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The tribology of cartilage: mechanisms, experimental
techniques, and relevance to translational tissue engineering

Jarrett M. Link®", Evelia Y. Salinas®", Jerry C. Hu?, Kyriacos A. Athanasiou?

83131 Engineering Hall, Department of Biomedical Engineering, University of California, Irvine,
California 92617, USA

Abstract

Diarthrodial joints, found at the ends of long bones, function to dissipate load and allow for
effortless articulation. Essential to these functions are cartilages, soft hydrated tissues such as
hyaline articular cartilage and the knee meniscus, as well as lubricating synovial fluid.
Maintaining adequate lubrication protects cartilages from wear, but a decrease in this function
leads to tissue degeneration and pathologies such as osteoarthritis. To study cartilage physiology,
articular cartilage researchers have employed tribology, the study of lubrication and wear between
two opposing surfaces, to characterize both native and engineered tissues. The biochemical
components of synovial fluid allow it to function as an effective lubricant that exhibits shear-
thinning behavior. Although tribological properties are recognized to be essential to native tissue
function and a critical characteristic for translational tissue engineering, tribology is vastly
understudied when compared to other mechanical properties such as compressive moduli. Further,
tribometer configurations and testing modalities vary greatly across laboratories. This review aims
to define commonly examined tribological characteristics and discuss the structure-function
relationships of biochemical constituents known to contribute to tribological properties in native
tissue, address the variations in experimental set-ups by suggesting a move toward standard testing
practices, and describe how tissue-engineered cartilages may be augmented to improve their
tribological properties.
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Introduction

Diarthrodial joints, such as the knee, contain hyaline articular cartilage, fibrocartilage, and
intra-articular space filled with synovial fluid. Hyaline articular cartilage is a highly
hydrated, anisotropic tissue composed primarily of collagen Il, proteoglycans, and
chondrocytes that covers the ends of long bones and acts as a load-bearing, lubricated
surface during joint articulation.(Athanasiou et al., 2017) Fibrocartilage structures, such as
the meniscus in the knee, confine motion, dissipate loads, and contribute to essentially
frictionless articulation of diarthrodial joints as well. Synovial fluid is confined to the joint
space by the articular capsule and contains macromolecular components, such as superficial
zone protein (SZP) and hyaluronan, which are essential to joint lubrication.(Jay and Waller,
2014; Noyori et al., 1998) This review will focus on the articular surfaces of hyaline
articular cartilage and the knee meniscus, as well as synovial fluid, since they are the
components responsible for maintaining low-friction motion and lubrication, or tribological
functions, in diarthrodial joints.

Tribology is the study of the interactions between two surfaces moving relative to one
another. While it traditionally refers to the study of non-biological materials, tribological
principles have been extended to understand the loading environment of diarthrodial joints.
The quantitative properties when studying the tribology of diarthrodial joints are surface
roughness, R,, and coefficient of friction, p. This review will utilize both of these properties
for evaluation of tribological properties of the native and engineered tissues described in
subsequent sections. A crucial characteristic of native hyaline articular cartilage is its ability
to exhibit minimal friction at joint-gliding speeds between 0-0.03m/s when subjected to
loads that are five times bodyweight.(Bergmann et al., 1993; Morrell et al., 2005) The
replication of tribological properties is crucial to the translation of tissue-engineered
articular cartilages, yet they remain under-characterized in tissue-engineered constructs. For
instance, a PubMed search for “articular cartilage lubrication” yielded 422 results, but a
search for “articular cartilage mechanical properties” produced 1,789 references. Building
on some of the tissue-engineering strategies described in this review to improve the
tribological properties of engineered constructs could decrease this discrepancy.

It is predicted that by the year 2050 osteoarthritis, an articular cartilage degeneration disease,
will affect at least 130 million people world-wide.(Maiese, 2016) Articular cartilage
degeneration causes pain and inflammation of the joint, loss in mechanical function, as well
as loss in tribological function. As health care technologies expand and life expectancy in
the United States consequently increases, incidences of articular cartilage degeneration will
also increase, necessitating viable treatment options such as implantable tissue-engineered
articular cartilage constructs with adequate mechanical and tribological properties.

In this review, the components, such as SZP and hyaluronan, and mechanisms, such as
shear-thinning of synovial fluid, known to contribute to the tribological properties of
articular cartilages will be described. The pathologies that compromise articular cartilage
tribological function will also be discussed. Specifically, this review will delve into how
surface roughness, coefficient of friction, and lubrication regimes affect and are affected by
the state of biochemical components known to regulate tribological function. Tribological
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properties will be compared quantitatively by looking at the spread of the coefficient of
friction obtained across laboratories using a variety of tribometer modalities. Although there
is a consensus toward testing articular cartilages under boundary lubrication regimes,
variations exist from laboratory to laboratory in terms of tribometer configurations, testing
substrates, and lubricants. A recommendation will be made toward reconciling and
standardizing tribological measurements for articular cartilages. Therapeutic targeting of
tribological properties will be presented and discussed, including the current state of
recapitulating tribological properties in tissue-engineered articular cartilages for translation.
Finally, the areas of articular cartilage tribology that remain understudied will be presented.

Commonly examined tribological characteristics in cartilage

The two quantitative tribological characteristics measured in both native and engineered
articular cartilage are surface roughness and coefficient of friction. In this section, surface
roughness and coefficient of friction are defined, and the values of native articular cartilage
are presented. Finally, the coefficient of friction and surface roughness of synthetic materials
are juxtaposed to native cartilage tribological properties for added context and perspective.

Surface roughness

A common measure of surface roughness, R, quantifies asperities on the articulating
surface. Surface roughness is derived by measuring the average height deviation from the
surface midline and is typically reported in nanometers.(Zappone et al., 2008) Surface
roughness ranges from 1-150 nm in native hyaline articular cartilage across the body. In
comparison, the femoral head components of total hip replacements typically range from
40-200 nm in surface roughness.(Ghosh and Abanteriba, 2016; Ghosh et al., 2013; Moa-
Anderson BJ, 2003)

Coefficient of friction

Coefficient of friction, , refers to the ratio of the horizontal force needed to move two
surfaces across each other relative to the normal force. Coefficient of friction is the
tribological property most studied in the field of articular cartilage. In both native and
experimental settings, coefficient of friction is dependent on the articular surface roughness,
normal load, lubrication mode, as well as experimental conditions such as testing modality.
Coefficient of friction may be determined under static or kinetic conditions. Furthermore,
the initial and equilibrium coefficient of friction can also be measured. The coefficients of
friction that will be examined in this review were obtained under kinetic, equilibrium
conditions in the boundary lubrication regime. The coefficient of friction of native articular
cartilage has been reported to range broadly from 0.001-0.45 (Table 1).(Athanasiou et al.,
2017; McCutchen, 1962; Middendorf et al., 2017). For comparison, typical new and cleaned
rolling bearings offer a coefficient of friction of 0.005, indicating that articular cartilage can
be more frictionless than a man-made bearing under certain conditions.(Woydt and Wésche,
2010)
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Tribological structure-function relationships in diarthrodial joints

In this section, the cartilage components that are essential for tribological function are
identified. The capacity of lubricin and hyaluronan to modify the tribological characteristics
of a diarthrodial joint is described. The importance of the interaction between lubricin and
hyaluronan in the synovial fluid is also described and further discussed in the context of
different lubrication modes. Lubrication modes, including boundary, mixed,
elastohydrodynamic, and hydrodynamic, are defined, and the loading conditions that yield
these lubrication modes are also established.

Cartilage components essential for tribological function

Among the components of diarthrodial joints, synovial fluid and the articular cartilage
surface, or lamina splendens, play particularly important roles in cartilage lubrication.
(Athanasiou et al., 2017) Two key synovial fluid constituents are hyaluronan and SZP.(Majd
et al., 2014). Hyaluronan, among other roles, gives rise to the shear-thinning properties of
synovial fluid, critical to fluid film lubrication in articulating joints.(Tamer, 2013) Matrix
molecules present at the articular cartilage surface, primarily collagen Il, can form molecular
associations with SZP and hyaluronan in synovial fluid.(Flowers et al., 2017; Majd et al.,
2014) These complexes at the cartilage surface create a “sacrificial layer” vital in mediating
boundary lubrication.(Chan et al., 2012) Due to their vital functions in mediating cartilage
lubrication, SZP and hyaluronan are discussed in more detail below.

Lubricin/SZP/proteoglycan 4: Lubricin, SZP, and proteoglycan 4 (PRG4) are terms often
used interchangeably throughout the literature to describe one of the critical lubricants in
diarthrodial joints. While each is a product of the PRG4 gene, they are distinct
macromolecules of varying sizes (SZP: 345 kDa, lubricin: 227 kDa, PRG4: 460 kDa).(Peng
et al., 2015) However, because it is difficult to distinguish unique functions among them, this
review will refer to the products of the PRG4 gene collectively as SZP. This is a mucinous
glycoprotein secreted into synovial fluid by superficial zone chondrocytes and synoviocytes,
shown to mitigate superficial zone cartilage damage and chondrocyte death.(Jay and Waller,
2014)

The globular N- and C- termini of SZP can interact with a variety of molecules at the
cartilage surface, such as collagen I, fibronectin, and cartilage oligomeric protein to form a
lubricating boundary layer.(Flowers et al., 2017; Jay and Waller, 2014) SZP has also
demonstrated strong adsorption to denatured, amorphous, and fibrillar collagen I1,
suggesting its adsorption is not dependent on the conformation of collagen.(Chang et al.,
2014) Meniscus surfaces can also benefit from this lubricating layer, because SZP
localization at its surface has been observed.(Warnecke et al., 2017) In general, SZP has
been shown to reduce coefficients of friction across a variety of tissues and materials.(Chang
et al., 2014; Jay and Waller, 2014; Peng et al., 2015) Its function can be further enhanced in
the presence of hyaluronan, with which it can interact to form complexes.(Greene et al.,
2011)

Hyaluronan: The non-sulfated glycosaminoglycan (GAG) hyaluronan is a large
polysaccharide (2000 kDa in diarthrodial joints) that is found both floating freely in synovial
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fluid and as part of the extracellular matrix of articular cartilage.(Cowman et al., 2015)
GAGs are thought to be responsible for interstitial fluid pressurization in articular cartilage,
and the depletion of GAGs, in particular hyaluronan, has adverse effects on its frictional and
lubricating properties. (Comper and Laurent, 1978; Higaki et al., 1998) For example,
gradually removing hyaluronan from a lubricating solution was shown to increase the
coefficient of friction of the native articular cartilage surfaces being examined.(Higaki et al.,
1998) Hyaluronan in a matrix is known to act as a viscoelastic material, and, because of its
large size, hyaluronan induces steric hindrance that attenuates fluid flow within a solution.
(Comper and Laurent, 1978; Simkovic et al., 2000; Tamer, 2013) Since these properties of
hyaluronan contribute to joint tribology, several hyaluronan-based clinical products have
been developed to mitigate the symptoms of osteoarthritis.(Sun et al., 2017; Tamer, 2013)

In experimental laboratory settings, hyaluronan has been studied as a joint lubricating agent
using cartilage-cartilage, cartilage-steel, and cartilage-glass interactions.(Bell et al., 2006;
Higaki et al., 1998; Murakami et al., 1998) Furthermore, hyaluronan alone, and its
complexing with SZP, contribute greatly to the shear-thinning behavior of synovial fluid,
suggesting that a healthy joint necessitates both hyaluronan and SZP for tribological
function.(Greene et al., 2011) Therefore, when studying and characterizing the tribology of
diarthrodial joint tissues, both hyaluronan and SZP should be present in the testing solution
if one is to expect coefficients of friction approximating /n vivo values.

Regulation of lubrication modes in diarthrodial joints

The shear-thinning properties of synovial fluid allow it to act as a viscous fluid at low shear
rates or sliding speeds.(Ambrosio et al., 1999; Hyun et al., 2002) The loading and shear rates
that affect the viscosity of synovial fluid also influence the lubrication mode (boundary or
fluid-film) and tribological properties of articulating joints. Because of the inherent porosity
of articular cartilage, it is theorized that the articular cartilage “weeps” interstitial fluid into
the intra-articular space when pressurized. When in fluid-film lubrication, pressure on the
fluid in the intra-articular space drives fluid into the tissue, theoretically “boosting” its
mechanical properties.(Lewis and McCutchen, 1959; McCutchen, 1959; Walker et al., 1968)
Stribeck curves, such as the one shown in Figure 1, are used to plot the dependence of the
coefficient of friction on sliding speed, applied normal load, and viscosity of the fluid
between the sliding surfaces, and illustrate how these parameters determine the mode (i.e.,
boundary or fluid-film) and regime of lubrication. These lubrication regimes are boundary
(Figure 1A), mixed (Figure 1B), elastohydrodynamic (Figure 1C), and hydrodynamic
lubrication (Figure 1D), which will be discussed in greater detail below.

Boundary lubrication plays a crucial role in articular cartilage tribology and mediates
frictional properties of articular cartilages if the joint is functioning under high loads, low
sliding speeds, or high fluid viscosity.(Chan et al., 2010; Gleghorn and Bonassar, 2008) /n
vivo and cadaveric studies have shown that under physiological loads, the pressure
distribution and lubrication regimes across the articular cartilage surface are not uniform,
and, in areas of high load, articular cartilage surfaces experience boundary lubrication.
(McCutchen, 1959) Most studies examining the tribological properties of articular cartilage
surfaces conduct measurements under a boundary lubrication regime because of its
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translational relevance, since this regime interrogates sample properties rather than lubricant
properties (Table 1 and Table 2). In the boundary lubrication regime, articular cartilage
surfaces are separated by only one or two molecules, known as a sacrificial layer.(Chan et
al., 2012) The primary molecules responsible for forming the layer of separation are
hyaluronan and SZP, which shelter the articular cartilage surface from high friction.(Neu et
al., 2008) Other molecules involved in forming the sacrificial layer are aggrecans and
surface-activated phospholipids.(Jahn et al., 2016) This sacrificial layer of molecules lining
articular cartilage in boundary lubrication mode is replenished at an equal or higher rate than
it is depleted, which maintains a low coefficient of friction on the articular cartilage surface.
Studies have shown that in healthy articular cartilage, the boundary lubrication layer would
be replenished at least 10 times faster than the development of wear caused by an increase in
friction coefficient.(Chan et al., 2012)

Fluid-film lubrication occurs at high articulation speeds or low loads. Fluid-film lubrication
can be either elastohydrodynamic or hydrodynamic depending on these loading conditions,
but is classified as fluid film lubrication if the interacting articular cartilage surfaces are fully
separated by a fluid-film distance larger than the surface roughness of the tissue.(McNary et
al., 2012) If the articular cartilage surface is deformed by the fluid-film, then lubrication is
considered to be in the elastohydrodynamic regime. Under the elastohydrodynamic regime,
joint physiological loads are initially borne by the synovial fluid; the corresponding fluid
pressure is then transferred onto the articulating surfaces. In fluid-film mode, the complex
formed by SZP and hyaluronan is disassembled because of their weak physical interaction.
(Zappone et al., 2008) This allows SZP to float freely in the synovial fluid and disperse
evenly throughout the intra-articular space.(Greene et al., 2011)

Pathologies affecting diarthrodial joint tribology

Conditions that can induce cartilage degeneration and, consequently, a reduction in
tribological properties, include congenital disorders, wear and tear, traumatic injury, and
inflammation. One congenital disease with particular relevance to cartilage lubrication is
camptodactyly-arthropathy-coxa vara-pericarditis (CACP) syndrome, caused by a mutation
in the PRG4 gene.(Jay and Waller, 2014) Inherited in an autosomal recessive fashion,
affected patients exhibit non-inflammatory, juvenile-onset joint failure, suggesting SZP is
necessary for joint health and function.(Marcelino et al., 1999) The ability of SZP to rescue
function in tissues affected by CACP has been tested /7 vitro using bovine articular cartilage.
(Waller et al., 2013) These explants demonstrated a boundary mode friction coefficient of
0.04 when lubricated with synovial fluid taken from patients with CACP (i.e., lacking
functional SZP). When SZP was added to the CACP synovial fluid, however, the coefficient
of friction dropped to 0.005. Thus, functional SZP appears to be a critical regulator of
cartilage lubrication.

In addition to genetic conditions, general wear and tear of the articular surface can lead to
local collagen depletion, one of the first stages of osteoarthritis.(Grenier et al., 2014)
Superficial collagen loss likely depletes the cartilage surface of key boundary lubrication
components, such as SZP, hyaluronan, and binding domains, and can increase surface
roughness, potentially furthering the progression of osteoarthritis.(Coles et al., 2010; Jay et
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al., 2007) Differences in gross morphology, biochemical content, and mechanical properties
between healthy and diseased cartilages are depicted in Figure 2. Healthy human femoral
head articular cartilage has demonstrated a boundary mode coefficient of friction of 0.119,
whereas early osteoarthritic tissue and advanced osteoarthritic tissue had friction coefficients
of 0.151 and 0.409, respectively.(Park et al., 2014) Values were determined using atomic
force microscopy (AFM), thus surface roughness was simultaneously measured. The
increase in friction coefficients with osteoarthritis progression correlated with higher tissue
surface roughness, as it was determined healthy, early osteoarthritic, and advanced
osteoarthritic tissue each had a surface roughness of 104, 382, and 537 nm, respectively.
These findings indicate osteoarthritis progression is closely related to deteriorating cartilage
lubrication.

Traumatic injury often induces post-traumatic osteoarthritis, a condition that can inhibit the
lubrication of articular cartilages. For example, in an equine injury model, synovial fluid
hyaluronan concentration and molecular weight decreased following the injury, which
impacted the fluid’s lubrication abilities. The boundary mode friction coefficient of bovine
articular cartilage tested in healthy equine synovial fluid was 0.026, whereas it was 0.036
when tested with synovial fluid from injured horses.(Antonacci et al., 2012)

Inflammatory pathways can also be activated by traumatic injury and osteoarthritis, leading
to the upregulation of inflammatory cytokines such as interleukin-1p (IL-1p), known to
adversely affect lubrication of articular cartilage.(Gleghorn et al., 2009) In an /n vitro study,
48-hour IL-1p treatment of bovine cartilage explants increased the boundary mode
equilibrium coefficient of friction from 0.26 to 0.36. It has also been shown that an
important regulator of cartilage lubrication and superficial zone maintenance is epidermal
growth factor receptor (EGFR). In an animal study, EGFR-deficient mice developed early
cartilage degeneration and demonstrated little to no hyaluronan and SZP localization at the
cartilage surface.(Jia et al., 2016) In bovine articular cartilage explants, transforming growth
factor alpha (TGF-a), known to activate EGFR-signaling, led to nearly a six-fold increase in
PRG4 mRNA and a 28% reduction in the explant friction coefficient. Thus, if EGFR-
signaling is disrupted in articular cartilage, for instance through upregulation of IL-1p, key
lubrication components, tissue tribological properties, and overall tissue health can be
damaged.(Jia et al., 2016; Sanchez-Guerrero et al., 2012) In general, regardless of the
mechanism of depletion, a lack of boundary lubricant will increase frictional forces in the
superficial zone of articular cartilage, potentially leading to dysregulated chondrocyte
metabolism, apoptosis, and degeneration.(Waller et al., 2013)

Methods for quantifying tribological properties

In this section, methods for quantifying tribological properties are listed and discussed. The
most commonly used tribometer configurations, pin-on-disc, pin-on-plate, and rolling-ball-
on-disc, for articular cartilage are described and compared. The use of atomic force
microscopy to quantify surface roughness is also included. Because different testing
configurations can lead to disparities in coefficient of friction and surface roughness values,
suggestions for standardized practices are also presented.
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Tribometers

A tribometer quantifies tribological properties, such as coefficient of friction. There are
many different tribometer configurations across engineering, but the most popular in
articular cartilage research are pin-on-disc, pin-on-plate, and rolling-ball-on-disc (Figure 3).
Regardless of the configuration, all tribometers aim to measure the properties of two
materials rubbing against each other and the effectiveness of lubricants between them.
Usually, articular cartilages are tested against a substrate of either stainless steel or glass,
with lubricants ranging from phosphate buffered saline (PBS) solution to fetal bovine serum.
To showcase the multitude of ways tribological properties are studied, Table 1 and Table 2
compare recent tribology studies on hyaline articular cartilage, as well as the knee meniscus,
by describing sample types, tribometer configurations, substrates, and lubricants. In
particular, Table 1 demonstrates how these experimental methodological variations yield
large discrepancies in the coefficient of friction of native articular cartilages. For example,
quantifying coefficient of friction by using cartilage-on-cartilage will yield lower values
compared to using glass-on-cartilage.(Warnecke et al. 2017) Furthermore, the testing
solution also has an effect on coefficient of friction, such as BSF yielding lower values
compared to PBS.(Schmidt et al. 2007) It is emerging that having a standard practice of
quantifying coefficient of friction of native and engineered articular cartilage would be
useful in facilitating comparisons between laboratories. For instance, this standard method
could involve a pin-on-plate or pin-on-disc tribometer configuration with the tissue
submerged in PBS under boundary lubrication.

Pin-on-disc/plate: The pin-on-disc and pin-on-plate tribometer configurations are the
most popular amongst articular cartilage research groups. Usually, they contain an acrylic
pin to which articular cartilage samples may be glued and then placed in contact with a
substrate (Figure 3A and Figure 3B).(Bonnevie et al., 2014; Kanca et al., 2018a; Shi et al.,
2011) The disc or plate substrate, generally made of glass or stainless steel, is completely
submerged in a lubricating fluid, such as PBS, for testing. Adjustable weights are used to
apply a known normal force on the articulating surfaces. A strain gauge, or other force
sensor types, is used to measure the friction force of the sample as the disc or plate rubs
against it. Boundary lubrication mode should be the lubrication modality used for this
tribometer configuration to ensure that the properties that are observed reflect the properties
of the sample against the substrate. If identification of the lubrication properties of a solution
is desired, both boundary and fluid-film lubrication studies should be performed to fully
characterize the lubricant.

Rolling-ball-on-disc: Tribometers may also take the form of a rolling-ball-on-disc
(Figure 3C). In this configuration, both the ball and the disc can be driven independently
allowing for a variety of kinematic conditions.(Nec€as et al., 2018) This configuration is
generally used to test the interaction of substrates used in total knee replacements and is
useful for testing the wear characteristics of plastic inserts and metal components in
synthetic joint replacements over time. Although useful for certain applications, the rolling-
ball-on-disc tribometer does not feasibly allow the testing of a small articular cartilage tissue
sample. Ball-on-disc tribometers, although rarely used, also exist and differ from rolling-
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ball-on-disc tribometers in that the ball is used to translate against a sample without rolling.
(Blum and Ovaert, 2013; Grad et al., 2012)

Atomic force microscopy

AFM is capable of surface imaging and force measurements at the nanoscale, making this
approach valuable for measuring tribological properties such as surface roughness and
“microscale” coefficient of friction.(Park et al., 2004) Through the use of AFM, it has been
found that the surface roughness, R,, of immature bovine articular cartilage is around 72 nm.
(Moa-Anderson BJ, 2003) AFM is particularly useful for testing tribological properties
occurring under boundary lubrication because of its ability to operate at single asperity, high
pressure contact.(Chan et al., 2010) However, studies have shown that AFM tip size and
scan size affect surface roughness measurements.(Sedin and Rowlen, 2001) Therefore, when
presenting AFM measurements for surface roughness, it is also important to report the tip
size and scan size, as well as a native tissue measurement with the same tip size and scan
size, for comparison.

Toward engineering native tribological properties

Because adequate lubrication is vital for diarthrodial joint health and function, various
strategies to engineer biomimetic tribological properties for both native tissue and
engineered constructs have been explored. Approaches include the development of
biolubricants to alter both fluid-film and boundary lubrication, low-friction scaffolds, as well
as bioactive factors and mechanical stimulation regimens that promote endogenous
lubrication mechanisms.

Biolubricants

Biolubricants can augment boundary lubrication properties by binding to articular cartilage
to replace components often depleted in damaged or degenerated articular cartilage, such as
GAGs. For example, hyaluronan-binding peptides were attached to cartilage via
heterobifunctional polyethylene glycol (PEG) chains to recruit hyaluronan from solution to
the cartilage surface.(Singh et al., 2014) This strategy significantly decreased coefficients of
friction in both healthy and osteoarthritic cartilage explants by ~50% relative to control
conditions (i.e., PBS as the lubricant) and could be retained in the rat joint for at least 72
hours, much longer than hyaluronan alone. Importantly, in osteoarthritic cartilage explants,
high concentration of hyaluronan in the testing solution did not reduce friction coefficients
relative to the hyaluronan-binding system applied to the same tissue type, indicating that
even low levels of hyaluronan, when bound to a surface, can improve lubrication properties.
(Singh et al., 2014) Samples in this study were tested in a pin-on-disc (in this case, tissue-
on-tissue) configuration within the boundary lubrication regime.

There are already clinically available hyaluronan-based biolubricants, or viscosupplements,
such as Artz®, Healon®, Hyalgan®, Opegan®, Opelead®, Orthovisc®, and Synvisc-One®.
(Sun et al., 2017; Tamer, 2013) While some patients experience a transient improvement in
their osteoarthritis symptoms after treatment, evidence is lacking to demonstrate the clinical
efficacy and disease-modifying ability of these injections.(Henrotin et al., 2018) In a similar
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context, modified, recombinant SZP as an intra-articular injection has been investigated
preclinically in a rat osteoarthritis model.(Flannery et al., 2009) 1 week following
osteoarthritis induction, SZP injections were administered for 4 weeks before animal
sacrifice, significantly improving total joint scores and reducing cartilage degeneration. Like
hyaluronan viscosupplementation, however, the long-term clinical efficacy of SZP injections
remains to be elucidated.

In another study, a poly(glutamic acid) backbone (PGA) was modified with poly(2-methyl-2
oxazoline) (PMOXA) and hydroxybenzaldehyde (HBA) to create a graft copolymer (PGA-
PMOXA-HBA) that mimics the boundary lubrication properties of SZP and hyaluronan.
(Morgese et al., 2018) PGA-PMOXA-HBA is designed to bind to damaged articular
cartilage to provide a boundary lubrication layer and prevent cytokine penetration into the
tissue. Tested in a rolling-ball-on-disc configuration within the boundary lubrication regime,
certain PGA-PMOXA-HBA formulations were able to reduce friction coefficients of
damaged articular cartilage (around 0.14) to levels exhibited by healthy articular cartilage
(less than 0.06).(Morgese et al., 2017) Furthermore, PGA-CPMOXA-HBA prevented
chondroitinase ABC-mediated and collagenase-mediated digestion of GAGs and collagen,
respectively.(Morgese et al., 2018) Another technique involved an interpenetrating polymer
network (IPN) designed to mimic GAGs lost during osteoarthritis progression. IPN includes
a GAG-inspired zwitterionic polymer 2-methacryloyloxyethyl phos-phorylcholine (pMPC)
that is photopolymerized /n situ and decreased friction coefficients in bovine articular
cartilage by 24% relative to untreated controls in a pin-on-disc configuration under fluid-
film lubrication mode.(Cooper et al., 2017) These and other lubricants can reduce friction at
the cartilage interface, however comparing absolute values from each study is difficult
because the testing modality and lubrication mode vary broadly. Furthermore, it is possible
that achieving a clinically effective strategy may require an approach that focuses more
specifically on boundary lubrication of articular cartilage.

Scaffolds

Avrticular cartilage synthetic scaffold design criteria tend to focus on mechanical properties;
however, some scaffolds have been developed with greater emphasis on improving
tribological properties (Table 2). In one study, biodegradable polyvinyl alcohol (PVA)
polymer hydrogels were functionalized with a carboxylic acid derivative boundary lubricant
molecule and reduced friction coefficients up to 70% relative to unfunctionalized PVA
scaffolds.(Blum and Ovaert, 2013) Furthermore, functionalized PVA hydrogels
demonstrated friction coefficients that resembled those of native cartilage. Friction tests
were conducted in a ball-on-disc configuration within the boundary lubrication mode. PVA/
polyvinyl pyrrolidone (PVP) blend hydrogels have also been tested against articular cartilage
across lubrication modes and demonstrated average coefficients of friction between 0.12 and
0.14, which were close to cartilage-on-cartilage interaction (0.03) and much lower than
cartilage-on-stainless steel articulation (0.46).(Kanca et al., 2018b) Interestingly, increasing
hydrogel compressive modulus was highly correlated to coefficient of friction, likely due to
lower congruence in stiffer hydrogels.
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In a combinatorial approach, infiltration of a 3D-woven polycaprolactone scaffold with an
alginate/polyacrylamide hydrogel created a composite scaffold that significantly reduced the
boundary lubrication coefficient of friction from 0.64 for the scaffold alone to 0.28.(Liao et
al., 2013) A tissue-engineered cartilage implant that replicates NeoCart® demonstrated a
decreasing boundary mode coefficient of friction throughout 7 weeks of culture (0.40 at
week 0 to 0.24 at week 7).(Middendorf et al., 2017) The coefficient of friction of constructs
from week 3 of culture onward was not statistically different than healthy human cartilage
(0.22) tested in the same pin-on-plate configuration using PBS as the test solution. This
study is one of the first to assess the /in vitro boundary lubrication tribological properties of
an engineered articular cartilage product that has been investigated in a clinical trial. These
characterizations are imperative for articular cartilage scaffolds that will be used /n vivo.

Studying tribological properties for meniscal replacements is also of paramount importance.
While hyaline articular cartilage has generally been a focus for scaffold strategies to improve
diarthrodial joint lubrication, some scaffolds for meniscus replacement have also
incorporated tribological properties as design criteria. Toward engineering lubrication in
menisci, a silk fibroin scaffold that could potentially be used for meniscus replacement was
developed. The friction coefficients of the scaffold tested against femoral cartilage (0.056)
were significantly higher than native articular cartilage (0.014) and meniscus (0.021)
controls tested against femoral articular cartilage.(Warnecke et al., 2017)

According to requirements for meniscus replacements described previously,(Rongen et al.,
2014) a coefficient of friction of 0.056 for the scaffold against femoral articular cartilage
could be within the range of acceptable tribological properties for meniscus replacements.
(Warnecke et al., 2017) It should be noted that these values are dependent upon many factors
such as the experimental setup, thus any comparisons to native tissue should only be made
within the same testing modality, lubrication mode, and tissue type.

One meniscus replacement that was tested /7 vivo consisted of a porous polyurethane
scaffold implanted into sheep to augment meniscus repair after partial meniscectomy. After
6 months /n vivo, the boundary lubrication mode coefficient of friction of engineered
meniscus (~0.35), tested in a pin-on-plate configuration, was not significantly different from
either contralateral or adjacent healthy meniscus tissue, suggesting that the polyurethane
scaffold was able to promote biomimetic neotissue formation.(Galley et al., 2011)
Biomaterial scaffolds have been developed with coefficient of friction as a design criterion,
but it is difficult to compare them to each other due to varying testing modalities. In general,
the lack of meniscus tribology research is even more acute than for hyaline articular
cartilage.

Bioactive factors

Bioactive factors, or molecules with an effect on cell behavior or extracellular matrix
structure, that can enhance the tribological properties of native and engineered articular
cartilages have been explored. Synoviocytes and superficial zone chondrocytes are known to
endogenously produce SZP.(Peng et al., 2014) It has been demonstrated that TGF-p1
increased SZP secretion in superficial zone chondrocytes seeded in monolayer, identifying it
as a bioactive factor of interest.(lwasa and Reddi, 2017) Combined treatment of synovium
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explants with TGF-B1 and bone morphogenetic protein 7 (BMP-7) further improved SZP
secretion.(lwakura et al., 2013)

An increase in SZP secretion does not always cause a decrease in tissue friction coefficients,
as SZP must be retained at the cartilage surface to improve boundary lubrication.(Peng et al.,
2016) To improve retention of SZP in engineered cartilage, native superficial zone cartilage
extract, which likely contains binding macromolecules for SZP, was added to the culture
media of self-assembled articular cartilage. Groups treated with a low concentration of
extract demonstrated greater SZP staining and a boundary mode coefficient of friction of
0.03, which was significantly lower than the coefficient of friction of self-assembled
cartilage cultured in the absence of superficial zone cartilage extracts (0.10).(Peng et al.,
2016) Combining superficial zone extract with growth factors such as TGF-p1 and BMP-7
could further enhance tribological properties.

Another growth factor of interest is insulin-like growth factor I (IGF-1). IGF-1 led to SZP
localization at the surface of a collagen | gel seeded with meniscal fibrochondrocytes after
20 days in culture. This treatment resulted in a boundary friction coefficient of 0.22, which
was not statistically different from the native tissue value of 0.2. Gels not stimulated with
IGF-1, however, had a coefficient of friction of 0.29, which was significantly greater than the
native tissue value.(Bonnevie et al., 2014) In another study, increasing the proportion of
mesenchymal stem cells seeded with fibrochondrocytes led to a dose-dependent increase in
SZP deposition on collagen | gels, which was matched by a decrease in coefficients of
friction.(Bonnevie et al., 2016) The correlation between SZP deposition and coefficient of
friction had an R2 value of 0.80.

This suggests that MSCs not only produce SZP, but could produce SZP-binding factors that
could be further investigated to improve SZP retention in native and engineered tissues.
Bioactive factors to improve cartilage lubrication remain largely unexplored compared to
bioactive factors used to improve other mechanical properties such as compressive moduli.

Mechanical stimulation

Mechanical stimulation, when applied at physiologic levels, has led to improvements in
tissue-engineered cartilage lubrication. For example, a joint-mimicking loading system was
applied to cell-seeded fibrin/hyaluronan composite gels. This biomimetic load increased
SZP surface localization, suggesting enhancement of the construct surface, but quantitative
tribological properties were not reported in this study.(Park et al., 2018) In a separate study,
chondrocyte-seeded polyurethane scaffolds were subjected to dynamic compression and
sliding surface motion by a ceramic ball, which also led to SZP localization at the surface of
the construct. Additionally, constructs subjected to both sliding and compression exhibited a
reduced coefficient of friction (0.251), compared to unloaded controls (0.681) and constructs
only stimulated in compression (0.427).(Grad et al., 2012)

Hydrostatic pressure, known to increase collagen synthesis and tensile properties in self-
assembled articular cartilage, has also been investigated as a mechanical stimulus to enhance
cartilage tribological properties.(Murphy et al., 2013) Self-assembled constructs treated with
TGF-p1 and chondroitinase-ABC (C-ABC) were subjected to 10 MPa of continuous
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hydrostatic pressure from days 10 to 14 of culture for 1 hr per day. These constructs
demonstrated increased SZP staining compared to constructs stimulated with TGF-p1 and
C-ABC alone. Since coefficient of friction was not examined in this study, hydrostatic
pressure as a method to improve tribological properties merits further investigation.

Supplementing culture media with factors found in synovial fluid, such as hyaluronan, can
further replicate physiologic conditions during loading and have an impact on tribological
properties. Indeed, mechanically stimulated, chondrocyte-seeded polyurethane scaffolds
produced significantly more PRG4 mRNA and SZP when culture medium was
supplemented with hyaluronan.(Wu et al., 2017) This indicates that not only does
hyaluronan have lubricating properties, but it also can regulate cellular behavior to promote
better tribological properties. However, this study did not examine the functional impact of
greater SZP content on construct tribological properties. These studies suggest that
mechanical stimulation techniques should be further investigated toward improving
lubrication of engineered constructs.

Perspectives

When articular cartilages are described, load-bearing capacity and nearly frictionless
surfaces are presented as key characteristics. However, in many studies of tissue-engineered
cartilages, mechanical properties are investigated while tribological properties are rarely
explored. To augment the translatability of tissue-engineered cartilages, both mechanical and
tribological functions should be considered as release criteria for cartilage implants. Because
the FDA has guidelines for mechanical testing of engineered articular cartilages, we suggest
that analogous guidelines be created for tribological properties.

Tissue-engineered articular cartilages must exhibit biomimetic mechanical properties,
otherwise they will likely fail under repeated loads. /n7 vivo durability is also of concern;
therefore, tribological properties of engineered articular cartilages are also crucial because
poor lubrication contributes to tissue degeneration.(Coles et al., 2010; Jay et al., 2007; Jia et
al., 2016; Park et al., 2014) Indeed, if gross morphology, biochemical content, or mechanical
properties are negatively impacted by insufficient lubrication, articular cartilages could
degenerate in each of these aspects.

The tribological properties of native articular cartilages have yet to be defined, due to
variability in testing conditions. A standardized tribological testing protocol, such as testing
tissue bathed in PBS in a pin-on-plate configuration within the boundary lubrication regime,
would be ideal to facilitate interlaboratory comparisons. If limitations exist that prevent
adoption of this standardized assay, incorporating native tissue controls when performing
tribological testing of engineered cartilages would provide a better indication of translational
potential.

Of the two articular cartilages discussed in this review, the tribological properties of the knee
meniscus remain relatively understudied, even though meniscus lubrication is vital for
diarthrodial joint health. For example, a PubMed search for “knee meniscus tribology”
returned 8 results, whereas a PubMed search for “articular cartilage tribology” returned 47
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references. While this disparity is stark, both fields would benefit from increased research. A
well-defined understanding of the tribology of native cartilages can provide design criteria
for tissue-engineering efforts. Using that understanding to engineer clinically applicable
implants should be the aim of cartilage researchers. Achieving biomimetic tribological
properties in engineered articular cartilages will be crucial to the translational success of
these approaches.

This work was funded by NIH Grant No. 5R01AR067821-05 and NIH Grant No. 5R01AR071457-03. Jarrett M.
Link was also in part funded by a National Science Foundation Graduate Research Fellowship (Grant No.
1650042). Evelia Salinas was also in part funded by the NIH Diversity Fellowship (Grant No. 3R01AR067821).

References

Ambrosio L, Borzacchiello A, Netti PA, Nicolais L, 1999 Rheological study on hyaluronic acid and its
derivative solutions. Journal of Macromolecular Science, Part A 36, 991-1000.

Antonacci JM, Schmidt TA, Serventi LA, Cai MZ, Shu YL, Schumacher BL, Mcllwraith CW, Sah RL,
2012 Effects of Equine Joint Injury on Boundary Lubrication of Articular Cartilage by Synovial
Fluid: Role of Hyaluronan. Arthritis and Rheumatism 64, 2917-2926. [PubMed: 22605527]

Athanasiou KA, Darling EM, Hu JC, DuRaine GD, Reddi AH, 2017 Articular Cartilage. CRC Press,
Boca Raton.

Bell CJ, Ingham E, Fisher J, 2006 Influence of hyaluronic acid on the time-dependent friction response
of articular cartilage under different conditions. Proceedings of the Institution of Mechanical
Engineers. Part H, Journal of engineering in medicine 220, 23-31.

Bergmann G, Graichen F, Rohlmann A, 1993 Hip joint loading during walking and running, measured
in two patients. Journal of biomechanics 26, 969-990. [PubMed: 8349721]

Blum MM, Ovaert TC, 2013 Low friction hydrogel for articular cartilage repair: evaluation of
mechanical and tribological properties in comparison with natural cartilage tissue. Materials science
& engineering. C, Materials for biological applications 33, 4377-4383. [PubMed: 23910356]

Bonnevie ED, McCorry MC, Bonassar LJ, 2016 Mesenchymal Stem Cells Enhance Lubrication of
Engineered Meniscus Through Lubricin Localization in Collagen Gels. Biotribology 8, 26-32.

Bonnevie ED, Puetzer JL, Bonassar LJ, 2014 Enhanced boundary lubrication properties of engineered
menisci by lubricin localization with insulin-like growth factor | treatment. Journal of biomechanics
47, 2183-2188. [PubMed: 24210471]

Chan SMT, Neu CP, DuRaine G, Komvopoulos K, Reddi AH, 2010 Atomic force microscope
investigation of the boundary-lubricant layer in articular cartilage. Osteoarthritis and cartilage 18,
956-963. [PubMed: 20417298]

Chan SMT, Neu CP, DuRaine G, Komvopoulos K, Reddi AH, 2012 Tribological altruism: A sacrificial
layer mechanism of synovial joint lubrication in articular cartilage. Journal of biomechanics 45,
2426-2431. [PubMed: 22867761]

Chang DP, Guilak F, Jay GD, Zauscher S, 2014 Interaction of lubricin with type Il collagen surfaces:
adsorption, friction, and normal forces. Journal of biomechanics 47, 659-666. [PubMed:
24406099]

Coles JM, Zhang L, Blum JJ, Warman ML, Jay GD, Guilak F, Zauscher S, 2010 Loss of cartilage
structure, stiffness, and frictional properties in mice lacking PRG4. Arthritis and Rheumatism 62,
1666-1674. [PubMed: 20191580]

Comper WD, Laurent TC, 1978 Physiological function of connective tissue polysaccharides. Physiol
Rev 58, 255-315. [PubMed: 414242]

Cooper BG, Lawson TB, Snyder BD, Grinstaff MW, 2017 Reinforcement of articular cartilage with a
tissue-interpenetrating polymer network reduces friction and modulates interstitial fluid load
support. Osteoarthritis and cartilage 25, 1143-1149. [PubMed: 28285000]

Clin Biomech (Bristol, Avon). Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Link et al.

Page 15

Cowman MK, Lee H-G, Schwertfeger KL, McCarthy JB, Turley EA, 2015 The Content and Size of
Hyaluronan in Biological Fluids and Tissues. Frontiers in immunology 6, 261-261. [PubMed:
26082778]

Flannery CR, Zollner R, Corcoran C, Jones AR, Root A, Rivera-Bermldez MA, Blanchet T, Gleghorn
JP, Bonassar LJ, Bendele AM, Morris EA, Glasson SS, 2009 Prevention of cartilage degeneration
in a rat model of osteoarthritis by intraarticular treatment with recombinant lubricin. Arthritis &
Rheumatism 60, 840-847. [PubMed: 19248108]

Flowers SA, Zieba A, Ornros J, Jin C, Rolfson O, Bjérkman LI, Eisler T, Kalamajski S, Kamali-
Moghaddam M, Karlsson NG, 2017 Lubricin binds cartilage proteins, cartilage oligomeric matrix
protein, fibronectin and collagen 1l at the cartilage surface. Scientific reports 7, 13149-13149.
[PubMed: 29030641]

Galley NK, Gleghorn JP, Rodeo S, Warren RF, Maher SA, Bonassar LJ, 2011 Frictional properties of
the meniscus improve after scaffold-augmented repair of partial meniscectomy: a pilot study.
Clinical orthopaedics and related research 469, 2817-2823. [PubMed: 21512814]

Ghosh S, Abanteriba S, 2016 Status of surface modification techniques for artificial hip implants.
Science and technology of advanced materials 17, 715-735. [PubMed: 28228866]

Ghosh S, Bowen J, Jiang K, Espino DM, Shepherd DE, 2013 Investigation of techniques for the
measurement of articular cartilage surface roughness. Micron 44, 179-184. [PubMed: 22771276]

Gleghorn JP, Bonassar LJ, 2008 Lubrication mode analysis of articular cartilage using Stribeck
surfaces. Journal of biomechanics 41, 1910-1918. [PubMed: 18502429]

Gleghorn JP, Jones ARC, Flannery CR, Bonassar LJ, 2009 Alteration of articular cartilage frictional
properties by transforming growth factor B, interleukin-1p, and oncostatin M. Arthritis &
Rheumatism 60, 440-449. [PubMed: 19180510]

Grad S, Loparic M, Peter R, Stolz M, Aebi U, Alini M, 2012 Sliding motion modulates stiffness and
friction coefficient at the surface of tissue engineered cartilage. Osteoarthritis and cartilage 20,
288-295. [PubMed: 22285735]

Greene GW, Banquy X, Lee DW, Lowrey DD, Yu J, Israelachvili JN, 2011 Adaptive mechanically
controlled lubrication mechanism found in articular joints. Proceedings of the National Academy
of Sciences 108, 5255.

Grenier S, Bhargava MM, Torzilli PA, 2014 An in vitro model for the pathological degradation of
articular cartilage in osteoarthritis. Journal of biomechanics 47, 645-652. [PubMed: 24360770]

Henrotin Y, Chevalier X, Raman R, Richette P, Montfort J, Jerosch J, Baron D, Bard H, Carrillon Y,
Migliore A, Conrozier T, 2018 EUROVISCO Guidelines for the Design and Conduct of Clinical
Trials Assessing the Disease-Modifying Effect of Knee Viscosupplementation. Cartilage,
1947603518783521.

Higaki H, Murakami T, Nakanishi Y, Miura H, Mawatari T, lwamoto Y, 1998 The lubricating ability of
biomembrane models with dipalmitoyl phosphatidylcholine and gamma-globulin. Proceedings of
the Institution of Mechanical Engineers. Part H, Journal of engineering in medicine 212, 337-346.

Hyun K, Kim SH, Ahn KH, Lee SJ, 2002 Large amplitude oscillatory shear as a way to classify the
complex fluids. Journal of Non-Newtonian Fluid Mechanics 107, 51-65.

lwakura T, Sakata R, Reddi AH, 2013 Induction of chondrogenesis and expression of superficial zone
protein in synovial explants with TGF-betal and BMP-7. Tissue engineering. Part A 19, 2638—
2644. [PubMed: 23848497]

lwasa K, Reddi AH, 2017 Optimization of Methods for Articular Cartilage Surface Tissue
Engineering: Cell Density and Transforming Growth Factor Beta Are Critical for Self-Assembly
and Lubricin Secretion. Tissue engineering. Part C, Methods 23, 389-395. [PubMed: 28578597]

Jahn S, Seror J, Klein J, 2016 Lubrication of Articular Cartilage. Annual review of biomedical
engineering 18, 235-258.

Jay GD, Torres JR, Rhee DK, Helminen HJ, Hytinnen MM, Cha CJ, Elsaid K, Kim KS, Cui Y,
Warman ML, 2007 Association between friction and wear in diarthrodial joints lacking lubricin.
Arthritis and Rheumatism 56, 3662—3669. [PubMed: 17968947]

Jay GD, Waller KA, 2014 The biology of Lubricin: Near frictionless joint motion. Matrix Biology 39,
17-24. [PubMed: 25172828]

Clin Biomech (Bristol, Avon). Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Link et al. Page 16

Jia H, Ma X, Tong W, Doyran B, Sun Z, Wang L, Zhang X, Zhou Y, Badar F, Chandra A, Lu XL, Xia
Y, Han L, Enomoto-lwamoto M, Qin L, 2016 EGFR signaling is critical for maintaining the
superficial layer of articular cartilage and preventing osteoarthritis initiation. Proceedings of the
National Academy of Sciences of the United States of America 113, 14360-14365. [PubMed:
27911782]

Kanca Y, Milner P, Dini D, Amis AA, 2018a Tribological evaluation of biomedical polycarbonate
urethanes against articular cartilage. Journal of the mechanical behavior of biomedical materials
82, 394-402. [PubMed: 29660649]

Kanca Y, Milner P, Dini D, Amis AA, 2018b Tribological properties of PVA/PVP blend hydrogels
against articular cartilage. Journal of the mechanical behavior of biomedical materials 78, 36-45.
[PubMed: 29132099]

Lewis PR, McCutchen CW, 1959 Experimental evidence for weeping lubrication in mammalian joints.
Nature 184, 1285. [PubMed: 14416552]

Liao IC, Moutos FT, Estes BT, Zhao X, Guilak F, 2013 Composite three-dimensional woven scaffolds
with interpenetrating network hydrogels to create functional synthetic articular cartilage.
Advanced functional materials 23, 5833-5839. [PubMed: 24578679]

Maiese K, 2016 Picking a bone with WISP1 (CCN4): new strategies against degenerative joint disease.
Journal of translational science 1, 83—-85. [PubMed: 26893943]

Majd SE, Kuijer R, Kowitsch A, Groth T, Schmidt TA, Sharma PK, 2014 Both hyaluronan and
collagen type 11 keep proteoglycan 4 (lubricin) at the cartilage surface in a condition that provides
low friction during boundary lubrication. Langmuir 30, 14566-14572. [PubMed: 25409034]

Marcelino J, Carpten JD, Suwairi WM, Gutierrez OM, Schwartz S, Robbins C, Sood R, Makalowska I,
Baxevanis A, Johnstone B, Laxer RM, Zemel L, Kim CA, Herd JK, lhle J, Williams C, Johnson
M, Raman V, Alonso LG, Brunoni D, Gerstein A, Papadopoulos N, Bahabri SA, Trent JM,
Warman ML, 1999 CACP, encoding a secreted proteoglycan, is mutated in camptodactyly-
arthropathy-coxa vara-pericarditis syndrome. Nat Genet 23, 319-322. [PubMed: 10545950]

McCutchen CW, 1959 Mechanism of Animal Joints: Sponge-hydrostatic and Weeping Bearings.
Nature 184, 1284. [PubMed: 26219114]

McCutchen CW, 1962 The frictional properties of animal joints. Wear 5, 1-17.

McNary SM, Athanasiou KA, Reddi AH, 2012 Engineering Lubrication in Articular Cartilage. Tissue
Engineering. Part B, Reviews 18, 88-100. [PubMed: 21955119]

Middendorf JM, Griffin DJ, Shortkroff S, Dugopolski C, Kennedy S, Siemiatkoski J, Cohen I,
Bonassar LJ, 2017 Mechanical properties and structure-function relationships of human
chondrocyte-seeded cartilage constructs after in vitro culture. Journal of orthopaedic research :
official publication of the Orthopaedic Research Society 35, 2298-2306. [PubMed: 28169453]

Moa-Anderson BJ, C.K., Hung CT, Ateshian GA, 2003 Bovine articular cartilage surface topography
and roughness in fresh versus frozen tissue samples using atomic force microscopy, Proceedings of
2003 Summer Bioengineering Conference.

Moore AC, Burris DL, 2015 Tribological and material properties for cartilage of and throughout the
bovine stifle: support for the altered joint kinematics hypothesis of osteoarthritis. Osteoarthritis
and cartilage 23, 161-169. [PubMed: 25281916]

Morgese G, Cavalli E, Muller M, Zenobi-Wong M, Benetti EM, 2017 Nanoassemblies of Tissue-
Reactive, Polyoxazoline Graft-Copolymers Restore the Lubrication Properties of Degraded
Cartilage. ACS nano 11, 2794-2804. [PubMed: 28273419]

Morgese G, Cavalli E, Rosenboom JG, Zenobi-Wong M, Benetti EM, 2018 Cyclic Polymer Grafts
That Lubricate and Protect Damaged Cartilage. Angewandte Chemie (International ed. in English)
57, 1621-1626. [PubMed: 29283471]

Morrell KC, Hodge WA, Krebs DE, Mann RW, 2005 Corroboration of in vivo cartilage pressures with
implications for synovial joint tribology and osteoarthritis causation. Proceedings of the National
Academy of Sciences of the United States of America 102, 14819-14824. [PubMed: 16203974]

Murakami T, Higaki H, Sawae Y, Ohtsuki N, Moriyama S, Nakanishi Y, 1998 Adaptive multimode
lubrication in natural synovial joints and artificial joints. Proceedings of the Institution of
Mechanical Engineers. Part H, Journal of engineering in medicine 212, 23-35.

Clin Biomech (Bristol, Avon). Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Link et al.

Page 17

Murphy MK, DuRaine GD, Reddi A, Hu JC, Athanasiou KA, 2013 Inducing articular cartilage
phenotype in costochondral cells. Arthritis Res Ther 15, R214. [PubMed: 24330640]

Necas D, Vrbka M, Kfupka I, Hartl M, 2018 The Effect of Kinematic Conditions and Synovial Fluid
Composition on the Frictional Behaviour of Materials for Artificial Joints. Materials (Basel,
Switzerland) 11, 767.

Neu CP, Komvopoulos K, Reddi AH, 2008 The interface of functional biotribology and regenerative
medicine in synovial joints. Tissue engineering. Part B, Reviews 14, 235-247. [PubMed:
18601586]

Noyori K, Takagi T, Jasin HE, 1998 Characterization of the macromolecular components of the
articular cartilage surface. Rheumatol Int 18, 71-77. [PubMed: 9782536]

Oungoulian SR, Durney KM, Jones BK, Ahmad CS, Hung CT, Ateshian GA, 2015 Wear and Damage
of Articular Cartilage with Friction Against Orthopaedic Implant Materials. Journal of
biomechanics 48, 1957-1964. [PubMed: 25912663]

Park IS, Choi WH, Park DY, Park SR, Park SH, Min BH, 2018 Effect of joint mimicking loading
system on zonal organization into tissue-engineered cartilage. PLoS One 13, e0202834. [PubMed:
30208116]

Park JY, Duong CT, Sharma AR, Son KM, Thompson MS, Park S, Chang JD, Nam JS, Park S, Lee SS,
2014 Effects of hyaluronic acid and gamma-globulin concentrations on the frictional response of
human osteoarthritic articular cartilage. PLoS One 9, €112684. [PubMed: 25426992]

Park S, Costa KD, Ateshian GA, 2004 Microscale frictional response of bovine articular cartilage from
atomic force microscopy. Journal of biomechanics 37, 1679-1687. [PubMed: 15388310]

Peng G, McNary SM, Athanasiou KA, Reddi AH, 2014 Surface zone articular chondrocytes modulate
the bulk and surface mechanical properties of the tissue-engineered cartilage. Tissue engineering.
Part A 20, 3332-3341. [PubMed: 24947008]

Peng G, McNary SM, Athanasiou KA, Reddi AH, 2015 The distribution of superficial zone protein
(SZP)/lubricin/PRG4 and boundary mode frictional properties of the bovine diarthrodial joint.
Journal of biomechanics 48, 3406-3412. [PubMed: 26117076]

Peng G, McNary SM, Athanasiou KA, Reddi AH, 2016 Superficial Zone Extracellular Matrix Extracts
Enhance Boundary Lubrication of Self-Assembled Articular Cartilage. Cartilage 7, 256-264.
[PubMed: 27375841]

Rongen JJ, van Tienen TG, van Bochove B, Grijpma DW, Buma P, 2014 Biomaterials in search of a
meniscus substitute. Biomaterials 35, 3527-3540. [PubMed: 24477194]

Sanchez-Guerrero E, Chen E, Kockx M, An SW, Chong BH, Khachigian LM, 2012 IL-1beta signals
through the EGF receptor and activates Egr-1 through MMP-ADAM. PLoS One 7, e39811.
[PubMed: 22792188]

Schmidt TA, Gastelum NS, Nguyen QT, Schumacher BL, Sah RL, 2007 Boundary lubrication of
articular cartilage: role of synovial fluid constituents. Arthritis and Rheumatism 56, 882—-891.
[PubMed: 17328061]

Sedin DL, Rowlen KL, 2001 Influence of tip size on AFM roughness measurements. Applied Surface
Science 182, 40-48.

Shi L, Sikavitsas VI, Striolo A, 2011 Experimental friction coefficients for bovine cartilage measured
with a pin-on-disk tribometer: testing configuration and lubricant effects. Annals of biomedical
engineering 39, 132-146. [PubMed: 20872073]

Simkovic I, Hricovini M, Soltés L, Mendichi R, Cosentino C, 2000 Preparation of water soluble/
insoluble derivatives of hyaluronic acid by cross-linking with epichlorohydrin in aqueous NaOH/
NH4O0H solution. Carbohydrate Polymers 41, 9-14.

Singh A, Corvelli M, Unterman SA, Wepasnick KA, McDonnell P, Elisseeff JH, 2014 Enhanced
lubrication on tissue and biomaterial surfaces through peptide-mediated binding of hyaluronic
acid. Nature Materials 13, 988. [PubMed: 25087069]

Sun S-F, Hsu C-W, Lin H-S, Liou I-H, Chen Y-H, Hung C-L, 2017 Comparison of Single Intra-
Articular Injection of Novel Hyaluronan (HYA-JOINT Plus) with Synvisc-One for Knee
Osteoarthritis: A Randomized, Controlled, Double-Blind Trial of Efficacy and Safety. 99, 462—
471.

Clin Biomech (Bristol, Avon). Author manuscript; available in PMC 2021 October 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Link et al.

Page 18

Tamer TM, 2013 Hyaluronan and synovial joint: function, distribution and healing. Interdisciplinary
Toxicology 6, 111-125. [PubMed: 24678248]

Walker PS, Dowson D, Longfield MD, Wright V, 1968 “Boosted lubrication” in synovial joints by
fluid entrapment and enrichment. Annals of the rheumatic diseases 27, 512-520. [PubMed:
5728097]

Waller KA, Zhang LX, Elsaid KA, Fleming BC, Warman ML, Jay GD, 2013 Role of lubricin and
boundary lubrication in the prevention of chondrocyte apoptosis. Proceedings of the National
Academy of Sciences 110, 5852-5857.

Warnecke D, Schild NB, Klose S, Joos H, Brenner RE, Kessler O, Skaer N, Walker R, Freutel M,
Ignatius A, Durselen L, 2017 Friction properties of a new silk fibroin scaffold for meniscal
replacement. Tribology international 109, 586-592. [PubMed: 28469288]

Whitney GA, Jayaraman K, Dennis JE, Mansour JM, 2017 Scaffold-free cartilage subjected to
frictional shear stress demonstrates damage by cracking and surface peeling. Journal of tissue
engineering and regenerative medicine 11, 412-424. [PubMed: 24965503]

Whitney GA, Mansour JM, Dennis JE, 2015 Coefficient of Friction Patterns Can Identify Damage in
Native and Engineered Cartilage Subjected to Frictional-Shear Stress. Annals of biomedical
engineering 43, 2056-2068. [PubMed: 25691395]

Woydt M, Wésche R, 2010 The history of the Stribeck curve and ball bearing steels: The role of Adolf
Martens. Wear 268, 1542-1546.

Wu'Y, Stoddart MJ, Wuertz-Kozak K, Grad S, Alini M, Ferguson SJ, 2017 Hyaluronan
supplementation as a mechanical regulator of cartilage tissue development under joint-kinematic-
mimicking loading. Journal of the Royal Society Interface 14.

Zappone B, Greene GW, Oroudjev E, Jay GD, Israelachvili JN, 2008 Molecular Aspects of Boundary
Lubrication by Human Lubricin: Effect of Disulfide Bonds and Enzymatic Digestion. Langmuir
24, 1495-1508. [PubMed: 18067335]

Clin Biomech (Bristol, Avon). Author manuscript; available in PMC 2021 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Link et al.

Page 19

Highlights:

. Loss of lubrication may harm morphology, biochemical, and mechanical
properties of cartilage.

. Regulatory guidelines should include standardized tribology testing of
neocartilage implants.

. Native tissue controls in tribology studies would better show translatability of
neocartilages.

. Comprehension of synovial joints neccesitates an increase in tribological
characterization.

. A standardized tribology testing assay would facilitate interlaboratory

comparisons.
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Stribeck curve

v
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X viscosity
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Figure 1:
Lubrication regimes (A-D) within a synovial joint. The speed of articulation, magnitude of

load, and fluid viscosity determine the mode of lubrication and affect the coefficient of
friction (u), as demonstrated in the Stribeck curve. Boundary lubrication (A) involves
interaction of both articular surfaces resulting in a lack of fluid film. Mixed lubrication (B)
combines aspects of boundary lubrication and fluid film lubrication. Elastohydrodynamic
lubrication (C) is characterized by both a fluid film and deformation of articular cartilage.
Hydrodynamic lubrication (D) involves a fluid film alone.
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A. Gross Morphology

C. Mechanical Properties B. Biochemical Content

Figure 2:
A summary of how the gross morphology, biochemical content, and mechanical properties

of cartilage feed into the maintenance of tribological function in the diarthrodial joint. In all
panels, diseased cartilage is shown on the left and healthy cartilage is shown on the right.
The gross morphology (A), biochemical content (B), and mechanical properties (C) of
diseased cartilage (left) are compromised in comparison to healthy cartilage (right).
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Figure 3:

Pin-on-Plate
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Rolling-Ball-on-Disc

Rolling ball
Force sensor for ball
g To
4 computer

Force sensor for arm
Tribometer arm
Testing substrate
Rotating disc

To rotating motor

Tribometer configurations. Schematic of a pin-on-disc tribometer (A) where a sample is
glued to the pin and tested on a substrate attached to the rotating disc. Schematic of pin-on-
plate tribometer (B), which uses a translating plate instead of a disc. Schematic of rolling-
ball-on-disc tribometer (C), primarily used to test orthopedic implants, where both the
tribometer arm and the disc can be rotated independently. In each setup, the coefficient of
friction is calculated by dividing the friction force (Fg), obtained from the force sensor, by
the known Fy created by the adjustable weights or the movement of the tribometer arm.
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Coefficients of friction () for native articular cartilage and meniscus in the boundary lubrication regime

Table 1.

Tissue type

AC
AC
AC
AC
AC
AC
AC
AC
AC
AC
AC
AC
AC
AC

AC
AC
AC
AC
AC
AC

AC

AC

meniscus
meniscus
meniscus
meniscus
meniscus
meniscus

meniscus

Species
ovine
ovine
human
porcine
bovine
bovine
bovine
bovine
bovine
bovine
bovine
bovine
bovine

bovine
bovine
bovine
bovine
bovine
bovine
bovine

bovine
bovine
bovine
bovine
bovine
bovine
bovine
ovine

ovine

Modality
pin-on-plate
pin-on-plate
pin-on-plate
pin-on-plate
ball-on-disc
rolling-ball-on-disc
ball-on-disc
pin-on-plate
pin-on-plate
pin-on-plate
pin-on-plate
pin-on-plate

pin-on-disc
.t
annulus-on-disc
.+
annulus-on-disc
. .+
disc-on-disc
. .t
disc-on-disc
. .+
disc-on-disc
. .t
disc-on-disc

disc-on-disc”
pin-on-plate
pin-on-plate
pin-on-plate
pin-on-plate
pin-on-plate
pin-on-plate
pin-on-plate
pin-on-plate

pin-on-plate

Substrate

stainless steel
AC

glass

glass

glass

glass

glass
stainless steel
glass
CoCrHC
CoCr LC
stainless steel
glass

AC

AC
AC
AC
AC
AC
AC

AC

glass
glass
glass
glass
AC

glass
glass

glass

Lubricant

FBS
FBS
PBS
SF

N/A
PBS
N/A
PBS
PBS
PBS
PBS
PBS
PBS
PBS

BSF

PBS

CACP-SF

HSL

HSF

CACP-SF+HSL

BSF
BSF
PBS
PBS
PBS
BSF
BSF
PBS
ESF

*

u
0.46

0.03

0.22
0.001-0.11
0.19
0.12-0.16
0.121
0.025

0.13

0.15

0.13

0.24
0.069-0.13
0.24

0.028

0.08
0.04

0.03

0.01

0.005

0.014
0.215
0.17-0.24
0.20
0.032
0.021
0.10
0.25-0.3
0.09-0.14

Reference

(Kanca et al., 2018b)
(Kanca et al., 2018b)
(Middendorf et al., 2017)
(McCutchen, 1962)
(Blum and Ovaert, 2013)
(Jiaetal., 2016)

(Grad et al., 2012)
(Moore and Burris, 2015)
(Oungoulian et al., 2015)
(Oungoulian et al., 2015)
(Oungoulian et al., 2015)
(Oungoulian et al., 2015)
(Peng et al., 2015)
(Schmidt et al., 2007)

(Schmidt et al., 2007)
(Waller et al., 2013)
(Waller et al., 2013)
(Waller et al., 2013)
(Waller et al., 2013)
(Waller et al., 2013)

(Warnecke et al., 2017)
(Warnecke et al., 2017)
(Bonnevie et al., 2014)
(Bonnevie et al., 2016)
(Peng et al., 2015)
(Warnecke et al., 2017)
(Warnecke et al., 2017)
(Galley et al., 2011)
(Galley etal., 2011)
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Abbreviations. AC: articular cartilage; BSF: bovine synovial fluid; CACP-SF: camptodactyly-arthropathy-coxa vara-pericarditis syndrome synovial
fluid; CoCr LC: cobalt chromium low carbon; CoCr HC: cobalt chromium high carbon; ESF: equine synovial fluid; FBS: fetal bovine serum; HSF:
human synovial fluid; HSL: human superficial zone protein; PBS: phosphate buffered saline; SF: synovial fluid;

*
Boundary lubrication, average, equilibrium, kinetic coefficient of friction (i)

Tribological testing modalities analogous to pin-on-disc
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Coefficients of friction (u) for engineered articular cartilage and meniscus in the boundary lubrication regime

Construct type

cell-seeded AC scaffold (polyurethane)
scaffold-free AC

scaffold-free AC

cell-seeded AC scaffold (collagen I)
scaffold-free AC

scaffold-free AC

acellular AC construct (PCL scaffold
with Alg/PAAm IPN hydrogel)

acellular AC hydrogel (PVA/PVP)
acellular AC hydrogel (PVA)

cell-seeded meniscus scaffold (collagen

N

cell-seeded meniscus scaffold (collagen
N

Acellular meniscus scaffold (collagen I)
acellular meniscus scaffold (silk)
acellular meniscus scaffold (silk)

in vivo meniscus scaffold
(polyurethane)

in vivo meniscus scaffold
(polyurethane)

Species
bovine
bovine
bovine
human
leporine
leporine

synthetic

synthetic
synthetic

bovine
bovine

synthetic
synthetic
synthetic
synthetic

synthetic

Modality
ball-on-disc
pin-on-disc
pin-on-disc
pin-on-plate
pin-on-plate
pin-on-plate

pin-on-plate

pin-on-plate
ball-on-disc

pin-on-plate

pin-on-plate

pin-on-plate
pin-on-plate
pin-on-plate

pin-on-plate

pin-on-plate

Substrate

glass
glass
glass
glass
glass
glass

Stainless steel

AC
glass

glass

glass

glass
AC
glass

glass

glass

Lubricant

N/A
PBS
PBS
PBS
PBS
PBS
PBS

FBS
N/A
PBS

PBS

PBS
BSF
BSF
PBS

ESF

*

u
0.251-0.681
0.08-0.17
0.02-0.10
0.24
0.05-0.1
0.05-0.38
0.28

0.12-0.14
0.27-0.93
0.21-0.48

0.15-0.33

0.38
0.056
0.446
0.35-0.45

0.12-0.18

Reference

(Grad et al., 2012)

(Peng et al., 2014)

(Peng et al., 2016)
(Middendorf et al., 2017)
(Whitney et al., 2015)
(Whitney et al., 2017)
(Liao et al., 2013)

(Kanca et al., 2018b)
(Blum and Ovaert, 2013)
(Bonnevie et al., 2014)

(Bonnevie et al., 2016)

(Bonnevie et al., 2016)
(Warnecke et al., 2017)
(Warnecke et al., 2017)
(Galley etal., 2011)

(Galley et al., 2011)

Abbreviations. AC: articular cartilage; Alg/PAAm IPN: alginate polyacrylamide interpenetrating network; BSF: bovine synovial fluid; ESF: equine
synovial fluid; PBS: phosphate buffered saline; PCL: polycaprolactone; PVA: polyvinyl alcohol; PVP: polyvinylpyrrolidone;

*
Boundary lubrication, average, equilibrium, kinetic coefficient of friction (i)
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