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ABSTRACT
Investigations of Articular Cartilage Delamination Wear
and a Novel Laser Treatment Strategy to Increase Wear Resistance
Krista M. Durney

There are limited treatment options available today to slow down progression of osteoarthritis in
its early stages and most interventions, such as highly invasive partial and total joint
replacement surgeries, are performed only at the late stages of the disease. Understanding the
mechanism of early articular cartilage stress-mediated wear and failure can aid in the design of
new treatment options that are introduced at earlier stages of the disease, presenting the
potential to slow down osteoarthritis progression and thus significantly improve patient
outcomes. This dissertation aims to provide a basic science understanding of wear propagation
and repair of articular cartilage in the absence of traumatic events under the normal reciprocal
sliding motion of the articular layers at physiologic load magnitudes. In this dissertation there
are three main thrusts: (1) characterize cartilage delamination wear under normal sliding (2)
define a chemical environment that promotes cartilage explant homeostasis to enable long-term
wear-and-repair studies (3) investigate a practical treatment modality capable of stopping or
slowing down structural degeneration of articular cartilage in OA.
We hypothesize that the mode of cartilage damage is delamination wear that progresses by
fatigue failure of the extracellular matrix (ECM) under physiologic sliding, even when cartilage
layers are subject to physiologic load magnitudes and contact stresses and even when the
friction coefficient µ remains low (H1a). Based on prior literature findings regarding the role of
synovial fluid (SF) boundary lubricants on the reduction of friction and wear, we also test the
hypothesis (H1b) that SF delays the onset of cartilage delamination when compared to

physiological buffered saline (PBS). We then test a third hypothesis (H1c) that loading cartilage
against cartilage delays the onset of delamination wear compared to testing glass on cartilage,
since contacting porous cartilage layers exhibit a much smaller solid-on-solid contact area
fraction than impermeable glass contacting porous cartilage.
Next, we hypothesize that the homeostatic dysregulation previously observed in cultured
immature cartilage explants results from the presence of non-physiologic levels of important
metabolic mediators in the culture medium. To this end, we hypothesize that: (H2a) immature
bovine cartilage explants cultured in native synovial fluid will maintain homeostasis as
characterized by maintenance of their mechanical properties and ECM contents at initial (postexplantation) levels, and (H2b) explants cultured in a physiologic-based medium, consisting of
physiologic levels of key metabolic mediators, will maintain a similar homeostasis over longterm culture.
Finally, a laser treatment strategy is explored that has the capability to reform collagen
crosslinks, replacing those lost during OA progression. This novel therapy acts without injuring
the cells and without any chemical additive or thermal ablation. The laser treatment protocol
used in this application can specifically target the subsurface region, located 200 μm of the
articular surface. By strengthening this region with enhanced crosslinking, we hypothesize (H3a)
that cartilage will demonstrate greater resistance to fatigue failure than untreated controls. We
then hypothesized (H3b) that this treatment protocol would also be effective on devitalized
fibrillated human articular cartilage from OA joints with overall Outerbridge score OS1-3.
We find that for both cartilage-on-cartilage and glass-on-cartilage sliding configurations
at physiologic applied loads, long-term sliding with a low friction coefficient causes wear in the
form of delamination. We show that the use of synovial fluid as a lubricant delays the onset of
wear; and, similarly, that sliding with a cartilage counterface also reduces the incidence of wear.
In subsequent studies we fully characterize a homeostatic culture medium to emulate cartilage

in vitro behavior in synovial fluid. We show that explants cultured in this medium can maintain
their properties for at least one month and have no loss in cell viability. Laser treatment is then
tested on both living and devitalized bovine and devitalized human cartilage and the treatment is
shown to improve the wear resistance of the tissue without harming embedded cells.
Overall this work has led to novel insights that have clinical applicability. One strength of
the in vitro investigations described in this body of work is the ability to separate out
mechanically-mediated events from biochemically-mediated events, which would be impossible
in vivo.

Parsing out such specific mechanisms of cartilage wear can help guide better

understanding of disease progression and drive therapeutic intervention. Intervening during the
early stages of OA offers the promise of preventive care that currently does not exist and could
provide significant benefits to a patient’s quality of life. This dissertation asserts that focusing on
delaying or preventing wear by improving the resiliency of the extant intact cartilage in early OA
is a viable strategy to improve patient outcomes and offers an innovative approach over existing
regenerative techniques.
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Chapter 1 – Introduction to Cartilage: Background & Hypotheses
1.1. The Musculoskeletal System
The human body is made up of hard and soft tissues. The hard bones that comprise our
skeletons are aligned and joined by soft connective tissues and taken together this unit is called
the musculoskeletal system. Functions of this system include: supporting the body, allowing
motion, and protecting vital organs. The musculoskeletal system is inherently both a biological
system and a mechanical one.

The study of this system in this hybrid-fashion is called

“musculoskeletal biomechanics” and overlaps multiple disciplines including: biology, cell biology,
molecular biology, mechanics, elasticity, physical chemistry, electrostatics, electrodynamics,
and physiology. Furthermore, it can be studied at many scales: molecular, cellular, tissue,
organ, and organism. Investigations into the field of musculoskeletal biomechanics originated
with the goal of understanding both the healthy function and breakdown of this system, with the
ultimate aim being to develop solutions to prolong years of human health. Breakdown of the
musculoskeletal system usually results in disability, immobility, and often pain for the patient.
According to the World Health Organization, musculoskeletal conditions are the second
largest contributor to disability worldwide; between one in three and one in five people are
currently living with a painful or disabling musculoskeletal condition [1]. The most common,
disabling musculoskeletal conditions are osteoarthritis, back and neck pain, and inflammatory
conditions such as rheumatoid arthritis [1]. This dissertation will focus on strategies to study
articular cartilage in the lab, with the ultimate aim of translating these findings toward developing
clinical therapies for osteoarthritis.
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1.2. Osteoarthritis (OA)
Osteoarthritis (OA) is a progressive, complex, multi-tissue joint disease with degenerative
changes in the articular cartilage and subchondral bone [2], with a long asymptomatic early
development and debilitating late stages.

More than 27 million Americans suffer from

degenerative diseases of articular cartilage, such as osteoarthritis (OA) [3].

The primary

function of articular cartilage is to transmit loads across the joint surfaces while simultaneously
minimizing friction and wear. Progressive OA is a years-long process comprised of a loss of the
articular cartilage and exposure of the underlying bone. The initiating events in OA are believed
to be multi-faceted; risk factors may be associated with age, sex, obesity, diet, genetics,
race/ethnicity, joint laxity, misalignment, abnormal loading, or traumatic injury [4]. Regardless of
the initiating factor(s), once the synovial environment and cartilage tissue homeostasis have
been compromised, it is believed that articular cartilage degeneration and wear is mediated by
the mechanical stress to which it is subjected under normal joint function. There are limited
treatment options available today to slow down progression of OA in its early stages and most
interventions, such as highly invasive partial and total joint replacement surgeries, are
performed only at the late stages of the disease.
The focus of this dissertation will be on the articular cartilage of the knee joint, one of the
most common joints affected by OA. The articular cartilage of the femoral condyles (medial and
lateral) interacts with the articular cartilage of the tibial plateaus (medial and lateral) at the knee
joint. Besides articular cartilage, there are other soft tissue components that comprise the knee
joint and the musculoskeletal system and enable its motion. Ligaments extend from bone to
bone, acting as ropes to keep joints in alignment. Muscles transition seamlessly into tendons,
which anchor firmly to bones and power skeletal movement. The meniscus is a specialized
structure in the knee joint that provides additional stabilization and protection of underlying
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structures. OA today is viewed as a disease that afflicts the joint as an entire system, with
inflammation, injury, and changes in bone, articular cartilage, and synovial fluid as potential
driving forces.

Regardless of the driving force behind OA, degradation of the extracellular

matrix (ECM) components of articular cartilage is key to the progression of the disease and
therefore warrants investigation [5, 6].
The onset of OA is highly variable from person to person and largely unpredictable. It is
widely believed that regardless of OA initiation (injury, age, or other), there is a cascade of both
mechanical and biochemical factors that influences OA progression [7]. One strength of the in
vitro investigations described in this body of work is the ability to separate out mechanicallymediated events from cellular-mediated and biochemically-mediated events, which would be
impossible in vivo. Parsing out such specific mechanisms of OA progression can help guide
therapeutic intervention.

Intervening during the early stages of OA offers the promise of

preventive care that currently does not exist and could provide significant benefits to a patient’s
quality of life.
1.3. Early OA treatment: Standard of Care
There are limited arthroscopic treatment options for early OA to delay progression. For a long
time, arthroscopic chondroplasty (or debridement) represented the standard treatment for early
OA. Chondroplasty involves arthroscopically trimming damaged, fibrillated cartilage regions,
with the expectation that managing loose edges will help prevent further wear. Starting from the
early 2000s, rigorous outcome studies began to show that chondroplasty was no more effective
than a sham control for the purpose of relieving pain or improving function [8, 9]. Nowadays,
chondroplasty is still performed, but it is coupled with the restoration technique called
microfracture, or marrow stimulation, where small holes are drilled into regions where cartilage
has been worn away allowing mesenchymal stem cells (MSCs) to enter this region from the
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marrow and shield the exposed bone. MSCs create fibrocartilage (scar tissue) in the defect, but
they do not restore the native biomechanics of articular cartilage that was once there [10]. In
the short term, microfracture has been shown to reduce patient pain for small lesions, but
limited success is observed in larger lesions [11-15]. In a 2017 clinical review article [16], the
authors summarized their findings on microfracture: “Meta-analyses confirm that results for
larger lesions deteriorate over time (after 2 years) and that after 5 years any size lesion
treatment can be expected to fail [15, 17, 18].” Other treatment modalities, such as
viscosupplementation with injectable hyaluronic acid, have also produced mixed results, with no
significant difference against placebo [19]. Therefore, when a surgeon detects local cartilage
fibrillation or softening during arthroscopy, no reliable modalities exist today to provide localized
repair of damaged extant tissue to prevent disease progression.
1.4. Articular Cartilage Structure
Articular cartilage lines the ends of bones at joints (where one bone meets another) in order to
cushion that interaction and facilitate smooth, near frictionless sliding.

All diathrodial joints

(knee, hip, elbow etc.) are enclosed in a strong fibrous capsule [20]. The inner lining of this
capsule is called the synovium and is a highly vascularized tissue that secretes the synovial
fluid into the joint space, providing the nutrients required by articular cartilage cells [21]. The
synovium, synovial fluid and cartilage layers comprise the joint space and with supporting bone
in the mature animal system, form a “closed” biomechanical system [22]. The main function of
articular cartilage is to uniformly transmit the high stresses associated with joint loading and limit
friction within the articulating joint. In order to provide support in such a demanding loading
environment, cartilage is dependent on its unique material properties and dense extracellular
matrix (ECM) components. Cartilage can be regarded as a multi-phasic material with two major
phases:

a fluid phase made up of water and electrolytes and a solid phase made up of
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collagen, proteoglycans, other proteins, and chondrocytes [23-27]. The composition of articular
cartilage is typically: 68-85% water, 10-20% collagen (by wet weight), 5-10% proteoglycans (by
wet weight) [28].

Cartilage is known to have a low cell density (1-10% tissue volume),

containing chondrocytes that are very active during skeletal development and exhibit a
metabolism that slows down once skeletal maturity is reached. Chondrocytes respond to and
maintain their environment, meaning that they synthesize and degrade all components of the
ECM in response to environmental cues [29].

Adult cartilage is avascular (has no direct

connection to the blood supply) which means, as previously mentioned, that nutrients,
metabolites, and waste products are all exchanged through diffusion via the synovial fluid (SF),
which also acts to lubricate all cartilage-on-cartilage interactions [5].
Another important feature of articular cartilage is the inhomogeneity of its biochemical
components and the corresponding inhomogeneity of the mechanical properties throughout the
tissue depth. Articular cartilage is traditionally divided into three main zones: the superficial
zone (SFZ), the middle zone (MZ), and the deep zone (DZ). The SZ interacts with the opposing
cartilage surface and the DZ transitions to become bone.

The water content in articular

cartilage decreases as a function of depth, with the SZ having the highest water content of the
three zones [25, 30, 31]. Collagen content also decreases through the depth from the SZ to the
DZ while PG content increases [27, 30, 32]. The organization of these molecules also varies
with tissue depth. Collagen in the SZ is tangentially oriented along the articular surface, the
collagen of the MZ is less-tightly packed and randomly oriented [33-39] and DZ collagen is
oriented perpendicular to the articular surface. This tightly organized structure enables cartilage
to perform its unique mechanical functions.
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1.5. Articular Cartilage Mechanics
Healthy cartilage functions as an effective shock absorbing tissue with minimal friction and wear
for smooth joint movement.

The load-bearing properties of articular cartilage are largely

achieved through the interaction of its two major ECM components: collagen and proteoglycans
(PGs). Collagen provides the tensile strength while PGs provide compressive stiffness. The
highly hydrophilic PGs attract water and swell, while the interwoven and crosslinked collagen
fibril network resists the swelling pressure of the PGs with its high tensile strength, yielding a
“mechanically taut composite structure capable of sustaining compressive loads” [40].
The function of articular cartilage is mainly to bear compressive loads. However, it is
well understood that articular cartilage has a low compressive Young's modulus (EY; 0.1–1
MPa) [41-43] relative to its high tensile Young's modulus (EY,T; 3–6 MPa) [44-46].

This

tension-compression non-linearity regulates the mechanical response of cartilage in unconfined
compression [47-52] and under sliding contact configurations [53].

The viscoelasticity of

cartilage in compression arises due to a combination of (1) the high EY,T that resists lateral
expansion (2) pressurization and flow of interstitial fluid whereby frictional drag is experienced
between the solid matrix and the fluid phase [26, 54]. Upon application of a compressive load,
the interstitial fluid cannot exude rapidly, yielding a nearly ischoric response of the tissue. This
remarkable fluid pressurization not only plays a role in the dynamic response of the tissue, but
also has been indicated as the primary mechanism that imparts low friction and low wear to the
tissue [26, 54-56].
From the cartilage mechanics literature we know that interstitial fluid pressure subsides
over time under loading configurations of creep or stress relaxation and that the friction
coefficient increases progressively with time [26, 53, 54, 56-59].

These types of loading

configurations are called stationary contact area loading configurations (SCA) (Figure 1A). It
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has been shown by our group that an alternative loading configuration called migrating contact
area (MCA) can both maintain fluid pressurization and a low friction coefficient [60] (Figure 1B).

Figure 1: Schematic representation of bovine calf articular cartilage harvest locations and both
(A) Stationary Contact Area, SCA and (B) Migrating Contact Area, MCA friction testing
configurations.

1.6. Articular Cartilage Lubrication
Fluid film lubrication was long believed to be the primary mode of cartilage lubrication. Fluid film
lubrication is a standard mode of lubrication where a lubricant forms a thin layer between
bearing surfaces, creating a gap between the two, separating them from direct contact.
Because of the viscous nature of synovial fluid, this type of lubrication seemed like a good
candidate to describe cartilage lubrication, however extensive studies have failed to verify this
mode of lubrication [61, 62].
Another form of lubrication that has been proposed for cartilage is boundary lubrication
wherein molecules in the synovial fluid coat the cartilage surface and produce low friction due to
molecular-level repulsive forces.

A number of studies have suggested that the friction

coefficient of cartilage is lower when experiments are conducted in SF instead of saline. This
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reduction ranges approximately from a factor of 2 to 6 [60, 63, 64], although the occurrence of
rolling friction (viscoelastic energy dissipation in cartilage) sometimes masks the beneficial
effects of SF over saline [60].

This reduction in µ has been attributed to the presence of

boundary lubricants in SF. Several constituents of SF have been hypothesized to serve as
boundary lubricants, including hyaluronan [65, 66], lubricin/PRG4 [67-71], and phospholipids
[72, 73]. Interactions of some of these molecular constituents have also been reported in the
reduction of µ against controls, along with a dependence on their concentration [64, 74].
A third form of cartilage lubrication that has been extensively researched by our group is
lubrication by interstitial fluid pressurization.

Through this mode of lubrication, it has been

proposed that the articular layers come in direct contact and that the pressurized interstitial fluid
within the tissue supports most of the contact load. Since cartilage has a high water content in
the SZ (~90% [75]), two articulating layers of this constitution experience mostly fluid-fluid
contact or fluid-solid contact (98%), and the remaining 2% can then be accounted for by
frictional solid-solid interactions [58]. The friction coefficient will therefore rise as fluid load
support diminishes, and this portion of the load will then shift to the support of frictional solidsolid interactions.

Thus, as long as the fluid pressure remains high, frictional interactions

remain low. There has been strong agreement in the literature between theoretical predictions
and experiments regarding the role of fluid load support in lubrication [53, 58, 59, 76-78].
In articular cartilage, boundary lubrication has been shown to complement the role of
interstitial fluid load support, as the friction coefficient µ in SF and saline has been shown to
exhibit the exact same temporal response associated with loss of fluid load support [63].
Cartilage lubrication is therefore currently understood to be mostly a function of the combined
effect of interstitial fluid pressure and boundary lubrication, both of which are explored in this
dissertation.
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1.7. The role of friction and wear in OA progression
Regardless of the initiating factor(s) (PTOA or aging-related idiopathic OA), once the synovial
environment and cartilage tissue homeostasis have been compromised, it is believed that
articular cartilage wear is mediated by the mechanical stress to which it is subjected under
normal joint function.

This process is thus aptly described as “wear and tear.” From the

tribology literature mechanical wear is defined as the removal of material from contacting
surfaces due to mechanical action between them [79]. From biotribology, and specifically in the
case of cartilage, mechanical wear can occur by either abrasive wear, adhesive wear (where
debris is involved in wear generation), or fatigue wear [80]. In addition to mechanical wear,
biological tissues like cartilage experience concomitant biochemical degradation (which can be
driven by a host of factors). It is unclear which of these mechanisms of wear prevail in OA, and
under what conditions.
Studies of the frictional properties of healthy articular cartilage have been on-going since
the 1930s [54]. In order to examine wear mechanisms there are many in vitro models of PTOA,
but very few in vitro models that examine non-injurious models of idiopathic OA at relevant
loads, speed, configurations, and testing durations [81-83]. At first glance this makes sense,
because we do not have 70 years (a whole human lifespan) to run such a study in the lab.
Therefore, compromises are made either experimentally (to accelerate damage) or surrogate
damage endpoints are used. Utilization of in vitro frictional sliding test bed helps to isolate and
examine modes of cartilage wear under normal, near-physiologic loading of living and
devitalized samples. These in vitro and in situ investigations require complex testing
environments and sophisticated control over, and measurements of, applied loads and cartilage
response. The friction coefficient, µ, is collected as the typical standardizing metric for the
smoothness or roughness of the sliding interaction between two surfaces and is defined as the
ratio of the tangential force (FT) to the normal contact force (FN) acting across the bearing
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surfaces. The friction coefficient of articular cartilage is not constant [54]. The lowest reported
value of μ for cartilage against glass is typically μ≈0.002 [76], which is exceptionally low.
However, μ may rise over time, depending on loading conditions, to achieve values as high as
μ≈0.15 against glass [76], or even μ≈0.5 against stainless steel [57, 84]. These values have
been shown to be detrimental to cartilage. When cartilage is loaded against cartilage, the
friction coefficient remains constant for sustained durations; for human cartilage, it is typically
μ≈0.020 in synovial fluid (SF) and μ≈0.025 in saline [60].
The cartilage mechanics literature has mostly focused on examining the friction
coefficient μ as a surrogate for understanding wear and tear in cartilage [28]. Implicitly, a low
value of μ has been assumed to produce low wear while an elevated value could eventually
lead to significant wear. This assumed link between µ and wear has driven in vitro studies of
cartilage wear to focus on detection methods that anticipate abrasive wear: surface
topographical changes and wear debris characterization – [80, 82, 85]. The primary quantitative
approaches to studying wear proposed to date include biochemical assaying of cartilage and
test solutions [86], characterization of changing articular layer thickness, and changes in surface
roughness [57].
However, based on a recent study [83] (described in Section 1.8.), we believe that the
primary wear mechanism in cartilage is not abrasive wear, but instead fatigue wear with
delamination of the surface zone (Figure 2). Delamination of cartilage layers is a clinically
recognized symptom of OA [87-89] although some prior reports may also conflate subsurface
cartilage delamination with delamination at the cartilage–bone interface. To our knowledge, our
recent study was the first to recapitulate this damage mechanism in vitro under pure sliding,
providing significant evidence in support of this damage mechanism [83]. The distinction
between abrasive wear and fatigue wear is significant because it implies that treatments aimed
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at targeting exclusively boundary lubricants and/or the surface zone of cartilage may be limited,
since the tissue’s true vulnerability may lie beneath the surface.

Figure 2: Slides of representative bovine cartilage plugs after wear testing against various
materials (Safranin-O staining for GAG), showing delamination and damage (oungoulian, 2015,
reproduced with permission). * denotes cartilage canals, typical in juvenile tissue.

1.8. Cartilage Delamination Wear
In a recent study, we investigated wear of cartilage against materials used in joint
hemiarthroplasties [19], a procedure in which only one of the articular surfaces of a joint shows
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signs of wear, so only that half is replaced and the other apposing surface is left intact. This
study was motivated by the observation that the native cartilage layer in a hemiarthroplasty
undergoes accelerated cartilage wear [90-94] often leading to a follow-on total joint replacement
in a few years. For this study, two cobalt chromium alloys (CoCr HC and CoCr LC) and a
stainless-steel alloy (316SS) were selected as counterfaces and were slid against native
immature bovine articular cartilage plugs, with smooth glass serving as a control. A higher
surface roughness Ra was also selected for one of the cobalt chromium alloys (CoCr LCRa25nm), well within the range considered acceptable by regulatory agencies (Ra ≤ 50 nm).
Immature bovine cartilage disks were subjected to a wear test in phosphate buffered saline
(PBS), in an unconfined compression configuration that accelerated loss of interstitial fluid
pressurization using a stationary contact area configuration (Figure 1A) to replicate conditions
believed to occur in hemiarthroplasties (on a much shorter time scale) [95]. The prescribed
contact stress was low (0.18 MPa) and reciprocal sliding (±5 mm at 1 mm/s) was performed for
4 h (N=1,440 cycles). Results showed that considerably more damage occurred in cartilage
samples tested against 316SS (Ra=10 nm) and CoCr LC-Ra25nm compared to glass (Ra=10
nm), and smoother CoCr HC and CoCr LC (Ra=10 nm) (Figure 2). The two materials producing
the greatest damage also exhibited higher equilibrium friction coefficients.
An inherent assumption of this study was the expectation that the primary mode of
cartilage wear was abrasive. Instead, it was observed that cartilage damage occurred primarily
in the form of delamination at the interface between the superficial zone (SZ) and the
transitional middle zone (MZ) (Figure 2). Based on histology and low particulate volume, there
was little evidence of abrasive wear at the articular surface. In the cartilage samples tested
against 316SS and CoCr LC-Ra25nm, the delamination was occult, becoming visible only on
histological sections. However, evidence of sub-surface, pre-delamination damage was also
found for other counterface materials (Figure 2). Since the samples migrated against glass
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showed no damage after 4 hours, experiments were repeated on a separate set of samples for
8 hours (N=2,880 cycles). For that duration, glass exhibited major damage in some instances
causing the superficial layer to shear completely off (Figure 3). This finding is consistent with
the concept that damage is caused by fatigue failure: even when the friction coefficient is lower,
a longer testing duration (more cycles of loading) may accumulate damage until it becomes as
extensive as higher friction materials tested for shorter durations (fewer cycles of loading). Only
a few investigations of fatigue damage in articular cartilage have been reported to date [96-100].

Figure 3: Images of cartilage samples after migration against a flat glass slide under SCA config.
for 8 hours. The superficial zone has swollen and sheared off, indicating fatigue failure of
cartilage MZ. (Oungoulian, 2015, reproduced with permission).

This observation of delamination at the SZ-MZ interface is consistent with recently
reported findings that this region exhibits the lowest shear modulus across the full thickness of
the articular layer, in bovine and human cartilage [101-103]. Thus, this region is subjected to
the greatest amount of reciprocal shear strain under the action of frictional shear, causing
fatigue failure. It is well established that the collagen matrix in the middle zone exhibits a more
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random orientation than the highly organized superficial zone fibrils (oriented tangential to the
articular surface) and deep zone fibrils (oriented perpendicular to the cartilage–bone interface)
[104, 105]. This collagen ultrastructure is a likely reason that the middle zone exhibits the least
resistance to shear and fails under reciprocal sliding.
These results point to a delamination mechanism [83], however there are questions of
the physiologic relevance of those results since the experiment was designed to simulate a
hemiarthroplastic condition, and thus the wear tests were performed using the stationary contact
area configuration (SCA), which intentionally accelerates the tissue decrease in fluid pressure
(Section 1.5) (Figure 1A). It could be argued that the elevated friction coefficient achieved
under those conditions would not occur under a more physiological migrating contact area
lconfiguration (MCA) (Figure 1B). Another concern may be edge effects since the cylindrical
plugs were cut out of the native connected cartilage surface and exposure of the cut edge may
be causing the observed delamination. Therefore, subsequent frictional wear tests (presented
in this Chapter 2 of this dissertation) were designed to use cartilage strips, instead of cylindrical
plugs, under the MCA instead of SCA (Section 1.5).
1.9. Live Cartilage Explant Studies
Articular cartilage is metabolically active, meaning that it is constantly remodeling its
environment via anabolic and catabolic activities.

Anabolic events refer to synthesis,

organization, and assembly of the ECM and catabolic refers to the breakdown and loss of ECM
components. Chondrocytes control this process and strike a balance between the two, causing
the tissue to remain in a state of homeostasis, or maintenance of the ECM throughout an
organism’s life. However, things like injury or disease alter the chondrocyte environment and
they readily respond. Research has shown that chondrocytes are sensitive to soluble chemical
mediators (cytokines, signaling factors, etc.), and their mechanical environment (stresses,
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strains, flow velocities, osmotic pressures, and electrical currents) [106-111]. Similarly,
explantation of cartilage tissue for its subsequent study in the lab stimulates a similar regulatory
response, making metabolically active cartilage tissue difficult to study in the lab under native,
homeostatic conditions. The biggest challenge is that it is difficult to recreate control conditions
that maintain the normal homeostatic behavior of articular cartilage explants in culture. Without
an adequate control, cartilage samples are subject to the dysregulation associated with being
removed from its in vivo environment. This fact, in addition to the dearth of studies on cartilage
fatigue damage, means that investigations of natural cartilage repair following episodes of
frictional loading are also very limited [112].

1.10. Preventive treatment over regenerative treatment
Over the past decade, improvements in orthopedic replacement implants have increased the
willingness of surgeons to perform partial and total joint replacement surgery on younger
patients. In 2014, the American Academy of Orthopedic Surgeons (AAOS) reported that from
2000-2009 the incidence of total knee replacement (TKR) had increased by 188% for patients
ages 45-64 [113]. This has been encouraging progress because the decision to undergo TKR
earlier can spare patients not only years of suffering while waiting for surgery, but also spares
patients those years of disability which have long-term negative impacts on health and future
mobility. However, a problem remains: artificial joint lifetimes are 20 years, at best, indicating a
future revision for a 45 year old at age 65, and yet another at age 85, in the best case scenario.
Therefore, despite increases in the rates of early TKR surgeries, surgeons will still exhaust all
alternatives first, reserving TKR as the last resort option. If arthroscopic chondroplasty and
microfracture have not been successful, cartilage restoration techniques may be considered.
However, osteochondral autografts, autologous chondrocyte implantation, and donor allografts
all are largely considered to be sub-optimal options due to: donor-site morbidity, requirement of
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a second procedure, need for donor availability and limited shelf life, respectively [114, 115].
Since OA in younger patients (likely post-traumatic OA) may be localized to one of the three
compartments of the knee (medial, lateral, or patellofemoral), surgeons will often recommend a
unicompartmental replacement. This type of replacement is preferable to the TKR because it
replaces only the damaged compartment with metal and plastic leaving the healthy cartilage of
the remaining compartments intact – reserving the option for TKR down the line, if necessary. A
TKR following a unicompartmental replacement becomes necessary most typically due to
eventual failure of one of the other previously mildly arthritic compartments. Thus, at the time of
the partial replacement, a treatment modality that could strengthen the mildly arthritic tissue in
order to delay OA progression, would be incredibly valuable.

One could envision such a

preventive treatment modality to be utilized at various stages throughout the patient cycle of
care: from the first arthroscopic procedure up to the partial joint replacement procedure. This
dissertation asserts that focusing on delaying or preventing wear by improving the resiliency of
the extant intact cartilage in early OA is a viable strategy to improve patient outcomes and offers
an innovative approach over existing regenerative techniques.
1.11. Hypotheses and Specific Aims
This dissertation aims to provide a basic science understanding of wear propagation and repair
of articular cartilage in the absence of traumatic events under the normal reciprocal sliding
motion of the articular layers at physiologic load magnitudes. Characterizing mechanical wear
in vitro enables an engineering approach to parsing out distinct modes of cartilage tissue failure.
In Chapter 2, articular cartilage is considered as a devitalized biomaterial, allowing for the
assessment of failure and mechanical wear propagation in the absence of cellular mediators.
Chapter 3 defines a homeostatic chemical environment in which future wear and repair studies
can be performed on living cartilage explants.
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In Chapter 4, we use the developed

methodologies of wear assessment and homeostatic culture conditions to test the effectiveness
of a novel treatment strategy to prevent or slow down cartilage wear progression.
The first hypothesis of this dissertation (H1a) is that cartilage damage may be initiated
by fatigue failure of the extracellular matrix (ECM) under the normal reciprocal sliding motion of
the articular layers, even when these layers are subject to physiologic load magnitudes and
contact stresses and even when the friction coefficient µ remains low. Based on prior literature
findings regarding the role of synovial fluid (SF) boundary lubricants on the reduction of friction
and wear [64, 116, 117], we also test the hypothesis (H1b) that SF delays the onset of cartilage
delamination when compared to physiological buffered saline (PBS). Based on our previously
reported model for the dependence of the frictional force on interstitial fluid load support and the
solid-on-solid contact area fraction [77, 118], we also test the hypothesis (H1c) that loading
cartilage against cartilage delays the onset of delamination wear compared to testing glass on
cartilage, since contacting porous cartilage layers exhibit a much smaller solid-on-solid contact
area fraction than impermeable glass contacting porous cartilage.
Next, we suspect that the homeostatic dysregulation previously observed in cultured
immature cartilage explants results from the presence of non-physiologic levels of important
metabolic mediators in the culture medium. To this end, we hypothesize that: (H2a) immature
bovine cartilage explants cultured in native synovial fluid will maintain homeostasis as
characterized by maintenance of their mechanical properties and ECM contents at initial (postexplantation) levels, and (H2b) explants cultured in a physiologic-based medium, consisting of
physiologic levels of key metabolic mediators, will maintain a similar homeostasis over longterm culture.
Finally, a laser treatment strategy is explored that has the capability to reform collagen
crosslinks, replacing those lost during OA progression. This novel therapy acts without injuring
the cells and without any chemical additive or thermal ablation. The laser treatment protocol
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used in this application can specifically target the subsurface region, located 200 μm of the
articular surface. By strengthening this region with enhanced crosslinking, we hypothesized
(H3a) that cartilage will demonstrate greater resistance to fatigue failure than untreated controls.
We then hypothesized (H3b) that this treatment protocol would also be effective on devitalized
fibrillated human articular cartilage from OA joints with overall Outerbridge score OS1-3.
We tested these hypotheses in vitro with the following specific aims:
Specific Aim 1 (SA1): Develop a protocol for in vitro frictional sliding such that cartilage wear
can be observed and measured while maintaining physiologic contact stresses, loads, and
sliding speeds. Perform frictional wear experiments on devitalized immature bovine cartilage
strips to evaluate wear initiation of healthy tissue in the absence of cellular mediators.
Specific Aim 2 (SA2): Optimize tissue culture medium to maintain homeostasis of living juvenile
bovine cartilage explants in vitro for up to one month. Identify key biochemical components that
influence cellular metabolism and catabolism of components and the effect on tissue
biomechanical properties: swelling and stiffness.

SA2 will establish a baseline from which

damage and repair studies on living tissue can be performed without the influence of the
confounding factors of ex vivo conditions.
Specific Aim 3 (SA3):

Implement a protocol for selectively crosslinking articular cartilage

collagen via treatment with a femtosecond laser.

Examine morphological, structural, and

functional modification of the cartilage ECM in both devitalized bovine and human tissue
explants. (a) Evaluate overall and local mechanical properties in addition to wear resistance of
laser-treated tissues compared against controls. (b) Repeat key experiments from SA3 (a) with
living immature bovine cartilage explants and culture for several weeks to determine cell viability
and permanency of laser treatment.

(c) Scale-up treatment strategy to cover a clinically-

relevant (10 mm) patch on a devitalized cartilage strip and evaluate effectiveness of wear
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prevention. SA3 introduces a novel early-stage OA treatment strategy, leveraging the damage
model to demonstrate effectiveness of the treatment at preventing or delaying cartilage wear.
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Chapter 2 – Immature Bovine Cartilage Wear by Fatigue Failure and
Delamination
2.1. Introduction
It is well recognized that regardless of the causative factors of OA, cartilage stresses
produced by sliding contact of the articular layers mediates the progression of tissue
degeneration. The mechanisms by which stresses produce tissue degeneration via mechanical
failure remain poorly understood. OA is often described as a natural process of wear and tear
associated with aging, or an initiating traumatic event. The cartilage mechanics literature has
mostly focused on examining the friction coefficient µ as a surrogate for understanding wear and
tear in cartilage [119] (Section 1.5).
When cartilage is loaded against cartilage, it produces a migrating contact area (MCA)
configuration that sustains elevated interstitial fluid load support [120]. As a result, the friction
coefficient remains relatively low for sustained durations (Figure 4); for human cartilage, it is
typically µ»0.020 in synovial fluid (SF) and µ»0.025 in saline [60]. Implicitly, a low value of µ has
been assumed to produce low wear while an elevated value could lead to significant wear.
Despite the prominence of this hypothesized mechanism, it is only recently that cartilage wear
studies have started to be performed under controlled conditions, most notably by investigating
PRG4 knockout mice [117], since PRG4/lubricin has been shown to reduce the friction
coefficient of cartilage in vitro [64] and prevent degeneration in vivo [116]. Few studies have
investigated the ability of living cartilage to repair, following episodes of tissue wear [121].
Wear is a generally complex phenomenon that may manifest itself in different ways. In
the engineering tribology literature, a broad range of wear mechanisms are reported, many of
which are mostly applicable to metals and other artificial surfaces [79]. However, some of these
mechanisms may also be candidates for wear of biological tissues, such as abrasive wear,
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which removes particulates of matter from the bearing surfaces; third-body wear, where
particulate matter causes further abrasion of the bearing surfaces; fatigue wear with
delamination, where the load-bearing material fails below the surface due to fatigue and the
failure propagates until a lamina shears off; and chemical wear, where breakdown of the
bearing material is initiated by chemical reactions, such as proteolysis in biological tissues. It is
unclear which of these mechanisms prevail in articular cartilage, and under what conditions.

Figure 4: Mean friction coefficient for a stationary contact area (SCA) configuration (cartilage
plug against glass slide) and two migrating contact area (MCA) configurations: bovine knee
condyle against tibia, and glass lens against tibia (n=6 per group) (Caligaris, 2008; reproduced
with permission).

In our recent study on immature bovine cartilage [83], wear tests were performed on cartilage
plugs sliding against glass or various metals used in orthopaedic implants producing
delamination of the superficial zone with negligible abrasive wear.

These results were

consistent with the fact that delamination is a clinically recognized symptom of OA [88, 89].
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However, a potential limitation of that study was our adoption of a stationary contact area (SCA)
testing configuration, which promoted loss of interstitial fluid pressurization over time. It could
be argued that the elevated friction coefficient achieved under those conditions would not occur
under more physiological loading conditions.

Furthermore, with prolonged wear testing,

complete delamination and removal of the top layer of these plugs was observed (Figure 3),
raising the possibility that the initiating failure resulted from edge effects between the flat
counterface material and the circular edge of the plug surface.
2.2. Hypotheses
In this study, we perform frictional sliding experiments on immature bovine cartilage to test our
primary hypothesis (H1) that delamination wear occurs even when the friction coefficient µ
remains low under a migrating contact area configuration (MCA). We use large, rectangular
cartilage strips harvested from the medial or lateral tibial plateau, loaded with a glass lens under
low physiological contact stresses, such that the contact area remains well within the strip
boundaries to avoid edge effects.

Based on prior literature findings regarding the role of

synovial fluid (SF) boundary lubricants on the reduction of friction and wear, we also test the
hypothesis (H2) that SF delays the onset of cartilage delamination when compared to
physiological buffered saline (PBS).

Based on our previously reported model for the

dependence of the frictional force on interstitial fluid load support and the solid-on-solid contact
area fraction, we also test the hypothesis (H3) that loading cartilage against cartilage delays the
onset of delamination wear compared to testing glass on cartilage, since contacting porous
cartilage layers exhibit a much smaller solid-on-solid contact area fraction (Section 1.6) than
impermeable glass contacting porous cartilage.
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2.3. Materials and Methods
2.3.1 Experimental Design
Hypotheses H1-H3 were investigated in a series of friction experiments the we called Study 1.
The experimental set-up is shown schematically in Figure 1 and experimentally in Figure 5.
Seven test groups were included in Study 1, as summarized in Table 1 using either a glass lens
(G) or a condylar cartilage (C) counter-face (similar radius of curvature) sliding against a tibial
cartilage strip. The choices of load magnitudes magnitudes (L1 = 4.45 N or L4 = 17.8 N) and
testing durations (8 h or 24 h) were motivated by observations from preliminary studies.

Figure 5: MCA experimental testing configurations for Study 1 (top) condyle as counterface
(bottom) glass lens as counterface.
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Friction experiments were performed using three different friction-testing devices. Two
of these testers were identical (Tester A) and can apply loads up to 45 N; the other tester
(Tester B) can apply up to 220 N of contact load. Study 1 was performed using Tester A and
either a glass lens (G) or a femoral condyle plug (C) (similar radius of curvature) were slid
against a tibial cartilage strip (Figure 1B). Hypothesis H1 was tested by examining whether the
friction coefficient remained low for samples that exhibited delamination in any of the eight
groups. Hypothesis H2 was tested by comparing the incidence of delamination failure, as well
as the number of reciprocal sliding cycles to failure, in Group 1 versus Groups 2 (G-PBS-8-L1
versus G-SF-8-L1), Group 3 versus Group 4 (G-PBS-24-L1 versus G-SF-24-L1), and Group 2
versus Group 5 (G-PBS-8-L1 versus G-SF-8-L4). Hypothesis H3 was tested by examining the
incidence of delamination in Group 1 versus Group 6 (G-PBS-8-L1 versus C-PBS-8-L1), and in
Groups 2,4,5 versus Group 7 (G-SF-8-L1, G-SF-24-L1, G-SF-8-L4 versus C-SF-8-L1).
Group

Counter-face Lubricant Duration

Load

Sample Size

G-PBS-8-L1

Glass lens

PBS

8h

4.45 N

12

G-SF-8-L1

Glass lens

PBS

8h

4.45 N

7

G-PBS-24-L1

Glass lens

PBS

24 h

4.45 N

10

G-SF-24-L1

Glass lens

SF

24 h

4.45 N

6

G-SF-8-L4

Glass lens

SF

8h

17.8 N

14

C-PBS-8-L1

Cartilage

PBS

8h

4.45 N

7

C-SF-8-L1

Cartilage

SF

8h

4.45 N

6

Table 1. List of test groups used in Study 1. For all groups, sliding was performed using the
specified ‘Counterface’ against a cartilage strip, using the specified ‘Lubricant’ and contact
‘Load’, over the given ‘Duration’. The number of specimens used in each group is given under
‘Sample Size.’
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Since no damage was observed for the first two cartilage-on-cartilage groups (C-PBS-8L1 and C-SF-8-L1), Study 2 was added (C-PBS-24-L22) to examine both the resilience of
cartilage-on-cartilage to wear under high loads and the nature of that damage. Preliminary
studies for cartilage-on-cartilage showed that increasing the testing duration to 24 h for the 4.45
N loading conditions did not lead to delamination and, due to the thick articular layer of the
femoral condyle counterface, increasing the load led to a dramatic increase in contact area over
the duration of the test causing unavoidable edge effects. Therefore, Study 2 was performed
using Tester B, which can apply up to 220 N of contact load, using an osteochondral
counterface from a different joint, the ankle. This counterface was selected for its small radius
of curvature (high curvature) and the thickness of the articular layer (~1 mm, compared to ~5
mm of the femoral condyle) (Figures 6 & 7).

Figure 6: Four different views of the ankle condyle counterface utilized in Study 2.
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Whereas under 98 N the femoral condyle experiences a dramatic increase in contact
area over the duration of the test, the ankle condyle contact area stays relatively constant,
allowing higher stresses (2 MPa, well within physiologic range) to be imparted to the strip
throughout the duration of the test (Figures 7 & 8). PBS was selected as the lubricant and a 98
N load was applied over a 24 h testing duration. Most tests ran to completion, but some tests
were stopped early when gross damage was evident.

Figure 7: Cross-section views of the “popped” cartilage-only immature bovine condyles (A)
femoral condyle (Oungoulian, 2014, reproduced with permission) (B) ankle condyle. Biopsy
punches from (A) were used as the counterface for C-SF-8-L1 and C-PBS-8-L1 of Study 1. The
full “unpopped” bone+cartilage sample from (B) was used as the counterface in Study 2.
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An additional subset of cartilage strips was used to examine the progression of damage
using the experimental conditions of GSPBS-8-L1. These tests were used to validate a method
of real-time damage detection described in Section 2.3.8. below.

Figure 8: Pressure-Senstive Fuijifilm contact area for representative groups. A femoral condyle
is shown at 45 N to demonstrate the increase in contact area relative to ankle, which is
significantly smaller under 25 lbs.
2.3.2. Specimen Preparation
Full-thickness cartilage strips (10 mm ´ 30 mm) were harvested from the tibial plateau of knee
joints of immature bovine calves (2-3 months old). For cartilage-on-cartilage groups C-PBS-8L1 and C-SF-8-L1, full-thickness cylindrical plugs of large diameter (Æ15.875 mm) were
harvested from the opposing femoral condyle. For cartilage-on-cartilage group C-PBS-24-L22,
ankle condyle osteochondral samples (Figure 6) were collected from the same leg via bandsaw, frozen for no more than 7 days prior to testing and mounted for testing with no further
preparation. Experiments were performed on tissue collected from 41 bovine stifle joints (a
maximum of three strips were collected per knee). Cartilage strips and cartilage-only condylar
plugs were placed articular surface down on a freezing stage sledge microtome (Leica
Instruments #SM2400, Nusslock, Germany), embedded and frozen in a water-soluble
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sectioning gel (Thermo-Fisher Scientific #1310APD, Rockford, IL). Specimens were trimmed to
remove bone, in order to obtain cartilage-only specimens with an intact superficial zone. Strips
were cut to a final thickness of 1.4 mm ± 0.2mm, and plugs were cut to a final thickness (from
the condyle to the microtomed surface) of 10 mm. Samples were rinsed and stored in a 0.22
µm filtered phosphate-buffered saline (PBS) solution supplemented with an isothiazolone-based
biocide (Proclin 950, Sigma-Aldrich #46878-U, St. Louis, MO) and protease inhibitor (0.05 M
Ethylenediaminetetraacetic acid, EDTA) and frozen at −20 °C for no more than 3 weeks prior to
testing. On the day of testing, samples were thawed, aligned, and affixed with a cyanoacrylate
adhesive to their respective stages.
2.3.3 Testing Devices
Study 1 was performed on two custom testing devices of identical design, adapted from [83]
(Tester A, operating load range 1 N – 45 N), while Study 2 employed a different custom testing
device adapted from [122] (Tester B, operating load range 4.5 N – 220 N). Driven under load
control, both testers introduced sliding contact between the two apposing surfaces. Tester A
imparted pure motorized translation to produce sliding between the counter-face and the strip
whereas Tester B imparted motorized rotation on the counter-face, about an axis located a large
radius away, producing negligible rolling and predominant sliding at the contact interface. All
devices were controlled with custom LabVIEW software (National Instruments Corporation
#LabVIEW 2010, Austin, TX) and associated motion controllers (National Instruments
Corporation #7354, Austin, TX) to provide continuous measures of relevant displacements,
applied loads and reaction loads.
Tester A: Two identical two-axis frictional sliding devices were used; each of these devices were
equipped with a six-axis load cell (JR3 Inc. #20E12A4, Woodland, CA) mounted on a stepper
motor driven (Orientalmotor, Vexta line #PK266-03B) horizontal translation stage (JMAR XY
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motorized linear stage) equipped with linear encoder (RSF Electronics MSA 65x series, 5-10 µm
resolution) to record the horizontal displacement of the stage (, and a voice-coil actuated
(H2Wtechnologies #NCC20-15-027-1RC), vertically-oriented loading platen equipped linear
encoder (Renishaw #T1031-30A) to record the vertical displacement () of the loading platen.
Reciprocal sliding motion was prescribed at 1 mm/s over a range ±5 mm, producing a total
travel path of 10 mm per reciprocal cycle. Normal loads (4.45 – 17.8 N) were prescribed with
the voice-coil actuator operated under a feedback control loop. The test duration was either 8 h
or 24 h. Thus, the maximum number of reciprocal cycles of sliding was 2880 for the 8 h test,
and 8640 for the 24 h test. For experiments where a plano-convex glass lens was used as the
counter-face, the lens radius of curvature (R12.7 mm) was selected to best match that of the
femoral condylar plugs (R13.0 ± 1.6 mm as measured from laser scans).
Tester B: In this rotary testing apparatus, cartilage strips were mounted over a 6-axis load cell
(JR3 Inc. #45E15A4), while the counter-face was mounted on the end of a rotating pendulum
arm (length = 145.7 mm + sample thickness), actuated by a rotary stepper motor (Orientalmotor
#ARM98AC-N25). The load cell was secured to a stepper motor-actuated vertical translation
stage (Maxon Motor #241410), which moved up and down throughout the stroke of the
pendulum to maintain the prescribed load via a feedback control loop. The angle of rotation of
the pendulum arm was prescribed as to yield a ±5 mm travel distance on the strip, with a
relative sliding speed of 1 mm/s.
2.3.4. Contact Area and Stresses
To estimate the average contact stresses under the applied loads, contact areas were
measured using pressure-sensitive film (Fujifilm, prescale 4LW; 0.05 – 0.2 MPa) (Figure 8).
The average contact area between the glass lens and cartilage strip was 8.7 mm2 after 60 s of
loading under 4.45 N and 19.9 mm2 under 17.8 N, equivalent to average contact stresses of
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0.52 MPa and 0.89 MPa, respectively. The average contact area between the femoral condylar
plugs and cartilage strip varied in the range from 10.6 – 21.3 mm2 for different samples after 60
s of loading under 4.45 N (depending on the exact location from which the plug was harvested
along the curvature of the condyle (Figure 7), yielding average contact stresses in the range
0.44 – 0.21 MPa. The average contact area between ankle condyle plugs and cartilage strips
varied from 43.1 – 57.5 mm2 after 60 s of loading under 98 N for different samples (yielding
average contact stresses within the range from 1.93 – 2.58 MPa) (Figure 8).
2.3.5. Friction Measurements
For both types of testers, the cartilage strip was placed in a bath mounted on top of the
multiaxial load cell and the axes of the load cell were aligned with the direction of relative motion
and the normal direction to the articular surface. An encoder recorded the relative tangential
displacement ( 𝑈𝑡 ) of the contacting surfaces and this information was used to detect the
beginning of each new cycle of reciprocal sliding. The load cell components tangential (𝐹𝑡 ) and
normal ( 𝐹𝑛 ) to the articular surface were recorded.

A point-wise friction coefficient 𝜇 was

calculated at each position 𝑈𝑡 using 𝜇 = (𝐹#𝑡 − 𝐹%𝑡 )/(𝐹#𝑛 + 𝐹%𝑛 ), where + and – refer to values
of these forces on the forward and reverse strokes of each cycle. This type of calculation
minimizes the effects of slight alignment errors and fluctuations in strip surface slope over its
length. For the purpose of plotting the friction coefficient over the 8 h or 24 h duration of a test,

𝜇 was averaged over each cycle and plotted against the mean value of time over that entire
cycle. This time-dependent cycle-averaged value was called 𝜇. Individual cycle-averaged 𝜇 for
representative samples over time can be seen in Figure 9. Results report: 𝜇 (the average 𝜇 for
the first hour of a test), 𝜇 (the average 𝜇 for the last hour of a test of any length), 𝜇 (the average
for the entire test), and 𝜇ratio (the average 𝜇 for the last hour / the average 𝜇 for the first hour).
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Figure 9: Representative temporal evolution of the friction coefficient µ from each 8 hour group
(G-PBS-8-L1, G-SF-8-L1, C-PBS-8-L1, C-SF-8-L1).

2.3.6. Laser Scans and Surface Roughness
At the completion of sliding tests, cartilage strips and condylar plugs were unloaded and allowed
to recover in PBS (at 4 °C) for no less than the testing duration. The articular surface of each
sample was then laser scanned (NextEngine Inc., Santa Monica, CA) with a rated accuracy of
125 µm, producing a dense point cloud (160 points/cm). The 3D coordinates of the articular
surface of the strip were fitted to a plane while those of the condylar plugs were fitted to a
sphere. The root-mean-square deviation between the measured 3D coordinates and the fitted
surface was used as a measure of surface roughness (Figure 11A,C).
2.3.7. Polarized Light Microscopy and Histological Staining
After the laser scans, cartilage strips were lifted from their plate and bisected through the travel
path: half of the strip was frozen for later imaging via polarized light microscopy (PLM) and the
other half of the strip was fixed in 70% acid formalin for 24 h and stored in 70% ethanol for
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histological processing. Samples for histology (n=4 per group), were embedded in paraffin wax
and 5 µm thick sections were obtained. Sections were stained with both 0.1% Safranin-O + 1%
Fast Green for GAG and 1% Picrosirius Red for collagen. Samples reserved for PLM were
sectioned to 120 µm thick on a freezing stage sledge microtome. These unfixed sections were
mounted on glass slides and imaged under polarized light, allowing visualization of collagen
alignment (Olympus BX60 microscope, drop-in U-POT polarizer, Olympus DP72 camera) [123].
2.3.8. Detecting Onset of Delamination
In a post-hoc analysis of the data from Study 1, several parameters were explored for
use in detecting real-time fatigue damage ( 𝜇 vs. time, 𝜇 vs. 𝑈𝑡 , 𝐹𝑡 vs. time, and 𝐹𝑡 vs. 𝑈𝑡 ).
Principal component analysis (PCA) of hysteresis loops plotting 𝐹𝑡 vs. 𝑈𝑡 proved to be the most
sensitive and reliable indicator of the onset of delamination wear. Families of hysteresis loops
were analyzed using PCA on a per cycle basis, by computing the covariance matrix of 𝐹𝑡 versus

𝑈𝑡 data and calculating its eigenvalues and eigenvectors. The first eigenvalue was determined
to be the most sensitive to hysteresis loop changes over time, therefore magnitudes of the first
eigenvalues were recorded for all tests. During the post-hoc analysis of Study 1, a threshold
was determined to identify the onset of damage and extract the number 𝑁 of cycles to damage.
This threshold was determined by calculating a baseline initial eigenvalue at the beginning of
the test; all subsequent eigenvalues were compared against this initial value. The cycle at
which the current value exceeded 20% of the initial value was determined to be the failure cycle.
The initial eigenvalue was determined by taking the average eigenvalue from cycle 10 through
5% of the total cycles in that test (for an 8 hour test, cycles 10 – 144 were averaged; for a 24
hour test, cycles 10 through 432 were averaged). This “training” phase for the program used
data from 32 damaged strips.

For all strips in Study 1, the PCA-based diagnostic of

delamination was verified against direct visualization and laser scan of the cartilage strip at the
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completion of the test; discrepancies were noted as ‘PCA false positive’ (there were no false
negatives) and the direct visualization assessment was used as the main indicator of damage.
To validate this method against direct visualization of damage, a subset of sliding experiments
was halted mid-test, either at 𝑁 or at subsequent cycles, 𝑁 + 𝑀, using real-time visualization of
the hysteresis data. Strips were sectioned (120 µm thick) and imaged under polarized light
microscopy (PLM) to assess damage.

For all other strips, the PCA-based diagnostic of

delamination was verified against direct visualization and laser scan of the cartilage strip at the
completion of the test; discrepancies were noted as ‘PCA false positive’ (there were no false
negatives) and the direct visualization assessment was selected as the standard.
2.3.9. Statistics
Unpaired t-tests were performed to examine the role of lubricant, damage, and counterface on

𝜇-ratio. Unpaired t-tests were also performed to examine the role of damage on 𝜇, 𝜇 and 𝜇 data.
2.4. Results
2.4.1. Damage Morphology:
Based on 3D scans (Figure 11A,C), RMS roughness data (Table 2), and visual inspection
(Figure 11B,D), significant surface damage was observed in G-PBS-8-L1, G-PBS-24-L1, G-SF24-L1 and G-SF-8-L4 whereas G-SF-8-L1, C-PBS-8-L1, C-PBS-8-L1 exhibited no evident
damage. Study 2 was analyzed by visual inspection and it was found that 6 out of 10 samples
had been damaged over duration of the test. All samples that were damaged had signs of
failure by delamination wear that manifested in the form of a blister (Figure 11). For some
samples this blister ruptured by the end of the test, and for other samples it did not (Figure 14).
For group 8 (C-PBS-24-L22), 6 out of 10 samples showed similar ruptured-blister damage, while
the remaining 4 out of 10 showed either no damage, or incomplete relaxation after 24 hours
(Figure S1) prior to storing/freezing. One extra ankle-strip pair (same parameters as Study 2)
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was friction tested and interrupted after 5 hours for visual inspection. This strip had an intact
blister and is further evidence of the initiation of delamination wear for the cartilage-on-cartilage
configuration (Figure 19). For all damaged groups, PLM consistently reinforced that damage
occurred as a result of delamination at the interface between the superficial zone, SZ, and
middle zone, MZ (Fig.13, 19, S3). The observed delamination was only apparent in the contact
region of the strip, whereas the unloaded region of the strip remained intact (Fig. 12 and 19).
Group

Counterface

G-PBS-8-L1

Lubricant

RMS, damage [mm]

𝜇-𝑒𝑓𝑓 - overall [ ]

PBS

0.25 ± 0.22

0.022 ± 0.006

SF

0.06 ± 0.03

0.011 ± 0.001

PBS

0.32 ± 0.10

0.020 ± 0.005

G-SF-24-L1

SF

0.27 ± 0.21

0.015 ± 0.005

G-SF-8-L4

SF

0.35 ± 0.11

0.014 ± 0.002

PBS

0.04 ± 0.01

0.018 ± 0.011

SF

0.06 ± 0.01

0.006 ± 0.001

PBS

N/A

0.058 ± 0.017

G-SF-8-L1
G-PBS-24-L1

Glass lens

C-PBS-8-L1
C-SF-8-L1
Ankle

Cartilage

Table 2: Average friction coefficient (over the entire test duration) and measurement of damage
for all groups.
When visual damage to the strip was observed, hysteresis loops progressively rotated
and elongated, with corresponding increases in magnitude of associated eigenvalues (Figure
12). Experimental conditions that did not result in visual damage to the cartilage strip generated
hysteresis curves that maintained the same unchanged hysteresis loop over the course of the
test (Figure 20, 21). The hysteresis program was built based on inspection of the hysteresis
loops of both the damaged and undamaged samples that comprise Study 1. During testing of
the program, thresholding was deemed acceptable when samples were appropriately sorted
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into their respective damage/no damage category (based on visual inspection of the strip after
the test). These results for the determination of N can be found in Table 5. Good agreement
was found between observed damage and predicted damage. There were six samples that did
not have good agreement - the program predicted damage, but none was observed. These are
listed in the table under false positives.

Figure 10: Average µeff for samples from Study 1. Data binned by incidence of damage. Pvalues for comparisons from left to right: 0.0132, 0.0147, 0.003.
Since this was a destructive test, six samples were used (the PLM images shown in
Figure 13 are of several samples, each with a distinct value of N).

Figure 13 depicts

corresponding snapshots of damage progression, showing clear delamination of the MZ and
SZ. Strip B in Figure 13 was stopped at cycle N, and though this strip showed no macroscopic
signs of damage, PLM revealed a jagged an atypical MZ-DZ transition within the travel path.
2.4.2. Friction Coefficient (H1)
The cycle-averaged friction coefficient averaged over the entire duration of the test 𝜇 is shown
in Table 2. It can be seen that 𝜇 remains low for all groups. Regardless of the incidence of

35

damage, no individual sample had a friction coefficient that exceeded 𝜇 = 0.03.

On close

inspection of the data, Study 1, that experienced damage (GPBS-8-L1, G-PBS-24-L1, G-SF-24L1, G-SF-8-L4), the average 𝜇 (first, last, and overall) was observed to be statistically greater
when compared against the binned average 𝜇 (first, last, and overall) of the undamaged groups
(G-SF-8-L1, C-PBS-8-L1, C-SF-8-L1) (Figure 10).
examined.

The 𝜇 ratio ( 𝜇 –last / 𝜇 –first) was also

It was shown that the choice of counterface had no statistical effect on 𝜇 ratio

whereas both the incidence of damage and the use of PBS increased the 𝜇 –ratio significantly.
The effect of lubricant had a more significant effect on 𝜇 –ratio and, interestingly, SF had 𝜇 ratio
< 1, indicating that on average, 𝜇 –last < 𝜇 –first, regardless of incidence of damage (Figure 15).

Figure 11: Post-test 3D scans (A,C) and photographs of representative cartilage strips (B,D). A
glass lens was migrated against the cartilage strip in PBS (A,B) and SF (C,D). When PBS was
the lubricant the strip exhibited significant damage, in the form of a blister while strips migrated
in SF showed no evidence of damage. Scale bar: 5 mm.
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Figure 12: Polarized light microscopy depicting damage onset and damage progression in
cross-sections taken through the travel paths of six strips halted mid-test at spaced intervals
(N+M): (A) no damage (Fz = 4.5 N, SF, 2800 cycles) (B-F) damage (Fz = 4.5 N in PBS).
Illuminated regions indicate collagen fiber alignment (SZ, surface zone; DZ, deep zone); dark
regions indicate random collagen organization (MZ, middle zone).

2.4.3. Boundary Lubrication (H2)
Hypothesis 2 tests the role of the boundary lubricant SF in delaying the onset of wear. This was
done by comparing the incidence of delamination failure as well as the number of reciprocal
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Figure 13: Hysteresis curves for four strips (A,B,D,F; Figure 12) depicting two cycles: cycle 10
(baseline) and the cycle at which the test was halted (final cycle). The vectors represent the first
principal eigenvectors of the final cycle which exceeded the threshold and determined N.

sliding cycles to failure in G-PBS-8-L1 versus G-SF-8-L1, G-PBS-8-L1 versus G-SF-8-L4, and
G-PBS-24-L1 versus G-SF-24-L1. For the first comparison, the only difference between the two
groups was the lubricant. At the end of testing, G-SF-8-L1 had 0 out of 7 strips with damage
and 1 false positive, whereas G-PBS-8-L1 had 11 out of 12 damaged strips, 1 undamaged, and
1 false positive. For the next comparison, the same conditions are used as in the previous,
except that the number of cycles was increased (8 hr = 2,880 cycles to 24 hr = 8,640 cycles).
Again, the only difference between G-PBS-24-L1 and G-SF-24-L1 is the presence of SF. This
time, while Group 3 had 10 out of 10 samples get damaged with no false positives, G-SF-24-L1
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had 4 out of 6 get damaged, with 2 false positives.

For the next comparison, G-SF-8-L4

experienced wear and was compared against the undamaged G-SF-8-L1 from the first
comparison. The only difference between these groups was the applied load – which was 4X
higher in G-SF-8-L4 than that applied in G-SF-8-L1. G-SF-8-L4 had 13 strips damaged, 1
undamaged, and 1 false positive as compared to the 7 undamaged strips from G-SF8-L1.

Figure 14: Picrosirius Red stained histological sections of strips with (A) no damage (B) blister
(C) ruptured blister. Arrow indicates travel path.

2.4.4. Frictional Shear S-N Curve
For samples that exhibited delamination, in an effort to identify the measured parameter most
predictive of the number of cycles to failure, we examined the correlation coefficient between
various measures (𝐹𝑡 , 𝐹𝑛 , 𝐹𝑛 /𝐴, 𝐹𝑡 /𝐴, 𝜇𝑒𝑓𝑓 , ℎ, max|𝑈𝑛 |) and 𝑁 (where max|𝑈𝑛 | is the maximum
creep deformation of the contacting materials). The only measure that produced a statistically
significant correlation was the average tangential shear stress 𝑆 , estimated from cycles
preceding the onset of delamination (cycle 10 to cycle 𝑁 − 1), as the ratio of the tangential force
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𝜇𝑒𝑓𝑓 𝐹𝑛 and contact area 𝐴 (R2 = 0.33) (Figure 16). This measure was used to produce an
experimental 𝑆 − 𝑁 curve for fatigue failure from frictional shear.

Figure 15: Friction coefficient ratio (last hour/ first hour). Binned by different faactors. p-value
from left to right: 0.0428, 0.2547, 8.2E-2
2.4.5. The effect of decreasing solid-on-solid contact area fraction (cartilage as counterface, H3)
Hypothesis 3 tests the role of fluid load support in delaying the onset of delamination wear. This
was achieved by comparing G-PBS-8-L1 versus C-PBS-8-L1, and G-SF-8-L1, G-SF-24-L1, GSF-8-L4 versus C-SF-8-L1. For the first comparison the only difference between the two groups
is the type of counterface. At the end of testing, G-PBS-8-L1 had 11 out of 12 damaged strips,
1 undamaged, and 1 false positive, whereas C-PBS-8-L1 had 0 out 7 damaged strips with 0
false positives, highlighting the clear advantage of using cartilage as a counterface to prevent
wear. Interestingly, no statistical difference was found between µ for these two groups (µ =
0.022 ± 0.006 vs. µ = 0.018 ± 0.011; p=0.176). For the next comparison, the effect of fluid load
support was then examined in presence of synovial fluid. Two of the groups have identical
conditions and only the type of counterface is varied (G-SF-8-L1 versus C-SF-8-L1). Since
neither group experiences damage, the more extreme conditions are explored (G-SF-24-L1, GSF-8-L4 versus C-SF-8-L1; G-SF-24-L1, G-SF-8-L4 versus C-SF-8-L1).

As is known from

exploring H2, G-SF-24-L1 had 4 out of 6 strips experience damage within 24 hours at L1, with 2
false positives and G-SF-8-L4 had 13 strips experience damage, 1 undamaged, and 1 false
positive within 8 hours at L4. C-SF-8-L1, on the other hand, had 0 out of 6 strips fail for 8 hours
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at L1. Anecdotally, several cartilage-strip pairs were tested for the incidence of damage on this
device with parameters ranging from 4.5-40 N and 24-120 hours. Cartilage damage was not
observed in any of these cases, even for the most extreme case of C-SF-120-L10 (n=1),
(SF+antibiotics refreshed daily).

Figure 16: Fatigue curve (S-N) correlating frictional shear stress with cycle to damage. (Top)
Data for thirty-two damaged strips is shown, all from groups using Glass as the counterface.
Frictional shear stress, S, is calculated from measured frictional traction divided by the contact
area measured at the beginning of the test.

2.4.6. Increasing applied stress by decreasing contact area
Hysteresis loops and µ time course are shown for 4 samples. In Figures 20, 21 (two damaged
and two undamaged). As per Table 3, 6 out of 10 strips failed by apparent delamination wear
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within 24 hours whereas the other 4 did not show signs of damage beyond post-test regions of
high depressurization (Figure S1).

One additional sample was tested and halted so

delamination onset could be visualized. The test was stopped based on the appearance of the
strip and an intact blister was observed (Figure 19). After relaxation, PLM was subsequently
performed for sub-surface characterization of the blister (Figure 19).
Group

n

Damaged

Undamaged

False

N (failure cycle)

Positives
G-PBS-8-L1

12

11

1

1

552 ± 370

G-SF-8-L1

7

0

7

2

N/A

G-PBS-24-L1

10

10

0

0

1515 ± 1280

G-SF-24-L1

6

4

2

2

2925 ± 1928

G-SF-8-L4

14

13

1

1

489 ± 414

C-PBS-8-L1

7

0

7

0

N/A

C-SF-8-L1

6

0

6

0

N/A

Table 3. Results of test groups used in Study 1. The number of specimens used in each group
is given under ‘n’. The number of strips that were morphologically damaged and undamaged as
determined by observation and measures of surface roughness changes under the given testing
configuration are listed in those respective columns. The number of samples that had
disagreement between observed damage and predicted damage by hysteresis examination are
listed under false positives. The column N, is the cycle at which initiated failure occurred as
predicted in post-hoc interrogation of hysteresis curves.
2.5. Discussion
This study provides strong evidence that cartilage damage (or “wear and tear”) under a
migrating contact area may be recreated in the laboratory at physiological levels of contact
stresses (typically 0-6 MPa). The observed damage occurred as a result of delamination of the
SZ at its interface with the MZ, a location known to exhibit the lowest shear modulus across the
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articular layer thickness [102]. For all samples in Study 1, damaged or undamaged, the average

𝜇 was no greater than 0.02 (Table 3). This finding is consistent with previous reports of MCA
friction coefficients for both healthy and OA human tissue [60], confirming that an MCA was
maintained over the course of these tests even up to 24 h. Taken together, these two findings
allow us to accept H1 – that delamination wear occurs even when the friction coefficient 𝜇
remains low under a migrating contact area configuration (MCA).

Figure 19: Cartilage strip from Group 8 (cartilage-on-cartilage) stopped mid-test.
indicative of delamination is apparent (white arrows)

Blister

On close inspection, there are statistically significant differences between 𝜇, 𝜇, 𝜇 when
Study 1 data is binned by incidence of damage (Figure 10). This is in agreement with our
findings that although 𝜇 is insufficient to predict the onset of damage, damage is not observed
completely independently of changes to 𝜇. The literature has mostly focused on examining the
friction coefficient 𝜇 as a surrogate for understanding wear and tear in cartilage [119]. Implicitly,
a low value of 𝜇 has been assumed to produce low wear while an elevated value could lead to
significant wear; however, a specific wear-producing threshold value for 𝜇 has never been
proposed.

These results paint a more complex picture of the relationship between 𝜇 and

damage. This complexity is better understood when the friction profile of an individual test is
plotted with time (Figure S2). In several instances, 𝜇 was on the low end of the spectrum (𝜇 =
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0.015) constantly throughout the test, despite damage. In other instances a damage event
temporarily increased 𝜇 for several hours, but initial low friction coefficient values were
recovered by the end of the test. Therefore, shifting the focus away from abnormally elevated
values of 𝜇 may help parse out the many of the mechanical factors at play and help decompose
the process that leads to wear and tear in primary and secondary OA.

Figure 20: Two damaged samples from Study 2 with friction coefficients plotted and hysteresis
loops for select cycles.

As evidenced by this work, fatigue damage occurs in cartilage subjected to sliding
friction under low-to-moderate physiological contact stresses, a finding most relevant to
understanding mechanical factors in OA. Fatigue failure is made readily apparent because of
the clear distinction that PLM provides to distinguish between the articular cartilage zones. Both
the SZ and DZ (deep zone) appear bright white under PLM due to the highly organized collagen
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fibrils present in those zones. The MZ, instead, appears as a dark band, sandwiched between
the bright SZ and DZ. The MZ appears black due to the random organization of the fibrils in
that zone.

Figure 21: Two undamaged samples from Study 2 with friction coefficients plotted and
hysteresis loops for select cycles. Images of strips were taken immediately after unloading,
therefore the travel path is evident.

Delamination is indicative of sub-surface fatigue failure, resulting from the reciprocal
shearing of this SZ-MZ interface due to the tangential frictional shear stress, S, acting at the
articular surface. Based on our previously validated friction model for articular cartilage [120,
124], S is dependent on the magnitude of interstitial fluid load support and the presence of
boundary lubricants. Those two parameters were therefore experimentally varied in Study 1:
Glass compared with cartilage to explore the role of fluid load support and SF compared with
PBS to explore the role of boundary lubricants at preventing delamination wear. Since Study 2
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was tested on a different loading device at a much higher load, direct statistical comparisons
were not made with any of the other presented groups. Study 2 instead serves as validation
that delamination by fatigue failure is a relevant failure mechanism for the cartilage-on-cartilage
configuration and that this type of wear can be recreated in the lab under the appropriate
physiologic experimental conditions and not an artifact of using a glass lens as a counterface.
The comparison made to test H2 looks at experimental G-PBS-8-L1 and G-SF-8-L1,
which differed only in that Group 2 friction tests were performed in SF. Lubrication by synovial
fluid had a clear effect on the incidence of damage, resulting in 0 out of 10 strips with damage
for the SF group and 10 out of 10 strips with damage for the PBS group. These results allow us
to accept H2, and further experiments were performed to test the limits of SF wear-resistant
benefits. In the next two comparisons (G-SF-8-L1 vs. G-SF-8-L4 and G-PBS-24-L1 vs. G-SF24-L1), the results indicate that while SF prevents wear for up to 8 hours at the lowest load
tested, this benefit can be overcome by both increasing the number of cycles or increasing the
applied load. Examination of the average failure cycles for the 24 hour lubricant comparison (GPBS-24-L1 vs. G-SF-24-L1) supports this conclusion (Table 3).

Strips from G-PBS-24-L1,

tested in PBS, were computed to have N =1515 ± 1280, where strips from G-SF-24-L1, tested
identically in SF, required a significantly higher N =2925 ± 1928 (p = 0.006). These results
indicate that under these conditions, boundary lubricants delay the onset of delamination wear
by increasing the failure cycle by a factor of 2. The prior literature has shown lower 𝜇 for SF
versus saline, and PRG-4 knockout mice show cartilage degeneration at skeletal maturity
compared to wild-type. This result demonstrates that SF reduces wear and that there is a limit
to such benefits.
In addition, the finding that the effect of lubricant had a more significant effect on 𝜇 ratio
than any other factor (counterface or incidence of damage) is interesting. For groups that had
SF as the lubricant, it was shown that on average that 𝜇 –last < 𝜇 –first, regardless of the
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incidence of damage.

This is in agreement with our previous findings where the friction

coefficient of moderate-OA human cartilage was shown to be significantly lower than the friction
coefficient of mild-OA cartilage in PBS [60].
Hypothesis 3 tested that the cartilage-on-cartilage loading configuration delays the onset
of delamination wear compared to testing glass-on-cartilage. We accept Hypothesis H3 on the
ground that cartilage-on-cartilage damage was not obtained in Study 1, whereas experiments
using the same loading conditions with a glass lens as the counterface did experience damage.
We posit that delayed wear for cartilage-on-cartilage occurs because contacting porous
cartilage layers exhibit a much smaller solid-on-solid contact area fraction than impermeable
glass contacting porous cartilage. A higher solid-on-solid contact area fraction implies that a
higher proportion of ECM components of the SZ experience direct frictional interaction with the
sliding glass platen, causing greater transmission of the applied sliding contact load to deeper
tissue regions, namely the vulnerable middle zone. While this is our working theory, of course
there are other differences between a glass lens and a femoral condyle of similar curvature.
The ability of the condyle to deform, and spread the contact area, means that for the same
applied load, the glass lens is necessarily applying more contact stress (and thus, more
frictional stress, since 𝜇 is very similar in all the test groups) over the test duration. Beneficial
biomolecular interactions across the cartilage-cartilage interface may also play a role, especially
in the presence of the boundary lubricants of synovial fluid.
Study 2 was added to verify that (1) migration under a physiologic MCA can cause
damage for cartilage-on-cartilage under the appropriate physiological loading conditions and (2)
the mode of observed damage would be similar to that of glass-on-cartilage (fatigue failure and
delamination). We carefully selected the condyle from the ankle joint, because of its high
curvature and anatomically thin articular layer (~1 mm, Figure 6), which minimized spreading of
the contact area, causing stresses to remain elevated (~2 MPa) throughout the test duration, yet
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remaining in the low-to-moderate range of contact stresses. Performing ten 24 hour tests in
PBS under a 98 N load for this ankle-strip configuration confirmed that loading in vitro
parameters could be tuned to impart delamination wear under a physiologic loading
configuration. A final ankle-strip pair was halted mid-test to examine if the onset of delamination
wear could be visualized. This strip indeed captured the onset of a blister, providing further
evidence of the initiation of delamination wear for the cartilage-on-cartilage configuration (Figure
19). While the mode of failure is the same, there is one observed difference between the
damage observed for the ankle-strip and the damage observed for glass-on-strip. For glass-onstrip the blister manifests directly under the center of travel of the glass counterface. For ankleon-strip, instead the blister was observed to originate near the outskirts of the travel path (Figure
19). This may be due to the dissimilar contact areas and contact pressures between the two
types of tests - with glass having a small (9 mm2), rigid, hemispherical migrating contact area,
and the ankle having a wide (50 mm2), more congruent, non-rigid, migrating contact area.
Our data point to delamination wear (instead of abrasive wear) as a primary damage
mechanism in cartilage.

The presence of delamination is a strong indication that wear is

initiated by fatigue damage, caused by a combination of the tangential force 𝐹𝑡, and the number
of loading cycles N.

The ability to accurately identify N for various cartilage loading

configurations allows for improved fatigue failure characterization; the formation 𝑆-N curves that
could serve as tools for predicting fatigue-life estimates (Figure 16).

We examined the

correlation coefficient between various measures ( 𝐹𝑡 , 𝐹𝑛 , 𝐹𝑛 /𝐴, 𝐹𝑡 /𝐴 , 𝜇𝑒𝑓𝑓 , ℎ , max𝑈𝑛) and 𝑁
(where, max|𝑈𝑛 | is the maximum creep deformation of the contacting materials).

The only

measure that produced a statistically significant correlation was the average tangential shear
stress 𝑆. The 𝑆 -N curve is only valid for those samples that experienced damage and have a
computed value for N. The figure showing the S-N curve (Figure 16) also displays the value of
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S for undamaged samples, at the highest tested cycle number. These results show that the
great majority of these samples have a low S, falling beneath the S-N curve.
Another consideration of this investigation was the appropriateness of using the SCA
model to accelerate wear in vitro. We had questioned whether the delamination observed in a
previous study from our laboratory was an artifact of the experimental set-up [83]. One major
conclusion from the current study is the confirmation that delamination wear occurs also under
MCA, for both glass-on-cartilage and for cartilage-on-cartilage. Not only is this interesting as it
applies to how we understand the manifestation of mechanical wear in OA, but it also lends
credibility to the future use of the SCA model for investigating accelerated in vitro wear on
smaller tissue samples. The experiments performed in this study were long (between 8 hours
and 24 hours) and required large cartilage strips; the SCA model provides a more efficient
means to study wear and repair in the laboratory.
Another important outcome of this investigation is that from post-hoc loading data from
Study 1, we identified a method by which to detect damage onset in real-time. Using this
method we were able to identify and evaluate wear milestones (i.e. pre-wear, wear initiation,
delamination onset, initial separation, failure by delamination) (Figure 12,13).

The damage

progression was predicted using our method of hysteresis curve examination (Figure 12). This
result demonstrated that variations in principal components of hysteresis curves could identify
physical disruption of the tissue. At the earliest indication of damage (at N), strip B had no
visible damage (Figure 13B). This suggests that PCA of the frictional hysteresis curves detects
not only visual tissue damage, but early mechanical breakdown of the sub-surface collagen
network prior to the onset of macroscopic damage, highlighting the sensitivity of this method of
determining N. On close examination of the strips (Figure 13), there is an intensified bright
signal in the fatigued MZ coincident with dark spindles extending into the deep zone, perhaps
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indicating the recruitment of fibers from the highly organized DZ to resist shearing and swelling
of the MZ.
One limitation of this study and an important consideration for future work is the inability
to track contact area changes over the testing duration. Contact area measurements were
performed using pressure-sensitive film, which provides a measurement of the contact region
created between the two sliding surfaces (glass-on-strip, cartilage-on-strip).

From this

measurement the applied stress and the frictional stress were calculated. Reported applied
stresses (0.21-2.58 MPa) are therefore average contact stresses, indicating that the centrallyloaded region of migrating contact necessarily experiences higher stresses, at least during the
initial testing cycles.

Over time, as the contact area changes (especially for cartilage-on-

cartilage), it is important to account for these changes in our analysis. Contact area changes
may account for reductions in S, which may have a measurable influence on the shape of the SN curve.
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Chapter 3 – Development a Physiologic Chemical Environment that
Maintains the Homeostasis of Immature Bovine Articular Cartilage
Explants in Long-Term in vitro Culture

3.1. Introduction
Due to the dearth of studies on fatigue of cartilage damage, investigations of natural cartilage
repair following episodes of frictional loading are also very limited [112]. The performed studies
set the stage for future work in this area that will shed significant new light into the ability of
cartilage to repair itself in response to physiological loading conditions. Before we can perform
experiments that evaluate in vitro cartilage repair in response to damage, a homeostatic
baseline chemical environment for living cartilage explants must be established.
The ability to maintain living articular cartilage tissue in long-term culture without
significant alterations to tissue composition can serve as a highly valuable analytical tool for
cartilage research. The culture of explanted cartilage tissues in a tightly controlled environment
allows for the direct examination of mechanical or chemical perturbations on cell-mediated
tissue changes. A fundamental challenge for this technique is being able to recreate the salient
environmental conditions of the synovial joint in culture that are required to maintain native
cartilage homeostasis.

In principle, the tissue should ideally be maintained in an in situ

homeostatic state where cartilage tissue synthesis is in balance with degradation, as is
experienced by cartilage in its native setting. Interestingly, conventional media formulations
used in explanted cartilage tissue culture investigations often consist of levels of metabolic
mediators that deviate greatly from their concentrations in synovial fluid.

Despite a growing

interest in the effect of the mechanical loading environment on cartilage biosynthesis [125], far
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fewer studies have investigated the effect of the chemical environment as applied by culture
media formulations on tissue homeostasis. Because of our interest in examining the role of the
frictional sliding and delamination on intrinsic tissue repair, we first characterize a chemicallydefined environment for homeostatic cartilage explant culture.

3.2. Background
Live cartilage explant culture models have been used extensively in attempts to provide
important insights into cartilage behavior in response to a multitude of conditions, such as
mechanical injury [126], drug exposure [127], or tissue repair strategies [128, 129].
Conventionally, articular cartilage explants have been procured from a host of sources,
including skeletally mature [130, 131] and immature [128, 132-137] animal joints, and from
human joint sources (from post-mortem donors or tissue discarded from arthroplasty
procedures) [138, 139]. Articular cartilage procured from skeletally immature large animals,
(e.g. bovine or porcine), has served as a critically important tissue source for the cartilage
biomechanics and mechanobiology community, due to its ease of procurement, abundant
availability, and large explant size. In particular, its sizeable characteristic thickness (on the
same scale as human articular cartilage (2-4 mm) [140]) makes these tissues particularly wellsuited for use in cartilage mechanobiology studies, as they can undergo well-controlled
mechanical stimulation protocols and precise measurements of their mechanical properties. For
all these reasons, the use of immature bovine tissue for experimental investigations of living
cartilage tissue is a convenient choice. Another important characteristic of immature tissue is its
high metabolic activity which makes it appropriate for detecting cell and tissue changes on an
relatively short time scale (on the order of days) in the laboratory. The advantage of this high
metabolic activity also comes at a cost: immature cartilage tissue responds not only to targeted
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experimental conditions, but also undergoes rapid tissue remodeling in response to its ex vivo
environment.
To date, there exists no standard media formulation for in vitro cartilage explant tissue
culture. The challenge of identifying suitable culture media formulations for articular cartilage
has been strikingly evident from several prior investigations, particularly those involving
metabolically active juvenile cartilage explants.

Culture in a traditional media formulation,

consisting of Dulbecco’s Modified Eagle Medium (DMEM) supplemented with fetal bovine serum
(FBS), has been shown to induce a rapid and pronounced tissue degeneration, marked by
tissue swelling, softening, and extracellular matrix (ECM) loss [134]. It has previously been
surmised that this degeneration may result from the action of catabolic mediators from serum
that are not similarly present in synovial fluid.

Motivated by this outcome, more recent

investigations have performed explant culture in a chemically-defined medium formulation that
has previously been shown to promote chondrogenesis and cartilage growth: DMEM
supplemented with a combination of the cell stimulatory supplement, ITS+ premix, and the
highly potent synthetic corticosteroid, dexamethasone [134, 141].

Interestingly, while this

chondrogenic medium greatly attenuates tissue degeneration, it instead leads to a rapid
synthesis of cartilage ECM and a pronounced stiffening of the tissue [134].

These non-

physiologic, pronounced physical changes in explants may be highly undesirable, as they may
significantly confound the interpretation of results in experimental studies involving cartilage
explants.
3.2. Critical chemical identification and Hypotheses
Immature bovine cartilage explants undergo rapid physical changes when placed in in vitro
culture.

These rapid physical changes suggest that in vitro culture conditions may not be

suitably mimicking the tissue’s native environment, leading to an imbalance in anabolic and
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catabolic processes or a breakdown of tissue homeostasis.

While this homeostatic

dysregulation can potentially result from a multitude of factors, including tissue damage from
explant excision or alterations to the tissue’s ex vivo mechanical environment, it is interesting
that media formulations used in prior culture studies often consist of levels of several highly
influential metabolic mediators that deviate greatly from their concentrations in SF (Table 4).
Metabolic
Mediator
Glucose

-

-

Insulin

-

Corticosteroid
s

-

Levels Utilized in
Conventional Media
Formulations
Low glucose DMEM: 1.0
mg/mL
[126, 132, 142, 143]
High glucose DMEM: 4.5
mg/mL
[129, 133, 134]
MEM: 1.0 mg/mL [144]
Ham’s F-12: 1.8 mg/mL [144]
Unsupplemented: 0 ng/mL
[129, 130, 132, 133, 135, 137,
139, 142-144, 146, 147]
6000 ng/mL via ITS+ premix
[128, 134, 148]
Unsupplemented: 0 ng/mL
[126, 129-131, 133, 135-137,
139, 142-144, 146, 147]

- Dexamethasone: 50 ng/mL
[128, 134, 148]
Amino acids

Ascorbic acid

- DMEM: 107 mg/L
- MEM: 48 mg/L
- Ham’s F-12: 35 mg/L
- Unsupplemented: 0 µg/mL
[133, 136]
- 20-25 µg/mL [126, 130, 137,
139, 142, 147]
- 50 µg/mL [128, 134, 148]

Physiologic Levels in
Synovial Fluid (SF)
1.1 mg/mL [145]

1.2+0.3 ng/mL [149]

Cortisol (mature SF)
Total: 32.1±4.7 ng/mL;
Free: 8.7±3.5ng/mL
Cortisol (immature SF)
Total: 55.2±11.4 ng/mL;
Free: 25.6±11.9 ng/mL
20.9 mg/L [150, 151]

8.0 µg/mL [152]

Table 4: Concentrations of metabolic mediators in conventional media formulations and those
present in native synovial fluid. Physiologic glucose, amino acid, and ascorbic acid levels are
reported from plasma measurements under the general assumption that they exhibit relatively
unobstructed transport across the synovium. Amino acid concentrations are listed as the
average concentration among the 15 amino acids included in standard DMEM (see Table S4 for
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details). Cortisol levels (total and free) are obtained from direct experimental measurements
performed on synovial fluid in the current investigation.

In this study, we hypothesize that the homeostatic dysregulation previously observed in
cultured immature cartilage explants results from the presence of non-physiologic levels of
important metabolic mediators in the culture medium. To this end, we hypothesize that: (H2a)
immature bovine cartilage explants cultured in native synovial fluid will maintain homeostasis as
characterized by a maintenance of their mechanical properties and ECM contents at initial
(post-explantation) levels, and (H2b) explants cultured in a physiologic-based medium,
consisting of physiologic levels of key metabolic mediators, will maintain a similar homeostasis
over long-term culture.
The metabolic mediators targeted in this investigation are glucose, amino acids, insulin,
and corticosteroids, all selected based on their presence in synovial fluid and established strong
influence on cartilage ECM biosynthesis. Glucose (180 Da) and amino acids (57-186 Da) are
basic nutrients that are required for cell survival, as they provide a supply of energy to cells for
protein synthesis. Further, these nutrients serve as the fundamental building blocks for the
assembly of the major cartilage ECM constituents; amino acids form the peptide backbone of
type II collagen and the proteoglycan core protein and glucose is a direct precursor for the
monomers present in glycosaminoglycans (GAGs) [153]. Insulin is a peptide hormone (5.8 kDa)
that can increase the cellular uptake of glucose [154] and, at supraphysiologic doses, can
activate the insulin-like growth

factor receptor,

leading

to pronounced biosynthetic

enhancements [155]. Corticosteroids are a class of powerful steroid hormones that serve to
regulate a wide range of physiologic processes. The major systemic natural corticosteroid,
cortisol (~350 Da), has a strong multifaceted effect on cartilage metabolism. At low
concentrations, corticosteroids can inhibit the secretion of matrix degrading proteases [156]; at
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high levels, corticosteroids can potentially suppress chondrocyte ECM biosynthesis [157]. As
such, levels of cartilage ECM biosynthesis are likely to be dependent on the concentrations of
these critical metabolic mediators in culture medium.
3.3. Materials and Methods
Baseline homeostasis of articular cartilage explants, in their in situ chemical environment, was
determined by subjecting immature bovine explants to long-term culture in bovine synovial fluid.
In order to create a chemically-defined, homeostatic culture medium that would recapitulate this
chemical environment, the effect of individual critical chemical mediators on cartilage was
investigated in a series of parametric studies. Explants were cultured in media formulations of
subphysiologic, physiologic, and supraphysiologic levels (Table 4) of synovial fluid components
known to be critical to cartilage homeostasis: cortisol, insulin, glucose, and amino acids (Critical
Chemical Mediator Experiments #1-3; Table 5). While ascorbic acid similarly plays a critical role
in chondrocyte metabolism [158], its concentration variation assessment was not performed
since it is typically supplemented in culture media at near-physiologic levels (Table 4).
Following culture, explants were analyzed for their mechanical properties and biochemical
contents.

Finally, in order to demonstrate the importance of media selection on cartilage

explant experimentation, an additional experiment was performed that examined the effect of
dynamic mechanical loading on cartilage properties while cultured in a physiologic-based media
formulations versus media with subphysiologic or supraphysiologic levels of the aforementioned
metabolic mediators.
At the end of tissue culture, cylindrical cartilage explants were analyzed for changes in
viability, mechanical integrity and ECM content. Mechanical integrity was assessed via the
compressive equilibrium Young’s modulus (EY) and the degree of tissue swelling, measured via
the swelling ratio (SR), evaluated from the tissue wet weight ratio relative to day 0. Changes in
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explant ECM content were assessed by measuring levels of sulfated glycosaminoglycans
(GAGi), collagen (COLi), and cells (DNAi), all normalized to the initial tissue wet weight. GAG
measurements were further normalized to the tissue final wet weight (GAGf), allowing for an
assessment of the final concentration of GAG in the tissue, accounting for concomitant
volumetric changes to the tissue as a result of swelling.
Furthermore, in addition to influencing the synthesis of ECM constituents, chemical
mediators can also effect the secretion of growth factors and other signaling molecules into the
tissue. While these molecules are secreted at very low levels, they can act as strong autocrine
mediators and have an important impact on the metabolic activity of cartilage [159]. In order to
better understand the impact of metabolic mediators in culture medium on signaling molecule
secretion, we further analyzed the secretion of transforming growth factor beta (TGF-beta).
Expt
#

Varied Mediator
Concentrations

Constant
Mediator
Concentrations

Analysis
Time Points

1

Cortisol:
0, 5, 10, 25, 50, 200, 1000
ng/mL

Glucose: 1 mg/mL
Insulin: 1 ng/mL
Amino acids: 1.0X
Ascorbic
acid:
µg/mL
Cortisol: 25 ng/mL
Amino acids: 1.0X
Ascorbic
acid:
µg/mL
Cortisol: 25 ng/mL
Glucose: 1 mg/mL
Insulin: 1 ng/mL
Ascorbic
acid:
µg/mL

Days 0, 32

2

3

Glucose: 1, 4.5 mg/mL
Insulin: 1, 60, 600, 6000 ng/mL

Amino acids:
0.03X, 0.12X, 0.25X, 1.0X

20
Days 0, 32
20
Days 0, 7, 16,
32
20

Table 5: Mediator concentration variation experiments performed in this study. 1.0X amino acid
concentration is the level present in standard DMEM.
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3.3.1. Cartilage Explants and Synovial Fluid
Live cylindrical cartilage explants were aseptically harvested from the femoral condyles of
healthy 2-month old calf knee joints (Green Village Packing Co, NJ) at 24 hours after sacrifice.
Explants were extracted via a Æ 3mm biopsy punch (20 explants per condyle from high load
bearing regions) and immediately transferred to 4.5mg/mL glucose Dulbecco’s Modified Eagle’s
medium (HG-DMEM; Thermo Fisher #11965) + 1% antibiotic-antimycotic. Within 24 hours of
collection, explants were trimmed to remove both the underlying bone and a majority of the
cartilage deep zone. Explant cutting was performed using a custom cutting device that
maintains sterility, viability, and an intact articular surface, yielding cartilage disks (Æ 3 mm ´ 1.7
± 0.05 mm), consisting of superficial, middle, and upper deep zone cartilage. Day 0 mechanical
properties were assessed and explants were randomized into their respective test groups. In
total, 24 joints were used for this study, with samples evenly distributed from six joints for each
experiment. Healthy synovial fluid (SF) was procured from calf bovine wrist joints (n=8; Green
Village Packing Co), solely for cortisol measurements, and from adult bovine joints (100 mL
pooled lots (n=5); 2-3 year old; Animal Technologies), for cortisol measurements and tissue
culture experiments. Upon receipt, mature SF was thawed, decellularized via centrifugation
(3000 ´ g for 20 min), supplemented with antibiotics (1% antibiotic-antimycotic), and refrozen in
aliquots for tissue culture.
3.3.2. Culture Medium Preparation
The basal medium used throughout these studies was low glucose Dulbecco’s Modified Eagle’s
medium (LG-DMEM; Thermo Fisher #11885). The following media supplements were present in
all cultures: 1% antibiotic-antimycotic (100 U/mL penicillin, 100 µg/mL streptomycin, and 0.25
µg/mL amphotericin-B), 20 µg/mL ascorbic acid, 10 µg/mL sodium pyruvate, and 1 mg/mL
bovine serum albumin (BSA). The metabolic mediators targeted in this investigation were
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administered at varying levels that encompass those present in physiologic synovial fluid (Table
1). Physiologic levels of insulin, glucose, and amino acids in SF were determined from literature
assessments, as summarized in Table 1. Physiologic levels of cortisol in SF (free and total)
were experimentally measured in both mature and immature SF samples. Cortisol level
variation was achieved through the supplementation of medium with hydrocortisone (Sigma
H0888). Glucose level variation was achieved through the use of low glucose (1 mg/mL) or high
glucose (4.5 mg/mL) DMEM. Insulin level variation was achieved through the supplementation
of medium with ITS+ premix (BD Biosciences). The transferrin and selenium present in ITS+
premix have been shown to have a negligible effect on chondrocyte biosynthesis [158] and,
therefore, were not considered in this analysis. Standard DMEM contains a mixture of amino
acids (all nine essential and six nonessential) at concentrations that are generally higher than
those found in plasma or synovial fluid (107 mg/L versus 21 mg/L on average for each amino
acid; Table 1 & S1). For this study, amino acid level variation was achieved through the
selective mixing of basal DMEM with an amino acid-free DMEM (custom-made, Invitrogen). This
mixing yields formulations with varying fractions of standard DMEM amino acid levels (1.0X,
0.25X, 0.12X, and 0.03X), representing respective concentrations of 107 mg/L, 27 mg/L, 13
mg/L, 3 mg/L when expressed as the average level per amino acid. For all culture experiments,
explants were maintained in culture (1 mL medium per explant) at 37oC and 5% CO2, and, to
avoid nutrient unstirred boundary layer formation, explants were maintained on a slowly orbiting
shaker (30 rpm). Media was changed three times weekly.
3.3.3. Tissue Characterization Methodology
The equilibrium compressive Young’s modulus of cylindrical cartilage explants was measured in
unconfined compression via a custom-testing device, as described [134]. Explants were initially
equilibrated under a 10 g tare load for 5 minutes, followed by a stress relaxation test, consisting
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of 10% compressive strain (relative to pre-tare thickness) and 20 minutes of relaxation. The
equilibrium compressive stress was calculated based on measured explant dimensions,
allowing for a determination of EY. Biochemical content of explants was determined via the
dimethylmethaline blue (GAG), orthohydroxyproline (collagen), and Picogreen (DNA) assays
after proteinase-K digestion (0.5 mg/mL at 56°C for 20 hours), as described previously [134].
Cortisol levels in SF were determined via ELISA (Parameter, R&D Systems). For cortisol ELISA
measurements, SF samples were initially treated with hyaluronidase (4 µg/mL) for 30 minutes
before assay. For measurements of total (bound + free) cortisol levels, samples were further
treated with proteinase-K (0.5 mg/mL at 56 °C for 20 hours). This protein degradation step
liberates cortisol from binding proteins and has no detrimental effect on the ability of the assay
to detect cortisol (Fig S2). Glucose levels in synovial fluid and culture media were measured
using the Amplex Red Assay (Invitrogen). The TGF-beta secretion rate was assessed by
measuring the latent TGF-b1 concentration in media via ELISA (Duoset, R&D Systems), as
described previously [158, 159]. Chondrocyte viability in explants was assessed via the LiveDead assay (Invitrogen) and confocal imaging (Leica, 10X objective).
3.4. Culture Experiments
3.4.1. Cartilage Explant Glucose Consumption
In order to determine the required volume of culture medium to maintain sufficient glucose
availability and tissue viability, a preliminary test was performed. Here, explants were
maintained in 1 mg/mL glucose medium in volumes of 0.3, 0.6, 1.0, 2.0, and 4.0 mL of medium
per explant. After two days of culture, media was assayed for remaining glucose levels.
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3.4.2. Cartilage Explant Culture in Synovial Fluid
Cartilage explants were cultured in mature bovine synovial fluid (SF) for 20 days (1 mL SF per
explant). SF was changed three times per week. For this experiment, procured SF was
strategically modified in order to better mimic the nutrition environment that is experienced by
immature cartilage explants in situ. For one, it is important to consider that, for these
experiments, immature bovine cartilage explants are cultured in mature bovine SF. According to
our analysis, mature SF possesses significantly lower levels of cortisol than immature SF (Table
1). This analysis is consistent with prior reports about age-related changes on systemic cortisol
levels [160]. This measured concentration disparity can potentially alter explant behavior [161].
To account for this disparity and better replicate the in situ environment of immature cartilage,
mature SF cortisol levels were adjusted to immature SF levels, via the supplementation of an
additional 17 ng/mL of cortisol. Second, SF was further modified to account for nutrient losses
during fluid procurement. During the 24-hour pre-procurement period between animal sacrifice
and fluid aspiration, nutrients in SF likely continue to be consumed by synovial joint cells but are
no longer replenished to the fluid as a result of the cessation of blood flow. To illustrate this
issue, we measure glucose levels at 0.52 mg/mL in our procured adult SF, substantially below
levels routinely observed in vivo (~1.0 mg/mL [145]). Explants cultured in SF consisting of this
sub-physiologic glucose level can potentially undergo extensive viability loss. Therefore, to
account for these pre-procurement losses, our procured SF was replenished with an additional
0.5 mg/mL glucose and other nutrients that are likely to be similarly consumed during the preprocurement period (0.15X essential and nonessential amino acids, and 20 µg/mL ascorbic
acid). Lastly, synovial fluid was diluted with an additional 15% v/v phosphate buffered saline
(PBS) in order to reduce its viscosity in an attempt to recreate the convection-induced mixing
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experienced by the fluid in vivo, while it is situated on our slowly orbiting shaker (30 rpm) within
the incubator.
3.4.3. Critical Chemical Mediator Experiment #1: Corticosteroids
Cartilage explants were cultured for 32 days in basal medium supplemented with a range of
cortisol levels (0, 5, 10, 25, 50, 200, or 1000 ng/mL), bracketing the physiologic level observed
in immature synovial fluid (25 ng/mL; Table 4). An additional set of explants was cultured in
medium supplemented with the synthetic corticosteroid dexamethasone (potency ~ 25-fold
above natural cortisol [162]) at levels typically utilized for tissue culture (50 ng/mL [134]). For all
groups in this experiment, medium contained physiologic levels of glucose (1 mg/mL) and
insulin (1 ng/mL), and supraphysiologic levels of amino acids (1X). Explant properties were
analyzed initially (day 0) and after 32 days of culture.
An additional experiment was performed to determine the enzymes involved in the
pronounced swelling of cartilage explants in the absence of corticosteroids (as shown in
results). Explants were cultured for 14 days in the presence of cortisol-free media consisting of
1 mg/mL glucose and supraphysiologic levels of insulin (6000 ng/mL) and amino acids (1X) in
order to induce a pronounced degree of cortisol-free swelling (consistent with swelling observed
in Fig S1). Media was supplemented with either cortisol (25 ng/mL), or 25 µg/mL of one of the
following specific MMP inhibitors (Santa Cruz Biotechnology): N-[[(4,5-Dihydro-5-thioxo-1,3,4thiadiazol-2-yl)amino]carbonyl]-L-phenylalanine for MMP-3 (#SC-311432), (3R)-N-hydroxy-2-(4methoxyphenyl)sulfonyl-3,4-dihydro-1H-isoquinoline-3-carboxamide for MMP-8 (#SC-311436),
4-N,6-N-bis[(4-fluoro-3-methylphenyl)methyl]pyrimidine-4,6-dicarboxamide for MMP-13 (#SC205756). An additional group of explants was devitalized via a freeze-thaw cycle and
maintained in culture in parallel with the other groups. Following culture, SR of explants was
measured and their viability was assessed.
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3.4.4. Critical Chemical Mediator Experiment #2: Insulin and Glucose
Cartilage explants were cultured for 32 days in basal medium supplemented with a range of
insulin levels (1, 60, 600, or 6000 ng/mL), including and exceeding levels observed in SF (1
ng/mL; Table 1) and with physiologic (1 mg/mL; Table 1) or supraphysiologic (4.5 mg/mL)
glucose levels. For all groups, medium contained physiologic levels of cortisol (25 ng/mL) and
supraphysiologic levels of amino acids (1X). Explant properties were analyzed initially (day 0)
and after 32 days of culture.
3.4.5. Critical Chemical Mediator Experiment #3: Amino Acids
Cartilage explants were cultured for 32 days in medium supplemented with a range of amino
acid levels (0.03X, 0.12X, 0.25X, or 1X), bracketing the physiologic level observed in synovial
fluid (~0.25X; Table 1). For all groups, medium contained physiologic levels of cortisol (25
ng/mL), glucose (1 mg/mL), and insulin (1 ng/mL). Explant properties and viability were
analyzed initially (day 0) and after 7, 16, and 32 days of culture. The secretion rate of latent
TGF-beta was analyzed over the initial 14 days of culture.
3.4.6. Explant Dynamic Loading in Varying Culture Media
Cartilage explants were cultured in a media formulation, consisting of either physiologic-based,
cortisol-free, or supraphysiologic levels of several of the critical metabolic mediators
investigated in this study: corticosteroid-free (1 mg/mL glucose, 0.25X amino acids, 1 ng/mL
insulin, 0 ng/mL cortisol), physiologic-based (1 mg/mL glucose, 0.25X amino acids, 1 ng/mL
insulin, 25 ng/mL cortisol), and supraphysiologic (1 mg/mL glucose, 1X amino acids, 1 ng/mL
insulin, 50 ng/mL dexamethasone). For the supraphysiologic formation, the synthetic
corticosteroid dexamethasone was used, given its increased potency above natural cortisol. In
each formulation, explants were either maintained under free swelling conditions or subjected to
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a physiologic dynamic loading regimen (10% platen-to-platen strain, 1 Hz frequency, 1 hour
duration, 3 days per week). Explant properties were analyzed and compared to free swelling
values after 21 days of culture.
3.5. Statistical Analyses
For experiments on the mediator level variation of cortisol (experiment #1) and amino acids
(experiment #3), two-way ANOVAs (a=0.05) were performed to determine the effects of culture
time and mediator level on explant properties: EY, SR, GAGi, GAGf, COLi, DNAi. A three-way
ANOVA (a=0.05) was performed to determine the effect of culture duration, insulin level, and
glucose level on explant properties (experiment #2). One-way ANOVAs were performed to
determine the effect of: 1) enzyme inhibition on explant swelling and 2) amino acid level on
latent TGF-beta secretion. Tukey’s post hoc test was used to detect differences in the means.
For explant dynamic loading experiments, an unpaired Student’s t-test (two-tailed) was used to
compare explant properties between dynamic loading and free swelling within each media
group. Statistical significance was set at p<0.05.
3.6. Results
3.6.1. Cartilage Explant Glucose Consumption
In the presence of cartilage explant tissues, medium glucose levels decreased after 2 days of
culture due to cellular consumption (Figure 22). Remaining glucose concentrations varied
nonlinearly with the medium to tissue volume ratio; at a ratio of 25:1, only 2.5% of the original
glucose was remaining in medium, while at a 330:1 ratio, 98% of the glucose remained. After 32
days of culture, explants maintained at a 30:1 volume ratio exhibited a substantial loss of cell
viability in the tissue central region, while a ratio of 100:1 resulted in no viability loss (Fig S5).
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For all experiments of this study, a 100:1 ratio was adopted in light of its ability to maintain a
majority (>60%) of medium glucose level between media change periods.
3.6.2. Cartilage Explant Culture in Synovial Fluid
After 20 days of culture in synovial fluid, explants exhibited no viability loss (results not shown),
no statistically significant swelling (SR=1.02±0.04; p>0.05; Fig 23A-SF culture), and no
statistically significant change in EY (p>0.05; Fig 23B-SF culture). Explants did exhibit a small,
but statistically significant increase in GAG content (p<0.05; Fig 23C-D-SF culture) with GAGi,
and GAGf increasing by 23% and 22%, respectively.

Figure 22: Remaining glucose levels in culture medium after 48 hours of explant incubation for
varying media to tissue volume ratios. Dashed line represents initial supplemented glucose level
(1 mg/mL).
3.6.3. Critical Chemical Mediator Experiment #1: Corticosteroids
For subphysiologic cortisol levels (0 ng/mL and 5 ng/mL), explants exhibited statistically
significant swelling after 32 days of culture (p<0.05; Figs 3A, 3G, 3H); SR increased by 30%
and 26% above day 0 values, respectively. At high swelling levels, explants exhibited crack
formation in the tissue center (Fig 24H-cortisol). Swelling decreased with increasing cortisol
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levels. For physiologic and all supraphysiologic cortisol levels, SR remained at day 0 values
(p>0.99). Conversely, EY increased with increasing cortisol levels (Fig 24B-cortisol): In the
absence of cortisol (0 ng/mL) EY decreased by 60% below day 0 values (p=0.16), at other
subphysiologic cortisol levels (5 ng/mL, 10 ng/mL) EY was maintained at day 0 values (p>0.94),
and at physiologic and supraphysiologic cortisol levels (25-1000 ng/mL) EY increased above day
0 values (p<0.05). GAGi increased above day 0 values for all groups with the exception of 0
ng/mL and 50 ng/mL cortisol levels (Fig 24C-cortisol). GAGf was maintained at day 0 values for
0 ng/mL, 5 ng/mL and 1000 ng/mL cortisol levels and increased above day 0 values for all other
groups (p<0.03; Fig 24D-cortisol). COLi (p>0.99) and DNAi (p>0.59) did not differ from day 0
values for all groups (Fig 24E-F-cortisol). The response of explants to 50 ng/mL dexamethasone
was not significantly different from that of 50 ng/mL cortisol in regards to EY, SR, GAGi, and
GAGf (Fig S6).
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Figure 23: Mechanical properties and biochemical content of cartilage explants initially and after
20 days of culture in synovial fluid: (A) swelling ratio, (B) compressive Young’s modulus, (C)
GAG content per initial wet weight, and (D) GAG content per final weight wet. *p<0.05
represents significant variation from day 0 value.

3.6.4. Corticosteroid-Free Explant Swelling: Enzyme Secretion
Live control explants exhibited a large degree of swelling in response to cortisol-free medium
(SR= 2.68±0.64; Fig 25-enzyme). Devitalization prevented explant swelling (SR= 1.03±0.08).
Swelling of live explants was statistically reduced in the presence of cortisol (SR= 1.37±0.33) or
the specific MMP-13 inhibitor (SR= 1.14±0.24), but not in the presence of the specific MMP-3
(SR=2.09±0.43) or MMP-8 (SR= 2.49±0.56) inhibitors. MMP inhibitors had no effect on cell
viability (results not shown).
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Figure 24: Critical chemical mediator experiment #1: Mechanical properties, biochemical
contents, and histology of cartilage explants cultured for 32 days in medium with varying levels
of cortisol: (A) swelling ratio, (B) compressive Young’s modulus, (C) GAG content per initial wet
weight, (D) GAG content per final weight wet, (E) collagen content, and (F) cell content. Insulin
(1 ng/mL), glucose (1 mg/mL), amino acid (1.0X), and ascorbic acid (20 µg/mL) levels were
maintained constant for all groups. Red arrow indicates physiologic level of cortisol present in
synovial fluid. Dashed lines represent day 0 values. *p<0.05 represents significant variation
from day 0 value. (G) Representative images of cartilage explants initially (day 0) and after 32
days of culture with varying cortisol levels. Scale bar = 1.0 mm. (H) Representative safranin-O
stained sections of explants initially and after 32 days of culture with varying cortisol levels.
Arrow represents crack formation in tissue center of 0 ng/mL cortisol samples, which is distinct
from cartilage vascular canals (* labeled) that are present in other groups and characteristic of
immature cartilage tissue. Scale bar = 1.0 mm.

3.6.5. Critical Chemical Mediator Experiment #2: Insulin and Glucose
SR increased with increasing levels of insulin and glucose, reaching values significantly above
day 0 for 600 ng/mL and 6000 ng/mL insulin at low glucose and 60 ng/mL, 600 ng/mL, and 6000
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ng/mL insulin at high glucose (Fig 26A & 26H-insulin). At the high glucose and insulin levels,
explants exhibited a dramatic swelling-induced void in the tissue center (Fig 26I). EY values
increased above day 0 for all groups (p<0.05; Fig 26B). GAGi increased with increasing levels of
insulin and glucose, reaching values statistically above day 0 for 60 ng/mL, 600 ng/mL, and
6000 ng/mL insulin at both low and high glucose (Fig 26C). GAGf increased above day 0 values
for 600 ng/mL, and 6000 ng/mL insulin at low glucose and 60 ng/mL, 600 ng/mL, and 6000
ng/mL insulin at high glucose (Fig 26D). Levels of insulin and glucose had no statistically
significant effects on COLi (p=0.95; Fig 26E) but DNAi increased for 600 ng/mL and 6000 ng/mL
insulin at high glucose (Fig 26F). A strong linear correlation (p=0.93) was observed between SR
and GAGi (Fig 26G).

Figure 25: Swelling ratio of cartilage explants cultured for 32 days in cortisol-free medium while
subjected to devitalization, cortisol supplementation, or specific enzyme inhibitors. *p<0.05
represents statistical variation from control value.

3.6.6. Critical Chemical Mediator Experiment #3: Amino Acids
For physiologic amino acid levels (0.25X), SR and EY were statistically maintained at their day 0
values for up to 32 days (p>0.58; Fig 27A-B-AAs). While GAGi and GAGf increased above day 0
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values, they did not further increase above day 7 values at subsequent time points (p>0.77; Fig
27C-D-AAs). In contrast, for supraphysiologic amino acid levels (1.0X), all properties increased
above day 0 values and continued to rise above day 7 values. For subphysiologic amino acid
levels (0.12X and 0.03X), all properties exhibited no statistically significant change from day 0
values with the exception of GAGi at 0.12X level on day 16. Explants from all groups exhibited
no cell viability loss (Fig 27E).
Explants secreted similar levels of latent TGF-b1 when cultured in physiologic (0.25X) or
supraphysiologic (1.0X) amino acid levels (Fig 28-LTGFsec). At subphysiologic AA levels, latent
TGF-b1 was secreted at a statistically significant decreased rate (p<0.05).
3.6.7. Explant Dynamic Loading in Varying Culture Media
The response of explant properties to physiologic dynamic loading was dependent on the
culture medium type (Fig 29-DL+homeo). Dynamic loading of explants in physiologic medium
increased EY by 80% (p=0.03) and GAGi by 15% (p=0.07) relative to free swelling control
values. In contrast, explants cultured in subphysiologic (corticosteroid-free) or supraphysiologic
medium exhibited no statistical change in EY, or GAGi relative to free swelling control values.
3.7. Discussion
The capacity to maintain living cartilage explants in long-term culture under homeostatic
conditions can serve as a highly valuable tool for cartilage research. The results of this study
have led to the identification of four key metabolic mediators—glucose, amino acids, insulin, and
cortisol—that have strong influences on explant mechanical properties and biochemical
contents, and, when administered at near-physiologic levels, can maintain homeostasis of
immature cartilage explants for at least up to one month in culture.
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Figure 26: Critical chemical mediator experiment #2: Mechanical properties, biochemical
contents, and histology of cartilage explants cultured for 32 days in medium with varying levels
of insulin and glucose: (A) swelling ratio, (B) compressive Young’s modulus, (C) GAG content
per initial wet weight, (D) GAG content per final weight wet, (E) collagen content, and (F) cell
content. Cortisol (25 ng/mL), amino acid (1.0X), and ascorbic acid (20 µg/mL) levels were
maintained constant for all groups. Red arrow indicates physiologic levels of insulin and glucose
present in synovial fluid. Dashed lines represent day 0 values. *p<0.05 represents statistical
variation from day 0 value. †p<0.05 represents significant variation from corresponding 1 ng/mL
insulin value. (G) Linear correlation between swelling ratio and GAG content. (H)
Representative images of cartilage explants initially (day 0) and after 32 days of culture for each
media group. Scale bar = 1.0 mm. (I) Representative safranin-O stained sections of explants
initially and after 32 days of culture for 6000 ng/mL insulin and 4.5 mg/mL glucose group. Arrow
represents crack-induced tissue void in tissue center. Scale bar = 1.0 mm.
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Figure 27: Critical chemical mediator experiment 3: Mechanical properties, biochemical contents,
and viability of cartilage explants cultured for 7, 16, or 32 days in medium with varying levels of
amino acids: (A) swelling ratio, (B) compressive Young’s modulus, (C) GAG content per initial
wet weight, and (D) GAG content per final wet weight. Insulin (1 ng/mL), glucose (1 mg/mL),
cortisol (25 ng/mL), and ascorbic acid (20 µg/mL) levels were maintained constant for all groups.
Red arrow indicates physiologic level of amino acids present in synovial fluid. 1X amino acid
level represents concentrations present in standard DMEM. Dashed lines represent day 0
values. *p<0.05 represents significant variation from day 0 value. †p<0.05 represents significant
variation from corresponding day 7 value. (E) Representative viability images (live cells: green,
dead cells: red) of cartilage explants after 32 days of culture for 0.25X and 0.03X amino acid
groups.
An important foundation of this investigation is the novel use of synovial fluid to determine
the baseline behavior of cartilage explants in vitro. These results demonstrate that explants do
indeed maintain near homeostasis for several weeks when cultured in synovial fluid, as
evidenced by their maintenance of day 0 mechanical properties and only minor increases
(~20%) in their biochemical contents (Fig 23). As such, these findings provide the important
conclusion that the dramatic homeostatic dysregulation observed in several prior explant culture
studies can be almost completely attributed to the presence of a non-physiologic chemical
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environment rather than artifacts induced during the physical explantation of the tissue. In
contrast to some prior reports [163], we observed no loss of chondrocyte viability during
synovial fluid culture, suggesting the importance of performing several modifications to synovial
fluid to improve glucose availability during in vitro culture: 1) replenishing fluid procurement
glucose losses, 2) reducing the viscosity of the fluid, and 3) maintaining cultures mixed on an
orbital shaker.

Figure 28: Secretion rate of endogenous cartilage growth factor, latent TGF-b1, from cartilage
explants cultured in medium of varying levels of amino acids. Secretion rate is normalized to
explant volume. Red arrow indicates physiologic level of amino acids present in synovial fluid
*p<0.05 represents significant variation from 1.0X value.

The metabolic mediators investigated in this study have an intriguing and complex role on
the behavior of cartilage explants, influencing both the mechanical stability of the tissue ECM
and the biosynthetic rates of new ECM products. Changes to ECM stability and rates of
biosynthesis manifest in alterations to the biochemical contents, degree of tissue swelling, and
the tensile and compressive mechanical properties of explants. The controlled examination of
the concentration dependence of each metabolic mediator, as performed in this study, has
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allowed for the development of insights into the mechanistic contribution of each mediator
towards explant properties and homeostasis.

Figure 29: Mechanical properties and biochemical contents of cartilage explants cultured for 32
days in a corticosteroid-free, physiologic, or supraphysiologic culture medium while subjected to
dynamic mechanical loading or free swelling conditions: (A) swelling ratio, (B) compressive
Young’s modulus, (C) GAG content per initial wet weight. *p<0.05 †p=0.07 represents statistical
comparison between corresponding free swelling value.

Perhaps the most striking demonstration of the current investigation is the dramatic
response of cartilage explants when cultured in the absence of corticosteroids, whereby
explants exhibit pronounced tissue swelling (Fig 24A & 24G-cortisol) that can lead to cracking in
the tissue central region (Fig 24H-cortisol). This swelling is not observed during culture in
synovial fluid (Fig 23A-SF). In order to understand the mechanism of corticosteroid-free explant
swelling, it is important to note that the degree of swelling of cartilage tissue is dependent on the
well-documented balance between the GAG-induced Donnan osmotic swelling pressure and the
tensile integrity of the collagen matrix, which acts to physically resist this swelling pressure
[164]. Consequently, changes in the degree of tissue swelling result from alterations to either
the tissue GAG content or the tensile integrity of the collagen matrix. Since explants cultured in
the absence of corticosteroids exhibit no change from their day 0 GAG content (GAGi; Fig 24Ccortisol), explant swelling can be predominantly attributed to a loss of collagen tensile integrity,
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consistent with prior direct mechanical characterizations [45]. This attribution is further
consistent with the observed softening of explants in the absence of corticosteroids (Fig 3B),
given the dependence of the tissue modulus in unconfined compression on a combination of
both the GAG content and collagen matrix tensile properties [165].
Metabolic
Mediator

Medium
supplemented
level

Glucose
Amino acids
Insulin
Cortisol
Ascorbic acid

1 mg/mL
27 mg/L
1 ng/mL
25 ng/mL
20 µg/mL

Table 6: Levels of critical metabolic mediators in physiologic-based culture medium required to
maintain articular cartilage explant homeostasis.

The attribution of corticosteroid-free swelling to collagen integrity loss is consistent with
prior reports that corticosteroids can suppress chondrocyte secretion of matrix-degrading
enzymes, such as matrix metalloproteinases (MMPs) [156, 166], and, thus, inhibit cartilage
degradation [167]. In fact, it has long been known that explanted cartilaginous embryonic limbs
can uptake substantial amounts of water and swell in culture, a phenomenon that is inhibited by
corticosteroids [168, 169]. The swelling of immature cartilage in the current investigation likely
results from similar mechanisms. In the current investigation, tissue swelling is greatly
attenuated in the presence of a specific MMP-13 inhibitor and does not occur in devitalized
explants (Fig 25-enzyme), suggesting that cell secretion of this specific collagenase enzyme
plays a major role in collagen integrity loss. It is important to note that in the absence of
corticosteroids, we do not observe a decrease of collagen levels in explants (Fig 24E-cortisol).
This suggests that explant swelling results not from a loss of collagen from the tissue, but rather
from a breakdown of the integrity of the collagen network that was originally present. As such,

75

we suspect that the observed loss of collagen tensile integrity during swelling likely results from
MMP induced “damage” to type-II collagen [170]. However, we do not entirely discount the
possibility that a loss of tensile integrity can partially result from enzyme-induced degradation of
collagen crosslinking molecules (e.g. pyridinoline, glycoproteins, and minor collagen molecules),
which can also influence tensile properties [45, 171, 172].
The collagen network appears to be greatly stabilized through the supplementation of
physiologic levels of the natural corticosteroid, cortisol. However, while cortisol is necessary to
maintain explant homeostasis in tissue culture medium, in itself, it appears to be insufficient.
Even in the presence of physiologic cortisol levels, explants in this study still underwent
homeostatic dysregulation, as exhibited by pronounced increases in GAG content (GAGi
increase of 78%; Fig 24C-cortsiol) and mechanical stiffening (EY increase of 70%; Fig 24B).
GAG accumulation was far greater than for explants cultured in synovial fluid (Fig 23C-SF) and
can likely be attributed to the presence of supraphysiologic levels of other anabolic mediators in
the culture medium that promote ECM biosynthesis.
The anabolic mediators insulin, glucose, and amino acids were targeted in this investigation
based on their documented influence on chondrocyte GAG biosynthesis [138, 158, 173]. The
results of this study confirm that supraphysiologic levels of these mediators can greatly
contribute to homeostatic dysregulation in cartilage explants. In general, increased levels of
these mediators led to increased GAG accumulation, tissue swelling, and stiffening. At the
highest levels of insulin, glucose, and amino acids utilized in the study, the changes to explant
properties were strikingly evident: GAGi, SR, and EY increased by 3.5-fold, 2.2-fold and 2-fold,
respectively (Fig 26-insulin). It is important to note that the mechanism of supraphysiologic
anabolic mediator-induced swelling differs from swelling observed in the absence of
corticosteroids. Whereas corticosteroid-free swelling appears to be initiated by collagen network
breakdown and marked by tissue softening, swelling induced by supraphysiologic anabolic
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mediators appears to alternatively result from an increased synthesis and accumulation of GAG
in the tissue, leading to an increased Donnan osmotic swelling pressure. This swelling pressure
produces an initial stiffening of the tissue; at high levels of accumulation, the increased osmotic
pressure overcomes the native level of tensile resistance by the collagen network, resulting in a
pronounced swelling effect. This attribution is strongly supported by the high correlation
between tissue swelling (SR) and GAG content (GAGi; Fig 26G-insulin).
The use of physiologic levels of these key anabolic mediators greatly mitigates changes to
mechanical properties, swelling, and GAG content, giving rise to a homeostatic maintenance
similar to that achieved in synovial fluid. The slight increase in GAGi at day 7 (for 0.25X amino
acids; Fig 27C-AA) mirrors the increase observed in SF culture (Fig 23C-SF). The GAG content
does not continue to rise at subsequent time points (Fig 27C-AA), suggesting that this minor
GAG accumulation may result from the explant excision process or exposure of non-physiologic
levels of other mediators in DMEM that have not been examined in this investigation. It is
important to note that, while the reduction of anabolic mediators to physiologic levels greatly
decreases the GAG synthesis rate, it induces no loss of cell viability, suggesting that
chondrocytes are still capable of maintaining their essential metabolic activity. In fact, no viability
loss is observed in explants cultured for 32 days, even at exceptionally low, subphysiologic
amino acid levels (0.03X amino acid group, representing a 97% decrease below DMEM levels
and 86% decrease below physiologic levels; Fig 27E). Furthermore, the reduction of amino
acids from supraphysiologic (1X) to physiologic levels (0.25X) appears to have no influence on
the secretion of the critical signaling protein, latent TGF-beta (Fig 28-LTGF), suggesting that the
synthesis of essential autocrine growth factors and perhaps other signaling molecules remain
unaffected by these lowered amino acid levels.
In addition to the importance of physiologic concentrations of key mediators in culture
media, the suitable replenishment of these mediators is equally critical. While the native
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synovial joint consists of low volumes of synovial fluid, small nutrients are replenished at high
rates via transport from the vasculature surrounding the synovium. For conventional tri-weekly
media change protocols for in vitro culture, it becomes necessary to utilize a sufficient media
volume to ensure that nutrients are not depleted during the 48-72 hour period between media
changes [174]. This consideration becomes critical when using physiologic levels of glucose
(1 mg/mL). Remaining glucose levels vary non-linearly with media volume, and the use of
insufficient media to tissue volume ratios can potentially lead to “unsafe” low glucose levels by
the end of the media change period (Fig 22-glucose). Over 32 days of culture, the use of a
media to tissue volume ratio (30:1) that exhibits pronounced glucose depletion manifests into a
significant loss of viability in the central regions of the tissue (Fig S5), presumably due to
insufficient glucose levels for interior chondrocytes. Alternatively, our results demonstrate that
the adoption of a media to tissue volume ratio (100:1) that substantially reduces glucose
depletion can prevent explant viability loss during long-term culture.
Historically, basal media formulations have focused on the ability to impart rapid
proliferation to isolated cells in culture. More recently, highly supraphysiologic chondrogenic
media formulations have been developed to impart rapid tissue growth for regenerative
medicine platforms [175] or to achieve long-term survival of live osteochondral allografts during
tissue bank storage [176]. The results of this study offer a novel perspective and underscore the
importance of the selection of the chemical environment for different applications that involve
either long-term maintenance or long-term growth of cartilage tissue. While media formulations
used in cartilage explant culture often possess physiologic levels of several of the mediators
targeted in this study, we have yet to identify a reported culture protocol where all four
mediators are administered at physiologic levels. In particular, corticosteroids are rarely
incorporated into media formulations, and DMEM, which possesses a 4-fold excess of each
amino acid on average (Table S4), appears to have become one of the most commonly utilized
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basal formulations for cartilage culture. Alternatively, the key mediators identified in this study
can readily be administered in media formulations at physiologic levels (listed in Table 6);
cortisol, insulin, and ascorbic acid can be readily supplemented via stock solutions. For glucose,
basal media formulations (e.g. DMEM and MEM) are commercially available at physiologic
glucose levels (1 mg/mL), commercially termed as “low glucose” medium for DMEM (LGDMEM). For amino acids, physiologic levels can be achieved through titration of standard
DMEM with a custom amino acid-free DMEM formulation, as utilized in this study. Interestingly,
other commercial basal media formulations (e.g. MEM and Ham’s F-12) possess amino acid
concentrations that are closer to physiologic levels (Table S6) and, although they were not
investigated in this study, they may serve as attractive options for cartilage explant culture. It is
important to consider that while this physiologic-based formulation appears to mimic the native
chemical environment, synovial fluid possesses a multitude of additional metabolic mediators
that can greatly influence chondrocyte biosynthesis and may be a factor in maintaining
homeostasis when the tissue is subjected to mechanical loading or other external conditions.
Cartilage explant culture can serve as a highly valuable and versatile tool for cartilage
research, allowing for: 1) insights into tissue function and physiology and 2) assessments of the
efficacy of disease modifying and tissue repair strategies. The utilization of a physiologic-based
medium may be crucial for successfully developing biological insights from these systems. The
induction of dramatic physical changes in explants, which do not occur in the native setting,
such as tissue swelling, stiffening, and GAG accumulation, can greatly confound the
interpretation of experimental results. Most notably, large non-physiologic tissue changes can
potentially mask the effect of a target stimulus or elicit a non-physiologic tissue response. The
importance of a physiologic medium is strongly demonstrated in our experimental monitoring of
cartilage explants in response to a long-term regimen of dynamic mechanical loading. As
depicted (Fig 8-DL+homeo), dynamic loading appears to have no effect on the properties of
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cartilage explants when utilizing a culture medium that is corticosteroid-free or possesses
supraphysiologic levels of amino acids. We suspect that the increased rate of ECM biosynthesis
induced by supraphysiologic amino acid levels effectively masks the effect of mechanical
stimulation. Further, ECM swelling/degradation in the absence of corticosteroids may alter the
transmission of mechanical loads to chondrocytes, compromising their mechanotransduction
response. In contrast, the use of a physiologic-based medium elicits cartilage’s classical
mechanobiological behavior, whereby dynamic loading enhances the GAG content and stiffness
of the tissue [177, 178]. In a further demonstration, through the use of our physiologic-based
medium, we observe that the supplementation of fetal bovine serum induces a high degree of
tissue swelling and cell proliferation in explants, but, interestingly, has no effect on ECM
synthesis (Fig S7).
The results of this study may have broad applicability for musculoskeletal tissue research.
As outlined in this study, physiologic-based media are particularly critical for the in vitro
maintenance of immature cartilage tissues, which possess high cell densities and associated
high rates of metabolic activity and ECM remodeling. However, the utilization of a physiologic
culture medium may also be critical for culture of mature cartilage, whereby a lack of
corticosteroids or anabolic mediator excesses may also induce undesirable physical tissue
changes, albeit those that are likely less pronounced than physical changes in immature
tissues. Further, given the commonality of the synovial fluid-based chemical environment for
many musculoskeletal tissues, the culture medium developed in this investigation can serve as
an important formulation for investigations into the behavior of many other musculoskeletal
tissues of the synovial joint, such as tendons, ligaments, synovium, and the meniscus.

80

3.8. Conclusions and Future work
We hypothesizes that the utilization of a culture medium consisting of near-physiologic levels of
several highly influential metabolic mediators (glucose, amino acids, cortisol, insulin, and
ascorbic acid) will maintain the homeostasis of cartilage explants as assessed by their
mechanical properties and extracellular matrix contents. Results demonstrate that the
aforementioned mediators have a strong effect on the mechanical and biochemical stability of
skeletally immature bovine cartilage explants. Most notably, 1) in the absence of cortisol,
explants exhibit extensive swelling and tissue softening and 2) in the presence of
supraphysiologic levels of anabolic mediators (glucose, amino acids, insulin), explants exhibit
increased matrix accumulation and tissue stiffening. In contrast, the administration of
physiologic levels of these mediators (as present in native synovial fluid) greatly improves the
stability of live cartilage explants over one month of culture. These results may have broad
applicability for articular cartilage and other musculoskeletal tissue research, setting the
foundation for important culture formulations required for examinations into tissue response to in
vitro wear.
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Chapter 4: Laser-based treatment strategy to delay OA progression
4.1. Introduction
Combining our understanding of the manifestation of fatigue damage and our in vitro
model of cartilage wear (Chapter 2) with a homeostatic chemical environment (Chapter 3), we
have laid the groundwork to investigate novel in vitro repair strategies on living cartilage
explants. In this Chapter we demonstrate a practical treatment modality capable of stopping or
slowing down structural degeneration of articular cartilage in OA. A radically different use of
ultrafast lasers is presented to achieve this goal, which relies on inducing a photochemical effect
rather than optical breakdown [179] or photoablation [180] which departs from current laserbased OA cartilage treatment strategies (Section 4.1.2).

Although our collaborators have

recently demonstrated viability of the treatment modality in corneal stroma [181, 182], articular
cartilage is compositionally and structurally more complex. Therefore, the following experiments
serve as the initial in vitro validation of the technique as applied to cartilage and lay the
groundwork for extensive in situ and in vivo animal studies, which are envisioned as the natural
continuation to this dissertation work.
4.1.1. Loss of Collagen Crosslinks leads to OA
Whether the initiating factors of OA are acutely mechanical (trauma) or gradually developing
with age, an imbalance in ECM homeostasis is a key pathogenic pathway of OA. The disruption
of collagen network leads to its inability to withstand the swelling pressure of PGs, resulting in
increased water content. Along with swelling, increased proteolytic activity shifts the ECM
homeostasis towards degradation of matrix components, progressively leading to cartilage
degeneration and loss of function [183]. The loss of collagen crosslinks is key to collagen
network instability in OA. The onset of OA is characterized by changes to the structure, though
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not necessarily the content, of the collagen matrix in articular cartilage.

Crosslinks (CxLs)

stabilize the collagen fiber network, and their disruption leads to the loss of tensile strength and
structural integrity [184]. In cartilage, hydroxylysyl pyridinoline (PYR) is the major mature CxL
and pentosidine (PSD) is the senescent CxL. Lysyl oxidase mediates covalent crosslinking of
collagen fibrils by oxidizing hydroxylysine residues to hydroxylysyl aldehydes which then,
through several reactions, lead first to immature PSD, then to stable PYR CxLs [185, 186]. The
contribution of crosslinking to tensile strength and stability of cartilage collagen matrix has been
extensively demonstrated in tissue engineering studies [184]. In animal models of OA,
crosslinking loss determined the irreversibility of cartilage ECM degeneration, irrespective of the
level of proteoglycan loss [187].

In patients, increased levels of PYR and PSD in urine

correlated with the severity of OA and other degenerative joint diseases [188].
4.1.2. Current laser treatment therapies for cartilage
Current use of lasers in OA treatment is divided into two distinct fields, disease management
[189-193] and techniques related to laser-assisted tissue ablation [194-198] such as
debridement and abrasion, used in the arthroscopic treatment of OA and cartilage lesions [199201]. In the latter, the laser is used as a thermal source to perform chondroplasty, aiming to
smooth the fibrillated articular cartilage surface. For some practitioners lasers are seen as a
more effective replacement to mechanical chondroplasty [202-204]. However, commonly used
lasers such as excimer and solid state lasers cause significant thermal injury to the joint [205]
that can lead to avascular necrosis of adjacent subchondral bone, affecting the viability of the
remaining articular cartilage [206, 207].

Smoothing of osteoarthritic cartilage has been

proposed to be beneficial because it may reduce friction and further wear [203, 208]. However,
shaving off fibrillated layers of cartilage may also remove biomechanically protective regions
[209]. Furthermore, shaving treatment does not improve the biomechanical properties of OAafflicted cartilage and the resulting pain relief may only be temporary [208]. In particular, it has
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been shown [208] that excimer laser-treated articular cartilage in rabbits has inferior structural
integrity when compared against normal tissue, despite its cartilage-like morphological
appearance.
4.1.3. Femtosecond laser induces collagen crosslinks
A novel laser treatment strategy has been shown to induce crosslinks into the type I collagen
network of corneal tissue [181, 182]. Here we extend this platform to the more complex type II
collagen network of articular cartilage. The treatment modality utilizes an ultrafast oscillator,
which has extremely low pulse energy (~1.2 nJ), and as such does not inflict thermal damage,
as demonstrated in previous work on porcine cornea (in vitro) [182, 203] and lapine corena (in
vivo) [181].

When ultrashort pulses carrying nano-Joule (nJ) energy are relatively loosely

focused onto collagen-rich biological media, the interaction results in the formation of low
density plasma (LDP) within the focal volume and its immediate vicinity. Though this LDP
regime has been previously observed and reported, with second harmonic imaging showing that
it alters the signal from collagen rich tissues [210], today this phenomenon is mostly viewed as
an undesired side-effect occasionally present in multiphoton imaging [180]. Here, we use LDP
as a tool for the generation of an ionization field within biological media, without producing
tissue-damaging thermoacoustic [180] and shock waves [211].

The ionization field locally

ionizes and dissociates interstitial water, creating reactive oxygen species (ROS) which interact
with surrounding proteins to form collagen CxL, giving rise to spatially resolved alterations in
mechanical properties. ROS initiate photo-oxidation of proteins, which results in the formation
of chemical CxLs [212].

All amino acids are susceptible to modification by free radicals;

however tryptophan, tyrosine, histidine, and cysteine are particularly sensitive [213]. Amino
acids involved in CxL formation in corneal tissue include histidine, hydroxylysine and tyrosine
[214]. Oxidative modification of tyrosine is characterized by abstraction of phenolic hydrogen
atom from tyrosine residues.

The tyrosyl radical is relatively long-lived and can react with
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another tyrosyl radical or tyrosine to form a stable, covalent carbon-carbon bond, resulting in the
creation of 1,3-dityrosine. This formation is a product of protein oxidation which leads to intraor intermolecular crosslinking [215]. The reaction serves as a primer of pathways that lead to
crosslinking of ECM upon irradiation with a femtosecond oscillator.
4.1.4. Reactive Oxygen Species
Due to its avascular nature, the metabolic requirements of adult cartilage are mostly serviced by
diffusion from synovial fluid. Oxygen levels in the tissue are rather low, inhibiting glycolysis and
ECM production. In this environment, reactive oxygen species (ROS) play significant
physiological roles, including cell activation, proliferation and matrix modeling. Sustained levels
of ROS are required for the maintenance of ion homeostasis in chondrocytes. However, the
overproduction of ROS in pathological cartilage has been associated with the accumulation of
lipid peroxidation products and nitrotyrosine in situ. This well-documented role of ROS in OAafflicted articular cartilage requires careful consideration of potentially adverse effects of laserinduced ROS [216]. There is also evidence that antioxidant supplementation is associated with
the slowing of OA progression [217, 218].
4.1.5. Hypotheses
The laser treatment strategy examined in this dissertation was selected because of its distinct
capability to reform collagen crosslinks, replacing those being lost during OA progression,
without injuring the cells and without any chemical additive or thermal ablation. The laser
treatment protocol used in this application can specifically target the subsurface region, located
200 μm of the articular surface. By strengthening this region with enhanced crosslinking, we
hypothesize that cartilage will demonstrate greater resistance to fatigue failure than untreated
controls.

We then hypothesized that this treatment protocol would also be effective on

85

devitalized fibrillated human articular cartilage from OA joints with overall Outerbridge score
OS1-3.
4.2. Materials and Methods
4.2.1. Experimental Design Study 1: Laser treatment immature bovine at different depths
In Study 1, we tested devitalized immature bovine cartilage explants (Æ3 mm ´ 1 mm) in a twofactorial experimental design: Factor 1 tested the effect of laser treatment dosage at a given
energy level (0, 1 and 2 rasterized laser treatment passes of the explant surface, with 0
representing the untreated control group); factor 2 tested the effectiveness of the treatment with
increasing depth from the articular surface (focusing the laser at depths of 0-200 µm, and 100300 µm). This 3´2 design had n=6 explants tested in each cell (total of 36 explants). The
principal outcome measure was the compressive equilibrium unconfined compression modulus
EY. A subset of paired control and treated samples from this study were wear-tested under SCA
to determine tissue resilience.
Preliminary MCA wear tests on two pairs of (Æ10 mm ´ 1.2 mm) immature bovine
cartilage discs were also performed. One disc from each pair was laser-treated at its center (3 x
3 square raster pattern). A spherical glass lens (R12.7 mm) was used as the counterface under
4.45 N load. The contact area migrated past the laser treated region, 4 mm travel at 1 mm/s.
4.2.2. Experimental Design Study 2: Laser treatment OA human
In Study 2, we tested the hypothesis that this treatment protocol would also be effective on
devitalized fibrillated human articular cartilage from OA joints with overall Outerbridge score
OS1-3 [219] (Figure 31, 32 ). Three OA joints were used (2 F and 1 M, ages 73-95). Paired
cartilage plugs (control and laser-treated, Æ3 mm ´ 1.3 mm) were harvested from regions with
local OS1 (outerbridge score (5 sample pairs) and OS2 (7 sample pairs); regions with OS3 were
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too soft to isolate testable tissue plugs. The compressive modulus EY was measured before and
after sham (control) or laser treatments.

Figure 30: Human OA distal femur with overall Outerbridge score 3. Dashed line represents
histology section of Fig 31b. Circles on lateral condyle (left) are sites of tissue harvest for laser
treatment study, rectangles show paired samples. Inset (bottom right) shows harvested sites of
samples used for results reported in Figure 34.

4.2.3. Experimental Design Study 3: Cell Viability after treatment in long-term culture
In Study 3 we laser-treated live immature bovine cartilage explants (Æ3 mm ´ 1 mm) (0 and 1
pass, from 100 to 300 µm, n=12 per group) and examined EY and cell viability (Live/Dead Assay
Kit, Molecular Probes) 24 h after laser treatment. Additional samples were maintained in culture
and viability was assessed after two weeks.
4.2.4. Experimental Design Study 4: ROS and Vitamin C
In Study 4, devitalized immature bovine cartilage explants (Æ3 mm ´ 1 mm) were bathed either
in PBS or PBS + 1M AAP for 24 hours at 4oC (n=4 per group).
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Laser treatment was

administered in the respective bathing solutions. The compressive modulus EY was measured
after laser treatment.

Fig 31. (a) Human femoral condyle (OS3), with evidence of delamination (arrow). (b) Human
femoral condyle (OS3) showing missing surface zone, with typical fibrillation. (c) Delaminated
bovine cartilage strip (see Fig 8) shows fibrillated surface (arrow). (d) Typical OA plug from Fig 2,
graded OS2, test results in Fig 9b. (Picrosirius Red for collagen.)

4.2.5. Laser Treatment
A femtosecond laser High-Q (High-Q Laser, Austria) oscillator with temporal pulse width of 99 fs
and 52 MHz repetition rate and output wavelength centered around 1060 nm was used for laser
treatment. The laser was coupled with a 3-axis translational stage (Thorlabs, Inc.) configured to
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deliver laser pulses through a high numerical aperture objective (Figure 33). Cartilage explants
(Æ3 mm ´ 1 mm) were seated in a press-fit containing ring within a petri dish. A coverslip with a
focusing target was positioned on top of the sample and a sufficient amount of PBS was added
to the dish such that the sample remained hydrated throughout treatment. The sample dish was
positioned beneath the objective and the laser was then carefully focused within (10 um
resolution) on the target region of the sample. The sample remained stationary throughout
treatment as the objective rastered the treatment pattern, moving in all three dimensions. For
single-layer treatment a single x-y plane was rastered parallel to the articular surface. For multilayer treatment, the sample was treated layer-wise through the depth. For cartilage discs (Æ10
mm ´ 1 mm) laser treatment was administered in a similar fashion, except discs were glued to
petri dish, not press-fit.

Fig 33. Laser setup consisting of Hi-Q femtosecond oscillator coupled with the 3- axis motorized
actuators. Beam delivery optics are mounted onto the motion system
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4.2.6. Equilibrium Compressive Young’s modulus
To measure EY across the full thickness of an explant, we will use the devices and protocols for
unconfined compression stress-relaxation described in our previous studies [47, 83] and Section
3.3.3.
4.2.7. Wear tests
Wear tests were performed under both SCA and MCA configurations as described (Section
1.5). The method of MCA was described in (Section 2.3.3), tester A was used. For SCA, tester
A was also used and affixed with an impermeable flat glass platen that is much larger than the
sample (instead of the glass lens under MCA) (Figure 1). The flat glass platen is used to
perform reciprocal sliding and it remains in constant contact with the entire surface of the
cartilage plug during the duration of the test. This set-up is designed to intentionally defeat the
sustained interstitial fluid pressurization that normally exists between two native migrating
articular layers (Section 1.5). Under the SCA configuration, the cartilage plug is press-fit into a
shallow recess of the same diameter within a PBS-filled dish that is affixed to a translating stage
that performs reciprocal sliding (±5 mm at 1 mm/s). The counterface is slowly lowered until
brought in contact with the plug and a designated load is applied. Contact stress can be applied
as low as 0.18 MPa with this device and as high as 18 MPa. For control samples (Æ3 mm ´ 1
mm) wear was observed under the prescribed contact stress (0.18 MPa) and reciprocal sliding
(±5 mm at 1 mm/s) after 4 h (N=1,440).
4.2.8. Cell viability & histology
Cell viability was assessed with live/dead staining (DNA [220]) under confocal imaging. Samples
for histology were fixed, sectioned, and stained with Safranin-O [221] for charged PGs and with
Picrosirius red [222].
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4.3. Results
4.3.1. Results Study 1: Laser treatment immature bovine at different depths
Results showed that 1 and 2 passes enhanced EY by nearly 100%, producing a significantly
higher EY than the 0-pass control group (p<0.03). This enhancement was equally effective at
the two ranges of depths from the articular surface (p=0.47, Figure 34A). The wear resistance
was also examined in a subset of samples from Study 1 (n=4 per group). For control samples,
EY decreased significantly with wear testing, from 0.38±0.01 MPa down to 0.32±0.02 MPa
(p<0.03), exhibiting clear visual evidence of damage (Figure 35). In contrast, laser-treated
samples exhibited no significant difference in EY (p=0.13), going from 0.50±0.03 to 0.49±0.03
MPa before and after the wear test. These samples showed little visual evidence of damage
(Figure 35). Control discs subjected to the wear test showed a blister indicative of delamination
wear, whereas the laser-treated discs were damaged (Figure 38).

Figure 34: Stiffening of articular cartilage with laser treatment: (a) immature bovine treated from
0-200 µm and 100-300 µm from surface, (b) mature human OA cartilage with Outerbridge
scores 1 and 2, treated from 0-200 µm from surface (PS2), *p<0.005, † p<0.05.
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4.3.2. Results Study 2: Laser treatment OA human
For control samples, no differences were found before and after sham treatment (p=0.34,
EY=0.63±0.43 MPa for OS1, EY=0.14±0.05 MPa for OS2), therefore we only summarize EY
values before and after laser treatment (Figure 34B) for OS1 and OS2 (two-factor design, 1:
before/after, repeated measures, 2: OS1/OS2). We found that laser treatment significantly
enhanced EY for both OS1 (p=0.04) and OS2 (p=0.004).

Figure 35: Control bovine cartilage explant (Æ3 mm ´ 1 mm), before and after wear test,
demonstrates greater visual evidence of surface damage (arrows) compared to laser-treated
explant (side view).

4.3.3. Results Study 3: Cell viability in long-term culture
The compressive stiffness was confirmed to exhibit a similar increase with laser treatment
(p<0.03), from EY=0.36±0.21 MPa (0 pass) to EY=0.58±0.21 MPa (1 pass). Confocal images of
explants demonstrated no evidence of viability loss from laser treatment (Figure 36A,B).
Additional samples maintained for two weeks in culture after laser treatment, cell viability was
similarly maintained when compared to untreated controls (Figure 36C, D).
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Figure 36: Live/Dead staining of immature bovine cartilage explants (PS3): (a) control and (b)
laser-treated, at 24 h; (c) control and (d) laser-treated at 2 wks.

4.3.4. Results Study 4: Vitamin C for sequestration of ROS
It was found that lasing bovine cartilage bathed in PBS+1M AAP produced EY=0.37±0.19 MPa,
comparable to untreated cartilage (Figure 37) and significantly lower (p=0.04) than samples
treated in PBS only, EY=0.64±0.20 MPa (n=4 per group); thus, AAP can be used to actively
modulate ROS activity during laser treatment.
4.4. Discussion
Based on these results, we have shown that the novel laser treatment strategy that induces
crosslinks into the type I collagen network of corneal tissue [181, 182] can be extended to
induce collagen crosslinks to the more complex type II collagen network of articular cartilage.
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We demonstrated crosslink induction via both mechanical property changes to the ECM of small
cartilage cylindrical plugs and large explant discs.

Figure 37: Young’s Modulus for samples after laser treatment in either PBS + Vitamin C or PBS
alone.

In Study 1, we showed a doubling in stiffness of devitalized immature bovine explants
after laser treatment, independent of the number of passes (Figure 34). From these Study 1
results, we concluded that one pass was sufficient to saturate the collagen crosslinking sites
available for this modality and a doubling of the treatment dosage exhibited no mechanical
evidence of harmful effects. All subsequent tests were performed at the same energy level,
using one pass. In addition to enhancing the modulus EY, we examined the wear resistance of
control and laser-treated bovine explants, in a subset these samples from the study reported in
(n=4 per group).

Explants were subjected to sliding against glass for 4 h, using the SCA

configuration (Figure 1A) [83]. From the results of Chapter 2, SCA can be used to accelerate
wear and yet still produce physiologic damage.

Wear tests performed under the SCA

configuration at the designated applied stress reliably show swelling and softening consistent
with fatigue failure for immature bovine cartilage explants (Æ3 mm ´ 1.3 mm).

Post-wear

mechanical tests indicated that laser-treated explants neither softened nor swelled like their
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paired controls (Figure – swelling). These results are striking and indicate that not only has
laser-treatment enhanced the tissue compressive stiffness as measured under static stressrelaxation measurements, but that laser-treatment has improved the tissue’s resistance to
dynamic wear.

Figure 38. LEFT: (a) Photographs and (b) laser surface scans of Æ10 mm X 1.2 mm bovine
cartilage plugs after sliding for 12 h, 4 mm travel at 1 mm/s, against a spherical glass lens
(R12.7 mm) under 4.45 N load. Arrows: blister due to delamination wear in control sample (left).
Treated sample (right) was lased over a 3 mm x 3 mm central patch and showed no damage.
RIGHT: Friction coefficient µ remains low over MCA 12 h wear test (µ=0.008 damaged control,
µ=0.005 undamaged treated). Typical results from SCA 4 h test (Fig 9a) show much higher,
time-dependent µ for both control and treated.

We further tested bovine cartilage discs under MCA, where laser treatment was only performed
at the center region, and compared against untreated controls, using the protocol described in
Chapter 2.

Conditions known to induce delamination wear in immature bovine strips were

selected: G-PBS-12-L1 (Glass lens counterface, PBS as lubricant, 4.45 N applied load, for 12
hours).

For the four samples tested (2 controls and 2 treated), the two controls showed

expected delamination wear (one in the form of a blister and the other in the form of a ruptured
bluster), whereas laser-treated samples showed no evidence of visual damage on surface laser
scans (Figure – laser scan). Representative friction curves are shown for both the MCA and
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SCA wear tests of bovine cartilage. Plots of the friction coefficient the friction coefficient (Figure
38) remains comparable in magnitude between control and laser-treated cartilage, both for MCA
and for stationary contact area (SCA) as performed in PS1. These results suggest that the most
important functional properties of cartilage (sustaining compressive load and producing low
wear) are significantly enhanced by our novel laser treatment methodology, without detriment to
the friction coefficient. While SCA exhibits much higher friction than MCA due to loss of fluid
pressurization, eventually they both lead to similar delamination, justifying our use of the less
time-consuming SCA protocol here.

Figure 39: Envisioned treatment process: (1) Femtosecond laser irradiates articular cartilage
creating an ionization field; (2) ionization generates reactive oxygen species (ROS) which
interact with collagen fibrils in the ECM; (3) biochemical reactions with ROS result in CxL
formation, which enhance cartilage mechanical properties, potentially slowing down OA
progression.

In Study 2, we found that laser treatment significantly enhanced EY for both OS1
(p=0.04) and OS2 (p=0.004); most interestingly, OS2 samples achieved the same final EY value
as OS1 samples (EY=0.98±0.36 MPa, p=0.95), suggesting that the laser treatment may be
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saturating available cross-linking sites, whose abundance increases with fibrillation.

These

results establish that this laser treatment protocol is equally effective for cartilage from different
species and from different grades of osteoarthritic human cartilage. These results also suggest
that we could reduce the amount or duration of laser treatment for human tissue, since it
appears we have achieved saturated conditions.
The viability studies performed in Study 3 are highly encouraging.

These results

demonstrate that laser treatment does not compromise cell viability for up to two weeks, while
achieving equally effective enhancement of the tissue compressive modulus as with devitalized
explants. These highly encouraging results will be examined more thoroughly in future studies
by culturing control and treated explants for up to 4 weeks post-treatment to confirm long-term
cell viability and enhancement of other properties, such as wear resistance, without
compromising tissue composition.
Ascorbic-acid-phosphate (AAP, Vitamin C) is a known scavenger of ROS commonly
used during laser-based procedures. Adverse effects of induced radicals can be minimized via
application of AAP during and post laser treatment. In Study 4, the ability of AAP to modulate
the potential harmful ROS effects from laser treatment was investigated. To test the efficacy of
AAP at interrupting ROS generation, cartilage explants were saturated with AAP prior to laser
treatment. Our working hypothesis is that our laser treatment induces short-lived bursts of nonnitric ROS, primarily from ionization of the cartilage interstitial water, and these ROS then mostly
interact with collagen in the ECM. Therefore, if AAP was present at the time of ionization, it
would interrupt CxL formation and downstream tissue stiffening. Indeed, samples saturated in
AAP did not respond to laser treatment, suggesting that AAP may be used as an effective ROS
scavenger for this application.
Another observation that must be appreciated is that the prior work identifying
delamination wear under SCA and MCA have been extended here as useful tools. The ability to
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assess tissue wear resilience is only possible because of the ability to impart and assess
reliable, repeatable, physiologic wear. Therefore, the role of the test bed must be appreciated
as it enabled the important findings reported here.
4.5. Future Work
Currently, our technology allows us to treat a Æ3 mm region in 5 min. To convert our current ex
situ setup to a practical tool for in situ laser treatment, our collaborators have begun
development of a fiber optic-based probe for future in vivo arthroscopic studies (Figure 40).
Clinical and engineering considerations will be taken into account, to constrain the laser
procedure to last no longer than common cartilage debridement (e.g., 30 minutes or less). To
meet this constraint, the focusing tip of the probe must be designed such that the required
energy density is deployed at numerical aperture values that accommodate a relatively large
focal volume. Since the focal volume has the shape of a Gaussian ellipsoid [223] with both radii
being a strong function of numerical aperture, relatively loose focusing will result in a large
depth of field. This favorable characteristic increases the penetration depth. However, the laser
intensity within the focal volume also follows a Gaussian distribution, thus care must be taken
not to exceed the upper threshold identified in SA2 at the center of the ellipsoid. The successful
completion of SA3 will let us proceed with future arthroscopic studies in animals and, potentially,
in humans.
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Fig 40. (a) Laser setups for fiber optic probe (red) & free-space optics (blue). A. Femtosecond
laser; B. Tissue sample area; C. 3-axis translation mount; D. Fiber optic cable; E. Probe tip; F.
Focusing optics; G. 3-axis motorized actuator. Gaussian laser beam profile with ~60 mW power
is obtained from (b) free-space objective and (c) fiber-based probe.
4.6. Conclusions
Current OA treatments focus on relieving pain and improving joint function. This is
achieved through a combination of pain medications, steroids, injections, physical therapy,
arthroscopic procedures and joint replacement surgery as a last resort. None of the current
options act directly to reverse or delay OA, instead they act to reduce pain and improve mobility.
Even emerging technologies that target cartilage defects are offering short-term pain relieving
options that do not interrupt disease progression. The proposed technology would be the first
OA disease-modifying treatment of its kind that could be used in tandem with existing
treatments and could delay the need for a joint replacement. In this dissertation through in vitro
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experiments we showed the potential for this therapy to prevent wear as it applies to both
immature bovine explants and OA human cartilage.
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Appendix I: Supplemental Figures

Figure S1: Chapter 2 - Strip before and immediately after wear test from Study 2 using anklecondyle as counterface.

Figure S2: Chapter 2 - Friction time courses for two samples from Study 1 that both
experienced delamination wear.
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Figure S3: Chapter 2 - Wear test of glass lens against bovine cartilage strips: (a) Photograph
showing delaminated blister (arrow). (b,c,d) Cross-sections (PLM) show delamination
progression in travel path over time (3 different strips).

Amino acid
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L-arginine (n)
L-cystine (n)
L-glutamine (n)
L-histidine (e)
L-isoleucine(e)
L-leucine (e)
L-lysine (e)
L-methionine (e)
L-phenylalanine
(e)
L-serine (n)
L-threonine (e)
L-tryptophan (e)
L-tyrosine (n)
L-valine (e)
Mean level:
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weight
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Media levels (mg/L)
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F12
Medium
Medium
Medium
(MEM)
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[224]
[224]
224]
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Plasma levels (mg/L)
(Stegink
et al,
1999)
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(Frame,
1958)
[151]
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----10
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12
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3
10
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5
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17
19
32
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12
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5
77
14
13
22
36
6
11

0.63
0.24
0.08
0.13
0.33
0.12
0.21
0.25
0.20
0.17

10
14
--10
23

15
25
15
18
35

13
20
15
14
29

0.31
0.21
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0.13
0.31
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Mean
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ratio
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)

Table S4: Concentrations of essential (e) and non-essential (n) amino acids in Dulbecco’s
Modified Eagle’s Medium (DMEM), Ham’s F12 Medium, Minimum Essential Medium (MEM)
formulations, and in blood plasma according to two prior investigations [150, 151]. Several non-
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essential amino acids (alanine, asparagine, aspartic acid, glutamic acid, and proline) have been
omitted from the table due to their absence from standard DMEM formulations.

Figure S5: Representative viability images (live cells: green, dead cells: red) of cartilage
explants after 32 days of culture in medium with physiologic glucose levels (1 mg/mL) at either a
30:1 or 100:1 media to tissue volume ratio. Yellow arrows represent explant surfaces that were
exposed to culture medium. The explant bottom surface was in contact with the polystyrene
culture dish throughout culture. Explants cultured at the lower media volume ratio exhibit a
central region of significant viability loss. This central region exhibits the highest characteristic
length from the media exposed surface and therefore is expected to possess the lowest glucose
levels, as illustrated in prior work [174].
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Figure S6: Mechanical properties and biochemical contents of cartilage explants cultured for 32
days in medium supplemented with cortisol (Cort) or dexamethasone (Dex) corticosteroid at 50
ng/mL level: (A) swelling ratio, (B) compressive Young’s modulus, , (C) GAG content per initial
wet weight, and (D) GAG content per final wet weight. Insulin (1 ng/mL), glucose (1 mg/mL),
amino acid (1.0X), and ascorbic acid (20 µg/mL) levels were maintained constant for both
groups. The different corticosteroids had no statistical effect on measured mechanical or
biochemical properties (p>0.05). Dashed lines represent day 0 values.
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Figure S7: Mechanical properties and biochemical contents of cartilage explants cultured for 32
days in medium supplemented with or without 10% fetal bovine serum (FBS): (A) swelling ratio,
(B) DNA content per initial wet weight, (C) collagen content per initial wet weight, (D) GAG
content per initial wet weight. Insulin (1ng/mL), glucose (1mg/mL), amino acid (1.0X), cortisol
(25 ng/mL), and ascorbic acid (20 µg/mL) levels were maintained constant for both groups. FBS
supplementation induced increased explant swelling and cell proliferation but had no effect on
COLi or GAGi. Dashed lines represent day 0 values. *p<0.05 represents statistical difference
between groups.
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