, or SF to assess repletion. These meniscal samples were then snap-frozen,
cryosectioned, and processed for PRG4 immunolocalization with an anti-PRG4 mAb. A
fluorescent secondary antibody was then used for PRG4 localization on the meniscal tissue using
confocal microscopy.

4.3.1 Lubricant Preparation
SF was prepared as described in section 2.3.1; rhPRG4 was prepared as described in
section 3.3.1.

4.3.2 Immunohistochemistry
Meniscal samples were cut from the articular surface of a mature bovine stifle joints
meniscus, obtained from a local abattoir. First, meniscal explants were harvested from the tibial
facing articular surface of the meniscus (thickness = 2.5 mm, diameter = 6mm). “Fresh” samples
were taken from the joint, submerged in media (Tissue Tek OCT, Sakura, Torrance, CA) and
snap-frozen in isopropanol cooled by dry ice. These samples served as positive controls for
PRG4 that is on the tissue surface in vivo.
Other samples were shaken vigorously overnight in either in PBS or PBS containing
1.5M NaCl at 4°C to deplete the surface of residual/endogenous PRG4. The samples were then
frozen at -80°C to prevent further PRG4 production from viable chondrocytes. These samples
were then thawed and again shaken overnight at 4°C in fresh PBS ± 1.5M NaCl before being
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incubated for 24 hours at room temperature in the test lubricants. These lubricants were placed in
a 48-well plate (VWR Scientific Products, Radnor, PA) completely covering the samples. The
test lubricants were PBS as a negative control, native PRG4, rhPRG4 and bovine SF. Both native
PRG4 and rhPRG4 were at a physiological concentration of 450 µg/mL103. After incubation,
samples were snap-frozen in OCT medium and stored at -80°C.
A cryostat microtome (Microm HM550, Thermo Scientific, Waltham, MA) was used to
cut 5-micron thick sections of each sample, which were then placed on positively charged glass
slides (Superfrost Plus Adhesion Slides, Thermo Scientific, Waltham, MA). Sections were
quickly washed in PBS to remove OCT before being fixed with 4% paraformaldehyde in PBS103.
Another PBS wash followed before blocking with 10% hydrogen peroxide in methanol. After
PBS wash, serum blocking with 10% normal goat serum with 1% BSA in PBS occurred at room
temperature in a humidity chamber. Half of the samples were then incubated in anti-PRG4 mAb
9G3 in 1.5% normal goat serum at 1:200 concentration116 to serve as positive controls, while the
remaining half were incubated in 1.5% normal goat serum alone. These samples served as
negative controls for the primary Ab. Following a PBS wash, all samples were incubated in
secondary antibody Alexa Fluor-594 (a rhodamine conjugated goat anti-mouse IgG [Life
Technologies, Carlsbad, CA]) in 1.5% normal goat serum at 1:1000 concentration115. After a
final PBS wash, samples were mounted with mounting medium containing nuclear counterstain
DAPI (Vectashield, Vector Laboratories Inc., Burlingame, CA) and sealed with microscope over
slips (VWR Scientific Products, Radnor, PA).
Results were imaged using Zeiss LSM 780 microscope (Carl Zeiss, Oberkochen,
Germany) with a 20x magnification lens (water, 0.8 NA). Fluorescence images were obtained for
red (Alexa Fluor-594 rhodamine detected PRG4; excitation/emission spectrum maximum of
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594/617 nm) and blue (DAPI detected cell staining; excitation/emission spectrum maximum of
358/461 nm) fluorescence.
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4.4 Results
rhPRG4 soaked meniscal samples showed protein immunolocalized to the surface similar
to that observed for samples soaked in native PRG4 and SF, both at the articulating and cut
surfaces of the tissue. Shaking in PBS depleted endogenous PRG4 from the surface compared to
fresh explants, as indicated by decreased fluorescence. Salt extraction did not appear to further
deplete PRG4 from the surface; however, it did appear to limit repletion of PRG4 at the articular
surface.

4.4.1 Surface Depletion by PBS Shaking
IHC of meniscus discs showed a discrete 9G3-immunoreactive layer of PRG4 at the
articulating surface of fresh explants, the majority of which could be removed with vigorous
shaking in PBS. This fluorescence was localized to the surface of fresh, unshaken samples. None
was observed on the cut side and was specific; no non-specific signal was observed in the
negative control.
Shaking appears to have slightly reduced the layer of PRG4 present at the articular
surface as evidenced by decreased red fluorescence on the surface of PBS soaked samples. PRG4
and rhPRG4 both had thicker, brighter immunoreactivity at the surface, suggesting increased
protein adsorption, comparable to SF. Interestingly, the cut edge of the PRG4, rhPRG4, and SF
soaked samples also displayed immunoreactive bands on the surface, though they were fainter.
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Figure 4-1: Immunolocalization of PRG4 at meniscal surface. Key: Fresh samples were taken
directly from joint and snap-frozen (control). All other samples were shaken overnight in PBS at
4oC, frozen at -80oC, and shaken overnight again in fresh PBS at 4oC. Samples were then
incubated in solutions of interest overnight at room temperature. Solutions: PBS (negative
control), SF (positive control), rhPRG4 and PRG4 both at physiological concentrations of 450
µg/mL. Negative signifies samples that lacked primary Ab 9G3 but contained secondary gt-anti
mouse Ab, positive signifies samples that contained both primary and secondary Abs. Red shows
anti-PRG4 mAb 9G3, blue shows DAPI staining on chondrocyte cells.

4.4.2 Surface Depletion by PBS Shaking and Salt Extraction
Following salt extraction by shaking in PBS with 1.5M NaCl, immunoreactivity was still
faint but present at the meniscal surface of samples soaked in PBS. Contrary to the depletion by
PBS shaking, following salt extraction native PRG4 samples demonstrated a discontinuous
immuonreactive layer at the surface. rhPRG4 and SF again had a distinct, solid immunolocalized
band on the surface. Cut surfaces of PRG4, rhPRG4 and SF samples were stained similarly to the
articulating surface, though the surface appeared more roughened and the observed fluorescent
signal being more diffuse into the tissue.
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Figure 4-2: Immunolocalization of PRG4 at meniscal surface. Key: Fresh samples were taken
directly from joint and snap-frozen (control). All other samples were shaken overnight in PBS
with 1.5M NaCl at 4oC, frozen at -80oC, and shaken overnight again in fresh PBS with 1.5M
NaCl at 4oC. Samples were then incubated in solutions of interest overnight at room temperature.
Solutions: PBS (negative control), SF (positive control), rhPRG4 and PRG4 both at
physiological concentrations of 450 µg/mL. Negative signifies samples that lacked primary Ab
9G3 but contained secondary gt-anti mouse Ab, positive signifies samples that contained both
primary and secondary Abs. Red shows anti-PRG4 mAb 9G3, blue shows DAPI staining on
chondrocyte cells.
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4.5 Discussion
The goal of this study was to assess the ability of full-length rhPRG4 to adsorb to the
surface of the meniscus following depletion of the surface layer by shaking and/or salt extraction.
The hypothesis was that the rhPRG4 would successfully adsorb to the meniscal surface, and
indeed it did. The rhPRG4 demonstrated the ability to adsorb to the surface of the meniscus
effectively following both shaking and salt extraction in levels comparable, qualitatively, to SF.
PRG4 also bound to the surface of the meniscus in both situations, though it appeared that salt
extraction may limit its ability to replete the surface. For PRG4-, rhPRG4-, and SF-soaked
samples, the cut edge of the explants showed immunoreactivity consistent with staining for
PRG4 on the articulating surface.
Shaking was shown to reduce the fluorescence observed at the surface of the meniscal
tissue, indicative of endogenous PRG4, though not completely remove it. This method was
chosen over more invasive enzymatic digestion of the tissue to prevent any potential damage to
the articulating surface103,109,115. While these images suggest not all of the surface-bound PRG4 is
removed, similarly shaken surfaces have worse lubricating ability at the cartilage-meniscus
biointerface, as shown in chapters 2 and 3. Similarly, poor lubricating ability was seen in PBS
shaken samples at the cartilage-cartilage biointerface65,84. Indeed, PRG4 seems to be firmly
attached to the surface, as incubation in PBS does not remove it with or without agitation103,111.
Further enzymatic treatments have unknown effects on the tissue despite removing the protein,
though there may be other ways of reducing the surface layer of PRG4117.
Salt extraction has been shown to remove protein from the surface of the cartilage while
still allowing for repletion of the boundary layer109. Further salt extraction with shaking at the
meniscal surface in this study did not remove all residual PRG4, nor did it prevent repletion of
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the protein layer. While this contradicts previous studies showing salt extraction removing
PRG4109,115, those studies used immature bovine cartilage, while this study used mature bovine
meniscus. However, it did appear to limit the ability of native PRG4 to adsorb to the tissue. This
may be due to the removal of naturally occurring glycosaminoglycans that could contribute to
PRG4’s binding109.
Following soaking in PRG4, rhPRG4 and SF, immunoreactivity was observed at the
articulating surface of the meniscus for both shaken and salt extracted samples. This supports
rhPRG4’s role as a boundary lubricant at physiologically relevant biointerfaces110,111 and that it
appears to retain the appropriate structural features of native PRG4 to bind to the tissue, as seen
with native protein on both articular cartilage and meniscal surfaces74,76,77. Recently, rhPRG4
was shown to adsorb to cartilage surfaces as well111, further supporting the idea that rhPRG4
could be an effective injectable tribosupplement108,118.
Interestingly, the cut surface of the meniscus demonstrated immunolocalization via
fluorescence similar to the articulating surfaces. In cartilage, the cut surface’s ability to facilitate
binding is still unknown as studies have produced conflicting results109,111. However, this may be
due simply to methodology, as the study with different results than this one with respect to cut
surface binding was mounted on a glass slide prior to incubation, perhaps limiting exposure of
the surface to the lubricant bath. Conversely, in both this study and a previous cartilage study,
the whole explant was exposed to the lubricant solution and as such, the cut surface was repleted
with protein111.
While protein layers can be visualized on the surface of the meniscus with this IHC
technique, precise comparisons of protein concentrations at the surface cannot be made due to
the qualitative nature of IHC119. Indeed, the specific levels of PRG4 found on the surface cannot
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be determined. However, the presence of an immunoreactive surface layer clearly exhibits the
ability of rhPRG4 to replete the surface as compared to PBS-soaked samples. Surface depletion
was not fully achieved prior to this repletion through either vigorous PBS shaking or salt
extraction; residual protein was localized to the surface of samples following these procedures.
Despite this, the increased fluorescence present at the meniscal surface in samples soaked in
PRG4, rhPRG4, and SF compared to PBS-soaked samples suggests increased protein at the
surface.
To quantify the surface adsorption in the future, rhPRG4 molecules could be radiolabelled prior to the IHC procedure. Following fixation, tissue sections could be scanned in a
gamma counter to determine a quantitative value of the rhPRG4 that binds to the meniscal
surface. Another potential avenue of study is the investigation of how specifically PRG4 binds to
the meniscal surface and how, if at all, other SF constituents such as HA help facilitate this.
In conclusion, these results demonstrate rhPRG4 is able to adsorb to the meniscal surface,
which is a requirement for boundary lubrication function65, in a manner consistent with that
observed for native PRG4 and whole SF. This finding, combined with rhPRG4’s boundary
lubrication synergism with HA at a meniscus-cartilage biointerface shown in previous chapters,
make it an attractive candidate for future development and evaluation as an OA biotherapeutic.
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CHAPTER 5: Conclusions

6.1 Summary of Findings
There were three goals for the work described in this thesis. First, an in vitro articular
cartilage-meniscus boundary lubrication test was to be developed and then used to determine the
velocity dependence of the kinetic coefficient of friction at this physiologically relevant
biointerface. Next, the boundary lubricating ability of native and recombinant human PRG4, as
well as HA, was tested alone and in combination at the cartilage-meniscus biointerface. Finally,
the surface adsorption of rhPRG4 to meniscus tissue would be assessed by IHC following
surface depletion and then repletion. The major findings of this work are as follows:
1. A novel in vitro boundary lubrication test was developed for the articular cartilagemeniscus biointerface. A boundary mode of lubrication was dominant due to the
tissues being depressurized (facilitated by an 18% compression of total tissue
thickness and 40-minute stress relaxation) and a stationary contact geometry, thus
allowing for surface-to-surface contact.
2. The kinetic coefficient of friction increased with velocity. PBS had the highest
friction values for all veff, while SF had the lowest. At slow and intermediate speeds,
PRG4 lowered friction compared to PBS, but at higher veff PRG4 did not lower
friction effectively. HA lowered friction effectively at all velocities. For both of these
SF constituents, kinetic friction was invariant at low velocities, suggestive of their
role at the cartilage-meniscus biointerface as boundary lubricants.
3. At veff = 0.3 mm/s, PRG4 and HA both reduced static and kinetic coefficients of
friction compared to PBS at an articular cartilage-meniscus biointerface, functioning
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effectively as boundary lubricants alone. Furthermore, when combined, they lowered
friction even further, approaching the lubricating ability of whole SF.
4. rhPRG4 lowered both static and kinetic coefficients of friction at the articular
cartilage-meniscus biointerface. rhPRG4 also appeared to interact synergistically with
HA to lower friction further, behaving similarly to native PRG4 as a boundary
lubricant at this biointerface.
5. rhPRG4 demonstrated the ability to adsorb to the surface of the meniscus effectively,
repleting the surface layer similarly to native PRG4 following surface depletion by
shaking or salt extraction.
Collectively the work described in this thesis work demonstrates the lubricating function
of naturally occurring SF constituents at a physiologically relevant articular cartilage-meniscus
biointerface. A novel in vitro lubrication test for the articular cartilage-meniscus biointerface
demonstrates that this biointerface can operate in the boundary mode of lubrication, which is
critical for understanding the role this tissue plays in the joint. In addition,,this test highlights the
lubricating ability of PRG4 and HA to lower friction at low and intermediate velocities,
indicating that these molecules function as boundary lubricants at this biointerface. The
synergistic interaction to lower friction of these two molecules further, previously observed at a
cartilage-cartilage biointerface, is retained at the articular cartilage-meniscus one. Given HA’s
current use as a viscosupplement for treatment of OA and PRG4’s effective use in animal models,
this finding is potentially important support for the future development of a new biotherapeutic
injection. To this end, rhPRG4 is shown to lower friction similarly to native PRG4, as well as
adsorb to the meniscal surface following surface depletion, indicating its role as a boundary
lubricant. These findings cumulatively demonstrate the importance of PRG4 at this
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physiologically relevant, and previously uninvestigated, biointerface and potentially contribute to
the development of a recombinant biotherapeutic injection that could benefit those suffering
from OA.
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6.2 Discussion
The meniscus is an important part of healthy knee-joint function given its load bearing
and lubricating function44,47,48. While this lubricating function is often described as one of its key
roles, studies looking specifically how the meniscus tissue affects friction are few. While an
intact whole joint friction test showed that the presence of a meniscus prevented cartilage wear, it
did not investigate one mode of lubrication specifically, nor did it vary lubricants120. As such,
this thesis work was both novel and significant. It is important to consider meniscal lubrication
as it pertains to knee-joint mechanics as both rolling and sliding motion occurs due to the
femoral condyle motion and tibial internal rotation56. Furthermore, up to 70% of loads in the
knee joint are transmitted through the meniscus55. This highly loaded environment provides the
conditions for boundary lubrication; indeed, boundary lubrication is thought to generate most of
the friction and wear in the knee72.
In the knee joint, the menisci slide against the articular cartilage surface, which has been
shown to similarly have load-bearing and lubricating properties29,30. For both articular cartilage
and meniscus, these mechanical properties are due, at least in part, to the specific structure of the
tissue. Both tissues are comprised of a solid collagen meshwork with negatively charged
proteoglycans and a fluid phase consisting of an interstitial fluid and positively charged ions in
said fluid29,49,50. The electrostatic attraction between the macromolecules and the ions keep the
tissue hydrated, but the repulsive interaction between the macromolecules themselves creates
osmotic pressure that provides mechanical strength29,36. In both tissues, the proteoglycans
responsible for this stiffness are in greater concentrations in areas of high loading34,51. Also,
collagen fibril orientation at the articulating surfaces of both tissues are similarly arranged to
resist shear forces on the surface34,46. Given these structural similarities, it is unsurprising that
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articular cartilage-cartilage tests and the cartilage-meniscus tests conducted in this thesis show
the same friction reduction due to SF constituents84,96.
There are, however, some differences between articular cartilage and meniscus tissue.
The main structural difference is that while articular cartilage is composed primarily of type-II
collagen, meniscus’ solid phase is mainly comprised of type-I collagen, like bone and tendon34,50.
While type-II collagen is found in the meniscus, it is localized deeper in the meniscus, not at the
surface layer; this surface is dominantly type-I collagen52,121. Type-I collagen has a larger
diameter and, due to this, has higher tensile strength122. Furthermore, meniscus tissue was found
to have a stiffer surface than apposing articular cartilage surface in compressive tests, though it
can vary greatly deeper in the tissue123. This difference in surface stiffness and compressive
modulus could cause the equilibrium loading to be slightly higher and lead to lower friction
coefficients in PBS tests compared to PBS values observed in cartilage-cartilage tests96. When
PRG4 or HA are the lubricants however, the slight changes in equilibrium load are minimal
compared to the greatly reduced frictional force from improved lubrication.
Test parameters were specifically set to facilitate an operative boundary mode of
lubrication. Tissues were compressed 18% of total thickness, first shown at an articular cartilagecartilage biointerface, and now at the cartilage-meniscus biointerface, to be sufficient for
boundary lubrication65. This sufficiency was determined at the cartilage-cartilage biointerface by
the invariance of friction at a higher 24% compression. Just as 0.3 mm/s was shown to be slow
enough for boundary lubrication to be operative, 18% compression was found to be a high
enough load. A 40-minute stress relaxation period and fluid depressurization holes cut in the sub
chondral bone (leaving the articular surface undisturbed) allowed for the interstitial fluid to
depressurize, preventing said fluid from bearing significant portions of the load and facilitating
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fluid-mediated lubrication65,70. Finally, a stationary contact geometry was used to contribute to
limit fluid exudation and repressurization that can occur in reciprocating test protocols involving
hydrated tissues65. Boundary lubrication generally occurs at low velocities and high loads65, and
in Chapter 2 velocity was investigated by assessing the velocity dependence of kinetic friction at
the articular cartilage-meniscus biointerface (at the cartilage-cartilage biointerface 18%
compression was sufficient for boundary lubrication, as were low velocities of 0.1, 0.3 and 1.0
mm/s65). At low and intermediate velocities, PRG4 lubricated effectively compared to PBS, but
at veff = 1 mm/s and higher, PRG4 decreased in lubricating function, suggesting that it only
contributes to boundary lubrication, and when fluid-mediated lubrication occurs at higher
velocities, where fluid properties such as viscosity contribute to lubrication36, PRG4 does not
help reduce friction. The invariant friction values found for PRG4 at low velocities show that a
sufficiently low velocity has been reached for an operative boundary mode of lubrication.
HA lowered friction effectively at lower and intermediate velocities as well, showing that
it lowers friction in a cartilage-meniscus boundary lubrication test. HA has been shown to be an
effective boundary lubricant alone at physiological biointerfaces and Chapter 2 supports this
conclusion84,96. However, it also reduced friction at high velocities, suggesting it improves
lubrication in a fluid-mediated lubrication paradigm as well; this improvement then could be a
result of HA’s viscosity. Stribeck analysis compares friction to viscosity, velocity and load.
Stribeck analysis is not valid for soft, porous, hydrated tissue surfaces, and it requires a
reciprocating test protocol, so may not be an appropriate model for this test setup. However, it is
a worthwhile tool for comparing the relative effects of viscosity, velocity, and load in lubrication.
For this test, compression and velocities were controlled. If HA’s viscosity was estimated to be
an order of magnitude higher than that of PBS or PRG4, the curve would shift to the right, where
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the friction is still low, and invariant, at low velocities. This further supports HA’s role as a
boundary lubricant at physiological biointerfaces.
HA’s lubricating ability is important as it is currently used as a viscosupplement, though
the residency time in the joint has called into question its efficacy12,24. PRG4 injections however
have been shown to have a residency time of 28 days in animal models108, dramatically longer
than the 24-48 hours observed for HA-based viscosupplements25,26. In addition, PRG4 and HA
have been shown to interact synergistically to lower friction at synthetic86,98,99 and
physiological84,96 interfaces. As such, Chapter 3 investigated their synergism in a lubrication test
(now using veff = 0.3 mm/s to ensure boundary mode lubrication) at the articular cartilagemeniscus biointerface. Indeed, combining PRG4 and HA further lowered both kinetic and static
coefficients of friction, approaching the level of SF.
While it is known that PRG4 and HA form a larger complex in solution, the specific
mechanism by which this complex reduces friction is unknown and subject to debate96. It has
been suggested that PRG4 forms a sacrificial layer on the surface of the tissue, so when an
apposing surface moves across the tissue the PRG4 is sheared off, protecting the tissue88. When
HA is added, an “adaptive” mode of lubrication occurs where HA and PRG4 become entangled
and PRG4 that is sheared off under high loads is entrapped by the HA105. This mechanism relies
on replenishment of the surface layer by the lubricating fluid88. Conversely, if the exuded fluid is
not sufficient for this to occur106, PRG4’s lubricating ability may be due to a polymer brush-like
behavior where its end terminals are bound to the surface and its negatively charged mucin
domain is exposed, resulting in steric and electrostatic repulsion89,90. HA’s negatively charged
polymer chains could contribute to this repulsion and further reduce friction as the apposing
surfaces repel one another. This is the lubricating mechanism thought to work in ocular

	
  

85	
  

lubrication during blinking90, with the brush-like layer causes very low friction due to steric
repulsion, before increasing slightly into fluid-mediated lubrication with a shear thinning fluid
film. While velocity dependence shown in Chapter 2 closely follows this trend, the forces present
in the knee are much greater than the eye; in fact, high forces were shown to damage the PRG4
brush-like layer, despite protecting the surface89.
These different potential mechanisms of lubrication and synergism are important to
understand, but the test used in these studies likely cannot distinguish between them. Rather, this
macro scale in vitro lubrication test is designed for testing physiologically relevant tissue
surfaces with specific parameters to ensure a dominant boundary mode of lubrication. Other test
parameters are able to manipulate the surface properties of synthetic materials to better
understand how PRG4 might function there, but these hard materials do not have the same
surface interactions as in vivo tissue86,89,98,99. Testing motion could also reciprocate to better
emulated joint kinematics, but this would lead to fluid exudation and mixed mode of lubrication,
preventing boundary lubrication from being studied and understood specifically70. Specific
characteristics of boundary lubrication must be considered, as well as the interface, when
studying putative boundary lubrication of physiological tissues.
Another important characteristic of a boundary lubricant is the ability to bind to the
articulating surface65. PRG4 also fulfills this criteria, as it is found naturally on both articular
cartilage and meniscus76,77. rhPRG4 has been previously shown to do the same for articular
cartilage in levels comparable to native PRG4111. In Chapter 4 it was shown that rhPRG4 is also
able to replete the surface layer at the meniscus following depletion by either shaking or shaking
and salt extraction. While IHC is qualitative, the levels of rhPRG4 adsorbed to the surface were
noticeably greater than residual protein remaining on the surface following soaking in just PBS
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and comparable to native PRG4, SF, and fresh samples. Furthermore, the cut surface was also
adsorbed to, as seen in cartilage previously111. rhPRG4’s ability to adsorb to the cartilage111, and
now meniscal, surfaces is indicative of its role as a boundary lubricant at the cartilage-meniscus
biointerface.
This surface layer on articular cartilage has been shown previously to vary in thickness
between monomer-enriched and multimer-enriched PRG4 preparations124. PRG4’s ability to
disulfide bind to other PRG4 monomers, forming multimers, is a critical function of its N
terminal, while the C terminal is thought to account for surface binding109. Multimer-enriched
PRG4 preparations reduce friction more than primarily monomeric PRG4 solutions at a
cartilage-cartilage biointerface, suggesting, potentially, that a thicker surface layer could improve
lubricating function124. This would seem to support the sacrificial layer model of lubrication, as
there is more PRG4 at the surface to be sheared away, which has been shown to be effectively
repleted in PRG4 solutions111. Furthermore, this model involves the C terminal binding to the
surface while the N contributes to multimerization, unlike the polymer brush theory in which
both terminals bind to the surface of the cartilage89,90,109.
Cumulatively this work, through the development of a novel in vitro articular cartilagemeniscus lubrication test, determined the velocities at which boundary lubrication was dominant,
demonstrated the lubricating ability of (rh)PRG4 and HA, alone and synergistically in
combination, at this biointerface, and observed the surface adsorbing ability of rhPRG4 to the
meniscus. All told, this contributes to the understanding of tribology in the knee joint at the
infrequently studied, yet important, meniscal surface, and may aid in the future development of a
biotherapeutic injection making use of both HA and rhPRG4.
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6.3 Limitations
This thesis work has several limitations that, while they do not invalidate the conclusions
of the work, are worth recognizing and considering their effects. Foremost among these is the in
vitro nature of the methodology. The lubrication occurring in the joint takes place at a complex
surface geometry whose resulting kinematics are more complex than those tested in the
proceeding studies. Furthermore, this motion leads to a mixed lubrication mechanism in which
different types of lubrication occur over different times, velocities, and loads. The test setup
employed here was certainly not a knee-motion simulator, but did, however, allow for a specific
type of lubrication that accounts for much of the wear in the knee72, to be tested at a
physiologically relevant biointerface.
The test setup did not accurately represent the specific anatomical interactions that occur.
The meniscal surface harvested for use in the samples was taken from the tibial facing surface,
while the cartilage used was cut from the patellofemoral groove. These surfaces do not directly
articulate against one another, of course, though in both tissues the surface morphology is largely
the same throughout the tissue35,46. As such, the surface of the tissue that is exposed to shearing
force during motion would be similar for purposes of boundary mode lubrication. Another
mechanical difference in the whole tissue that would not likely play a role in this test protocol
are hoop stresses in the circumferential fibers of the meniscus46,50. These stresses may alter the
mechanical strength of the tissue in tension, but given that lubricants are the changed factor
while the tissue conditions remain the same, the comparisons are still valid.
The developed test methodology also presented some factors to consider. The range of
friction coefficient values between the positive and negative controls, SF and PBS, was not as
large as in cartilage-cartilage tests. Previous studies using a rotational test geometry at the
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cartilage-cartilage biointerface had a range of <µkinetic,Neq> values ~0.02-0.2 between SF and
PBS65,84,96,112. The articular cartilage-meniscus lubrication tests however have a range 0.025-0.18.
This smaller range of values makes it more difficult for statistically significant differences to be
found at lower values of n. The studies contained in this thesis had n values between 4 and 8 for
boundary lubrication tests and while the trends were consistent, significant differences were not.
The PBS values were quite variant, possibly due to tissue variability, between these studies as
well. <µkinetic,Neq> values for PBS ranged from 0.129±0.033 to 0.168±0.005 at the cartilagemeniscus biointerface. However, such issues can be overcome with higher sample numbers.
Sample preparation presented some challenges. The meniscal samples, when cut from the
surrounding tissue, often swelled, making it difficult to achieve appropriate flat articulating
surface necessary for the boundary lubrication test. As such, a maximum difference between the
first and last point of contact of the tissue surfaces of 0.1 mm was observed. This swelling may
also result in the collagen framework being stressed relative to the in vivo tissue, as well as
altering the osmotic pressure within the framework. Furthermore, as shown in Chapter 4, shaking
the meniscal samples did not fully remove residual protein, though boundary lubricating ability
is greatly decreased. The tissue used should also be considered; it was taken from bovine joints.
While cartilage-cartilage testing has achieved similar results using human and bovine
tissue94,96,112, no human menisci have been tested to be compared to bovine tissue as of yet.
These challenges must be considered, but do not affect the comparative testing of different
lubricants as the tissue flatness is controlled, residual protein greatly reduced, and bovine tissue
used consistently.
While the IHC imaging provided high quality, comparative images, no quantitative data
were generated. As such, the conclusions drawn from these images have to be considered as a

	
  

89	
  

conceptual insight into the surface adsorption of rhPRG4, not a direct, numerical comparison.
Regardless, IHC does allow for visual comparisons in immunoreactivty to be made that can
indicate relative levels of protein.
Consideration of different modes of lubrication tends to involve the use of Stribeck
analysis. Indeed, boundary mode is often defined by the characteristics of it seen in the Stribeck
curve. However, somewhat paradoxically, this methodology is not valid for a stationary
geometry or rotational motion test, nor a soft, porous, and hydrated tissue surface like cartilage
or mensicus67. It can, however, be used to examine the effects of velocity on a lubricating
interface and provide insight into the type of lubrication at play in a specific situation.
Despite these limitations, this thesis work was successful in investigating the biotribology
of the articular cartilage-meniscus biointerface. In fact, many of these limitations are due to
specific decisions made in test and study design. The in vitro boundary lubrication test setup
used herein may not be a knee-joint simulator, but allowed for an important mode of lubrication
to be specifically investigated at a physiologically important biointerface. Specific mechanisms
may not be directly observed, but the comparisons between naturally occurring lubricants at this
physiological biointerface allows for physiological interactions between the molecules and
tissues and may contribute to the development of treatments for OA.
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6.4 Future Work
Moving forward, there are several potential areas for further study for these specific
topics. For in vitro boundary lubrication testing, replicating the test with human cartilage and
meniscus tissue would be a worthwhile endeavour to confirm that bovine tissue is an appropriate
model of human tissues in this biotribological context. Human cartilage has been used previously
in tests for SF and showed the same lubricating function as bovine cartilage94. Furthermore, the
test developed here could be done with artificial meniscus biomaterials for characterization and
development efforts. The benefits of this work would be two-fold: it would test the ability of an
artificial meniscus to lubricate similarly to a normal, healthy meniscus, as well as assess the
lubricating ability of rhPRG4 ± HA at an biointerface that will become increasingly common and
relevant in the OA patient cohort.
Surface adsorption can also be further explored to both investigate PRG4+HA synergism
as well as quantify the previously observed results. To gain insight into the synergistic
interaction of PRG4 and HA at the surface of an articulating surface, rhPRG4 and HA could be
imaged alone and in combination. While some antibodies bind to both PRG4 and HA, making it
impossible to distinguish between them, recently available fluorescein isothiocyanate (FITC)labelled HA and rhodamine-labelled rhPRG4 (labelled with a commercially available kit) allow
for these fluorescent molecules to be directly imaged. Bovine meniscal discs were depleted of
PRG4 by vigorous shaking, as done in Chapter 4, before soaking in the lubricants of interest.
Following cryosectioning and fixation, the fluorescent lubricants were mounted with a DAPI
mounting medium and imaged directly. Preliminary results from such a test, shown below in
Figure 5-1, show that rhPRG4 binds to the surface alone as evidenced by a red immunoreactive
layer present at both the articular surface and cut surface. HA also binds to the surface, as well as
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to structures, potentially collagen fibrils, deeper in the tissue, seen as green fluorescence. When
combined, however, HA immunoreactivity is localized to the surface where rhPRG4 is found,
overlapping to form the surface layer required for boundary lubrication. This overlap is seen as a
yellow band where the red and green fluorescence from the individual SF constituents is overlaid.
This may support the finding in previous work that HA’s MW, while important for HA’s
lubricating ability alone, does not matter when combined with PRG4 due to PRG4-HA complex
that forms96.

	
  

92	
  

	
  

93	
  

Figure 5-1: Immunolocalization of rhPRG4 and HA at meniscal surface. All samples were
shaken overnight in PBS at 4oC, frozen over night at -80oC, shaken again in fresh PBS at 4oC and
soaked in solutions of interest overnight at room temperature. Solutions: rhodamine-labelled
rhPRG4 at 0.450 mg/mL, FITC-labelled 1.5 MDa HA at 3.33 mg/mL, and a combination of
rhPRG4 and HA. Blue shows DAPI staining of chondrocyte cells.

To quantify surface adsorption rhPRG4 can be radio-labelled. After tissue samples are
soaked in this radio-labelled rhPRG4, the samples can be placed in an automatic gamma counter
that will quantify the amount of rhPRG4 that adsorbs to the surfaces. This would allow for more
precise comparisons between different depletion and repletion methods. This methodology has
been tested preliminarily on cartilage discs and appears to provide a more accurate comparison
between samples that may have been to similar to properly distinguish visually with normal IHC.
rhPRG4 has been shown to reduce friction at cartilage-cartilage and cartilage-meniscus
biointerfaces effectively as well as adsorbing to both cartilage and meniscus surfaces. This
provides justification for development of an OA therapeutic. Animal models in which OA is
induced through surgery and followed by rhPRG4 injections are currently being conducted. The
chondroprotective abilities of rhPRG4, if any, in this situation would add credibility to the use of
PRG4 as an OA treatment as well as bring the treatment closer to patients. The final step
between bench and bedside, of course, would be clinical trials in humans involving a doubleblind study protocol. While this is beyond the scope of this thesis, such a treatment of rhPRG4
and HA could improve the lubricating function in patients’ knee joints and potentially help
alleviate OA related pain and possibly combat the actual pathological tissue degradation.
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Appendix

A.1 Torque and Load Profiles
The custom articular cartilage-meniscus boundary lubrication test that was described in
Chapter 2 collected torque and load data from which to calculate coefficients of friction, as
described in section 2.3.4. The resulting friction coefficients were displayed in Chapters 2 and 3,
however the raw torque and load profiles were not. Below in Figure A-1, representative torque
and load profiles are displayed for the three veff of interest, 0.01, 0.3, and 10 mm/s for the
positive and negative controls, SF and PBS respectively.

Figure A-1: Friction data acquired on articular cartilage-meniscus biointerfaces. Torque (τ)
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profiles obtained during two rotations at three velocities (0.01, 0.3 and 10 mm/s) on PBS (A) and
SF (B). Instantaneous axial load (N) profiles acquired simultaneously for PBS (C) and SF (D).

The characteristics of the measured torque and axial load were similar at this
biointerface as it was at the cartilage-cartilage biointerface125. Measured τ data reached a steady
state during the 2nd revolution for both configurations, shown for 0.01, 0.3, and 10 mm/s in PBS
and SF (Figure A-1 A, B). The axial load varied at both biointerfaces, with the variance
increasing with velocity and demonstrating cyclical behavior during revolutions (Figure A-1 C,
D).
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