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Abstract

Articular cartilage defects caused by injury frequently lead to osteoarthritis, a painful and costly disease.
Despite widely used surgical methods to treat articular cartilage defects and a plethora of research into
regenerative strategies as treatments, long-term clinical outcomes are not satisfactory. Failure to
integrate repair tissue with native cartilage is a recurring issue in surgical and tissue engineered strategies,
seeing eventual degradation of the regenerated or surrounding tissue. This review delves into the current
understanding of why continuous and robust integration with native cartilage is so difficult to achieve.
Both the intrinsic limitations of chondrocytes to remodel injured cartilage, and the significant challenges
posed by a compromised biomechanical environment are described. Recent scaffold and cell-based
techniques to repair cartilage are also discussed, and limitations of existing methods to evaluate
integrative repair. In particular, the importance of evaluating the mechanical integrity of the interface
between native and repair tissue is highlighted as a meaningful assessment of any strategy to repair this

load-bearing tissue.

Impact statement

The failure to integrate grafts or biomaterials with native cartilage is a major barrier to cartilage repair.
An in depth understanding of the reasons cartilage integration remains a challenge is required to inform
cartilage repair strategies. In particular, this review highlights that integration of cartilage repair strategies
is frequently assessed in terms of the continuity of tissue, but not the mechanical integrity. Given the load
bearing nature of cartilage, evaluating integration in terms of interfacial strength is essential to assessing

the potential success of cartilage repair methods.



Introduction

For an individual, damaged articular cartilage in the knee can see loss of joint function, pain and the likely
development of osteoarthritis 2. From a health economy standpoint, osteoarthritis presents a significant
financial burden, estimated at 1 to 2.5% of gross national product for countries including the USA, Canada
and France 3. In 2015, lost labour force participation alone due to arthritis was estimated to cost the

Australian economy $1.8 billion *.

Knee injuries in adolescence and young adulthood (such as those incurred playing sport) increase the risk
of developing osteoarthritis at a younger age than is otherwise seen in the population > . The burden of
osteoarthritis for individuals within working age is significant, with high levels of pain and reduced
function impacting day-to-day life and placing limitations on individuals’ capacity to work 7. One of the
possible causes of post traumatic osteoarthritis (PTOA) is an injury that occurs directly in the articular
cartilage. Following joint trauma involving articular cartilage, strategies to repair and regenerate the
affected cartilage in the acute setting are a potential way to halt or slow the progression of PTOA, with

the goal of re-establishing the mechanical properties of the tissue and appropriate load distribution é.

Current clinical treatments of articular cartilage injury fail to provide long-lasting repair, where “failure”
is defined as a poor Lysholm score (a clinical assessment of a patient’s knee symptoms and function) or
the patient requiring a knee replacement *°. Gold standard surgical approaches include microfracture,
mosaicplasty, and autologous chondrocyte implantation. Microfracture largely results in the production
of fibrocartilage, which does not possess the same mechanical properties as the original hyaline cartilage,
and may also see the formation of subchondral cysts 12, Fibrocartilage is unable to withstand joint loads
and resist wear like hyaline cartilage, and can degenerate after 24 months, potentially requiring revision
surgery > % Numerous synthetic and naturally derived biomaterials are also under development as

acellular implants, or to support the delivery of cells to regenerate cartilage tissue °.



Both surgical repair methods and tissue engineering approaches frequently see failure of the graft or
newly formed tissue to integrate with native cartilage '°. Vertical integration with the subchondral bone
is also necessary to repair osteochondral defects and occurs more readily than integration with cartilage,
though this does not guarantee a healthy repair of the subchondral bone, with signs of the onset of
osteoarthritis sometimes observed (e.g. cysts and sclerotic thickening) ** 7. A failure of lateral or basal
integration with cartilage remains a significant challenge as it frequently leads to degradation of the

surrounding tissue over time, and is the focus of this review %16,

A clear understanding of the difficulties in achieving integration is essential to focus current research
efforts to repair articular cartilage defects. This review will summarise the current understanding of why
integration is lacking in cartilage repair, and recent strategies under development to overcome this

problem.
1. Articular cartilage —a heterogeneous tissue with limited capacity for self-repair

Articular cartilage provides the knee joint with a smooth, low friction, load bearing surface. It enables
efficient movement of the joint, cushions loads up to 3.5 times body weight and provides resistance to
wear, supporting longevity of the joint 8. Cartilage is avascular and aneural, and contains few cells
(chondrocytes), which make up only 1 to 2% of its total volume °. Articular cartilage is largely water
(over 70%) with two main components comprising its dry weight: type Il collagen and proteoglycans,
mainly aggrecan . Collagen fibrils form a solid network with proteoglycan aggregates embedded
throughout. Negatively charged glycosaminoglycan (GAG) side chains of aggrecan imbue the tissue with
a fixed charge density. The electrostatic repulsion of the negatively charged proteoglycans is constrained
by the tensile properties of the collagen network, and the small pores between aggrecan molecules give
rise to cartilage’s low permeability %°. The fixed negative charge of proteoglycans is balanced by mobile
counterions, which result in an osmotic pressure that hydrates and swells cartilage tissue and is key to

its resistance to compressive loads %%



When damaged, articular cartilage has limited ability for self-repair. This is particularly the case for partial-
thickness and full-thickness chondral defects (Figure 1), where blood and reparative bone marrow cells

from the subchondral bone are not available as in osteochondral defects 22.

Articular cartilage tissue is inhomogeneous, with the concentration and arrangement of its extracellular
matrix (ECM) molecules varying through its depth, as do the density and morphology of cells (Figure 1).
The depth-dependent variations confer different mechanical properties to the tissue, which is classified
into four distinct zones °. At the surface of articular cartilage is the superficial zone, where water
content and permeability are at their highest, and proteoglycan concentration its lowest 23, Collagen
fibres are tangential to the surface of cartilage in the superficial zone, and perpendicular in the deep and
calcified zones of cartilage *°. Collagen is thought to be oriented randomly through the middle or
transitional zone, surrounding chondrocytes in a network 2. Cartilage ECM also varies with position over
the knee joint — a thick deep zone is seen in the centre of the cartilage covering the tibia, with thinner

superficial and middle zones relative to other areas of the joint 2.

The highest density of chondrocytes is found in the superficial zone of cartilage, where the cells have a
flattened morphology parallel to the surface of the tissue. Chondrocyte morphology becomes round
through the middle zone of cartilage, with a random arrangement shifting to more orderly columns in
the deep zone of cartilage °. Chondrocytes are responsible for the synthesis and degradation of the
ECM in cartilage, though remodelling of the tissue is limited. Cells are bound in small spaces in the ECM
known as lacunae, with matrix molecules diffusing out into the tissue & 182526 Syperficial zone
chondrocytes are less metabolically active than deeper chondrocytes, and secrete a protein key to
lubricating the surface of cartilage (lubricin), whereas middle and deep zone chondrocytes synthesize a

greater quantity of matrix 2.



The mechanical behaviour of cartilage is dependent on interactions between interstitial fluid and the
ECM macromolecules aggrecan and collagen 2L, Its behaviour is commonly described by two
mechanisms — the intrinsic viscoelasticity of cartilage’s solid matrix, and poroelasticity due to solid-fluid
interactions 22123 28 The viscoelastic behaviour of cartilage depends on the time-dependent
rearrangement of ECM molecules in response to loads, whilst poroelastic behaviour is due to the

movement of interstitial fluid through small pores between aggrecan molecules 2.

When compressed, interstitial fluid is squeezed out of pores between aggrecan molecules, and as the
fluid moves through these pores, energy is dissipated as a frictional drag force. The low permeability of
cartilage gives rise to high fluid pressure that protects the solid matrix and chondrocytes within the
tissue from stresses and strains experienced in physiological loading, as these are largely borne by the
fluid phase 2. Though the fluid phase plays a significant role in initial load bearing, research suggests
collagen in the superficial zone deforms under load and also contributes to the instantaneous response
of cartilage 2°. Under sustained load, osmotic pressure due to the fixed charge density of GAGs is found
to contribute significantly to, and even dominate, the mechanical response of cartilage at equilibrium %
29 Under impact loading, cartilage is understood to behave as a single incompressible solid phase, with

no time for fluid to flow and dissipate loads under rapid loading conditions 23.

The heterogeneity of cartilage leads to mechanical variation in the tissue. In particular, depth-
dependent architecture may result in greater fluid support in the superficial zone of cartilage where
tensile properties are at their greatest, providing protection for the middle and deep zone matrix from
large stresses 3032, Models to study cartilage frequently account for depth-dependent variation, but few
consider location-dependent variation in the tissue structure, which may be necessary for accurate
estimation of some mechanical parameters 2*. Biphasic theory has commonly been used to model
cartilage as a solid and fluid phase, though triphasic theory that accounts for the contribution of osmotic

pressure may provide greater insight to the mechanical response of cartilage 2% 33,



Stress and strain distributions throughout the tissue, and how chondrocytes experience this mechanical
environment, are important for maintenance of cartilage matrix. Chondrocytes have a stiffness three
orders of magnitude less than bulk cartilage, and are surrounded by pericellular matrix of intermediate
stiffness, that can act to both propagate mechanical signals or shield chondrocytes from them 2734,
Under loading chondrocytes may experience increased hydrostatic pressure and deformation, as well as
fluid flow, and changes to pH and osmolarity associated with increases in fixed charge density as
proteoglycans are forced together 3. Mechanotransduction of these signals into a biochemical response

by the cells can see enhanced synthesis of ECM molecules or a pathologic response depending on the

nature of the load .

Important to supporting cartilage function is the synovial fluid circulating within the joint. Synovial fluid
contains hyaluronic acid and lubricin which lubricate the surface of cartilage. It also serves as a source
of nutrients for chondrocytes, containing electrolytes, oxygen and glucose which diffuse into cartilage,
and allows for the removal of waste metabolites 1* 3¢, The anti-adhesive environment created by
synovial fluid may also impede integration however, as has been illustrated in an in vitro model of
cartilage repair where lubricin (also referred to as proteoglycan 4), but not hyaluronic acid, was found

to inhibit adhesive strength between two cartilage surfaces >°.

Biomaterials used in tissue engineering approaches to repair articular cartilage tend to have mechanical
properties orders of magnitudes lower than cartilage (which experiences loads between 0.5-7.7MPa) 3"
38_Additionally, these biomaterials fail to match the structural complexity of articular cartilage. Mimicking
the viscoelasticity, low permeability and zonal variation of cartilage ECM is a significant challenge in

developing biomaterials for cartilage repair 2.

Effective integration and repair are achieved when ECM is continuous from the defect to the native tissue,

with cellularity similar to normal cartilage *°. At a glance, it is clear why seamless integration is difficult to



achieve — chondrocytes have limited ability to migrate to the defect to rebuild the complex,
heterogeneous structure of cartilage and maintain the mechanical integrity of the tissue. A deeper
discussion of these mechanisms follows, focusing on the importance of both chondrocytes (Section 2) and

the mechanical environment (Section 3) in understanding the challenge of integration.

2. Chondrocytes in damaged cartilage

2.1 Cartilage defects are lined by a zone of dead cells

A margin of tissue surrounding chondral defects has been observed to have lower cellularity than healthy
cartilage tissue 1'164% \When partial-thickness cartilage defects were created in rabbit and miniature pig
models, lower cell density was seen in the weeks and months following surgery within 100um of the
defect edge, compared to tissue far from the defect “°. In a study of microfracture in rabbits, areas of low
cell density near the defect edge were observed, as well as the formation of chondrocyte clusters 26,
Chondrocyte clusters are frequently seen accompanying areas of cell death due to injury, and are
considered a marker of degeneration and osteoarthritis *1. While these clusters may represent an attempt
at intrinsic repair, ultimately the products of increased biosynthetic activity and abnormal differentiation
of cells in clusters is understood to contribute to ECM degradation, calcium deposition, inflammation of

the joint and further deterioration of cartilage 4> %2

Debridement of the defect, whilst necessary to remove dead tissue, can result in further chondrocyte
death in neighbouring tissue *°. The degree of damage, however, is dependent on the instruments and
methods used **°, When blunt tools (such as a curette) are used, chondrocyte death via necrosis occurs
from the mechanical disruption to the tissue and force applied by the instrument itself. This is
subsequently accompanied by a region of apoptosis that can extend up to 400um inwards radially, as
observed in the superficial zone of cartilage ** ** 4, The use of a sharp scalpel has been found to be less

damaging, with dead cells isolated largely to the very edge of the defect 3% %3,



Due to the lack of an intrinsic wound healing response, articular cartilage is unable to resorb damaged
tissue 0. Dead cells and their surrounding ECM then become a physical barrier to the formation of
continuous, hyaline cartilage. Cells supplied to the area via a graft or scaffold must integrate with this area
of damaged cartilage, which will progressively deteriorate with time *. The use of a sharp scalpel to
freshen and prepare the defect before implanting a graft or biomaterial may therefore be necessary and
preferable to the use of a blunt curette, ideally exposing a population of viable cells at the defect edge

that are capable of generating ECM molecules and integrating with the implant.

2.2 Resident chondrocytes have limited ability to migrate

Chondrocytes in mature cartilage are understood to have limited ability to migrate to the site of a
defect, as they are contained in pericellular matrix and may be further blocked by a layer of damaged
tissue 8, The presence of chondrocytes lining the defect is thus a barrier to repair when cell death or
abnormal metabolism and clustering occurs, however viable chondrocytes at the surface are essential
for integration and the regeneration of seamless ECM. This has been illustrated in vitro, where migration
of implanted chondrocytes or endogenous cells has been observed to increase the interfacial strength
between cartilage and repair tissue 4%, Supporting this is evidence that exposure (via culture medium)
to inhibitors of three signalling proteins associated with chondrocytes’ migratory ability (Src, PLCy1 and
ERK1/2) suppressed the migration of implanted chondrocytes compared to controls in an in vitro model
48 The interfacial strength was higher (approximately 70kPa compared to 40kPa) when samples were
not pre-treated with inhibitors of these signalling proteins, suggesting that the presence of cells at the
interface is associated with stronger integration 8. These results were supported by significantly higher
glycosaminoglycan (GAG) and total collagen contents in the integration zone compared to the

integration zone of samples pre-treated with inhibitors %,

It has been demonstrated that in some circumstances, chondrocytes may migrate. Evidence of nasal

chondrocyte migration from cartilage tissue into cell-free scaffolds was seen in an in vitro model using



bovine nasal cartilage explants and collagen scaffolds #’. A degree of integration, as measured by the
development of interfacial strength, suggested migration of resident cells from the cartilage into the
scaffold, or some diffusion of ECM molecules to facilitate integration #’. Nasal chondrocytes are reported
both to proliferate at a faster rate than articular chondrocytes and have greater chondrogenic potential
052 Though nasal cartilage serves a vastly different function in the body, it is also made of hyaline
cartilage, and nasal chondrocytes have shown responsiveness to mechanical cues in vitro °* >4, Nasal
chondrocytes may be a favourable source of adult chondrocytes for cell-based articular cartilage repair
and were demonstrated as safe and feasible in a first-in-human trial of articular cartilage repair with
engineered grafts °%°°. Methods to validate the purity and potency of nasal cartilage biopsies, and avoid
contaminating cells from neighbouring tissues, have also been developed to aid clinical translation > °,

However, a pre-clinical goat model of cartilage repair using the same approach showed promising filing

of the defect at 6 months yet found fixation of the implant was an issue *’.

Conversely, an in vitro study of bovine cartilage pre-treated with trypsin to deplete its proteoglycan
content did not see migration of endogenous cells >, Hydrogel-encapsulated chondrocytes cultured in the
cartilage explant rings were observed to infiltrate the cartilage following trypsin pre-treatment, however

endogenous chondrocytes remained within their lacunae °8.

A study of adult human articular cartilage explants also saw no significant cellular outgrowth >°. Explants
were “cleansed” to remove cells from the surface, and after four weeks of culture no cells could be
observed on the surface when compared to non-cleansed controls >°. Chemotactic factors, including
transforming growth factor-B1 (TGF-B1), were also applied and still no cellular outgrowth was observed
in cleansed explants, nor a significant increase in the number of cells on the surface of native cartilage >°.
Additionally, in vivo chondrocyte migration and intrinsic regeneration of cartilage have only been reported
when combined with penetration of the subchondral bone and access to reparative cells from bone

marrow 0. A study of partial-thickness chondral defects in an adult sheep model showed no cellular

10



outgrowth and insufficient integration after 26 weeks when cartilage grafts alone were transplanted into
chondral defects, without bone marrow stimulating techniques ®°. Despite evidence of chondrocyte
migration in vitro, at present there is little evidence of in vivo migration of chondrocytes in mature
cartilage *V 9, Strategies to repair chondral defects therefore cannot simply rely on endogenous

chondrocytes colonising areas of acellular cartilage at the defect edge or migrating into a graft unaided.

2.3 Chondrocyte metabolism in injured cartilage is altered
Not only limited by an inability to migrate, surviving chondrocytes in injured cartilage undergo significant
changes which may impact their ability to synthesise ECM molecules needed for repair, and therefore

further contribute to the deterioration of tissue.

Aninvitro study following the creation of partial-thickness defects (via scalpel) in bovine cartilage explants
found changes to chondrocytes at the defect edge ®1. When explants were cultured in medium containing
10% synovial fluid or 10% foetal calf serum, cells adopted abnormal morphology, average cell volume
more than doubled (compared to chondrocytes cultured in serum-free medium or those at a distance
from the injury), and the formation of chondrocyte clusters was observed ®!. Such changes influence
matrix synthesis and are associated with the progression of osteoarthritis 52%4, The authors suggested a
mechanism whereby inflammatory factors present in synovial fluid or foetal calf serum may permeate the
damaged matrix and impact nearby chondrocytes (whereas chondrocytes surrounded by intact matrix
further from the defect retained normal morphology) . This penetration of synovial fluid into damaged
matrix takes on further significance in the context of a traumatic joint injury, which sees a sustained
increase in inflammatory mediators in the synovial fluid ®.This study also observed that raising the
osmolarity of the medium had a “protective effect”, avoiding the changes to chondrocyte morphology,
volume and the formation of clusters in the presence of foetal calf serum 8. In fact, irrigation with

hyperosmotic solutions during surgery may be beneficial owing to this chondroprotective effect .
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Mechanotransduction pathways are an important signalling mechanism for regulating matrix metabolism
in cartilage ®’. Whilst moderate dynamic loading has a positive effect by increasing the synthesis of matrix
molecules, injurious compression (i.e. compressive loads well above those normally experienced in vivo)
can cause changes to the volume and morphology of chondrocyte organelles that play a central role in
the biosynthetic function of the cells (such as the nucleus and endoplasmic reticulum) and ultimately

decrease the synthesis of matrix molecules 7,

Following impact loading of canine articular cartilage discs, an increase in denatured collagen was
observed, and fibronectin and proteoglycan synthesis were altered over 10 days of culture (changes
consistent with the development of osteoarthritis) ¢°. Additionally, chondrocytes in the superficial zone
of cartilage appear to be more vulnerable to cell death under injurious loading than middle or deep zone
chondrocytes (independent of depth-dependent variations in compressive strain) °. A proposed
mechanism for chondrocyte death due to impact loading is rupturing of the cell membrane under the high
strain rates, as opposed to gradual unfolding of the “ruffled” cell membrane that is thought to occur

during physiological loading, and has been observed in bovine osteochondral explants 7*.

Injurious loading of bovine cartilage explants also saw cell death and a drop in biosynthetic activity for the
remaining cells three days after injury . Interestingly, chondrocytes in injured cartilage had significantly
less response to subsequent dynamic loading compared to controls — in normal cartilage this dynamic
loading would see an upregulation in matrix synthesis ®8. Proposed explanations for this failure to respond
positively to dynamic loading were changes to the cells themselves, or that damage to the ECM potentially

interrupted normal mechanotransduction signalling .

A comparison of in vivo animal studies illustrated negative effects of injurious loading in the long-term 72,

Where an overloading event was followed by normal weight bearing, different studies consistently

12



observed the deterioration of cartilage in the months following injury, specifically including the loss of

chondrocytes, chondrocyte clustering and loss of proteoglycans 72,

Given resident chondrocytes cannot be relied on to migrate to and remodel the edge of a cartilage defect,
many cartilage repair strategies thus involve supplying stem cells or adult chondrocytes, or releasing
reparative cells from bone marrow via microfracture. Strategies to elicit migration of endogenous cells
have also been considered, including enzymatic digestion of cartilage matrix or the use of chemotactic

agents 2%, Recent approaches under development to facilitate integration are described in Section 4.

Whilst viable cells are essential to grow tissue and repair cartilage defects, what happens to this nascent
tissue at the defect edge when the joint is loaded? And what loads are beneficial to the regenerating

tissue, and not excessive or damaging?

3. Mechanical conditions surrounding the defect
3.1 Integration is dependent on new ECM linking with the surrounding tissue
Integrative repair is characterised by the formation of a collagen network in the defect or repair tissue,

and importantly, this network linking up with the existing matrix in the non-damaged cartilage "> 74.

In cartilage ECM the formation of collagen crosslinks, covalent bonds between collagen molecules, are
catalysed by the enzyme lysyl oxidase and increase with maturity of the tissue 8. Bovine cartilage explants
cultured in pairs in a medium containing a known inhibitor of lysyl oxidase (B-aminopropionitrile) failed
to develop any adhesion between the two cartilage surfaces after 14 days 3. In the presence of the
inhibitor, the interfacial strength was virtually non-existent (0.1 £0.1kPa) and significantly lower than in
the absence of inhibitor (36.3 +3.3kPa, p<0.001) 3. Integration was inhibited without the action of lysyl
oxidase to potentially form covalent crosslinks, suggesting that these are a fundamental component of

integrated cartilage repair.
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Culturing constructs in medium containing lysyl oxidase has been shown to enhance integrative repair
between cartilage explants and both cartilage and engineered tissue in vitro (Figure 2). Discs of engineered
tissue or native cartilage were press-fit into bovine articular cartilage rings and cultured under static
conditions in medium containing lysyl oxidase, and were well integrated morphologically (engineered or
native tissue is flush against the outer ring with no visible gaps) 7°>. However, biomechanical evidence of
integration was only observed for engineered tissue constructs in contact with native cartilage, which saw
a significantly higher tensile stiffness and failure strength for lysyl oxidase-treated samples compared to

controls 7°.

Treatment with lysyl oxidase has also improved the mechanical properties of self-assembled neocartilage
grown from human articular chondrocytes, when combined with TGF-B1 and chondroitinase-ABC 6.
Further investigation is required to understand how lysyl oxidase could be translated for in vivo use, in
particular, how it could be applied or delivered to a defect to assist integration of engineered constructs

with native cartilage.

Further evidence has shown that the strength of the interface between repaired and native cartilage is
dependent on the deposition of collagen at the interface ”’. A positive correlation was found between the
interfacial strength of two bovine cartilage surfaces and the deposition of collagen, as quantified by
incorporated [*H]proline 7. After 14 days of culture in apposition, there was also no statistically significant
difference between the interfacial strength of live:live cartilage pairs, and live:decellularized cartilage
pairs (29.3 4.2 kPa and 32.2 #*5.1kPa respectively) 7’. Though incorporated [3H]proline levels were
significantly lower in decellularized cartilage than the opposing live cartilage with which it was paired,
radiolabel incorporation levels were still significantly higher than the background level observed in
decellularized cartilage only pairs. This evidence suggested that matrix components that appeared in
decellularized cartilage were produced in live cartilage, and transported to the boundary (there was no

evidence that cells had migrated to the interface themselves) ”’.
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It is clear collagen crosslinking is necessary for integration to ensure physical links between repair and
host tissue. This is not likely sufficient to recreate a continuous and functional matrix however, which is

also dependent on proteoglycan content to restore the viscoelastic properties of healthy cartilage.

3.2 Loads are abnormally distributed across repair and native tissue

Damage to cartilage invariably sees disruption to its ability to dissipate mechanical loads. Pairs of bovine
cartilage explants were held opposed and uniaxially compressed to study contact mechanics between the
two cartilage surfaces 78. Full-thickness defects were created in one explant of each pair to study the
impact of a focal defect on deformation of the surrounding tissue and surface sliding 8. Authors observed
that at peak displacement in the presence of a defect, axial and shear strains at the edge of the defect
were significantly higher than intact samples 8. Significant effects were also observed in the cartilage
opposing the defect, and though stress relaxation saw axial strains quickly return to equilibrium levels

seen in intact samples, higher lateral and shear strains persisted 2.

Heterogeneous strain profiles were also seen in a study of cartilage defects in porcine knee explants in
vitro, repaired with agarose 7°. Measured under compression, strain profiles varied both laterally (across
the interface of cartilage and agarose) and through the depth of the cartilage or agarose. Lateral normal
strains, parallel to the surface of cartilage, were significantly higher for agarose measured at the boundary
with native cartilage, than agarose further from the defect edge or the native cartilage itself (by 4 times
and 3.5 times respectively) 7°. Native cartilage also recovered more slowly in response to loading
compared to agarose, owing to differences in viscoelastic properties between the tissue and the gel. The
authors suggest that the interface thus experiences “residual stress” in bridging the two 7°. Though
matching the time-dependent mechanical properties of hydrogels and engineered tissue to cartilage may
be important, the stiffness or elastic modulus of the biomaterial tends to be the focus of material

comparisons in the literature. Further investigation is required to characterize the viscoelastic properties
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of hydrogels and engineered tissues, to understand how they compare to cartilage and how the viscous

properties may play a role in cell differentiation and the development of functional neocartilage 82,

Measurements in both studies were performed under only uniaxial compressive loads (whilst the knee
joint is of course capable of a multiaxial range of motion). However, these results illustrate the significant
changes to the biomechanics of cartilage in the presence of a defect, and the imbalance in the distribution

of loads between implanted scaffolds and native cartilage 7 7°.

Similarly, finite element modelling of a cartilage defect filled with a tissue engineered construct, found
that a difference in mechanical properties (with constructs weaker than cartilage) created stress
concentrations in the native cartilage close to the defect . The tissue engineered construct was also
predicted to experience increased compressive strains 33% higher than intact cartilage, reaching levels of

strain which could impact cell height and volume (and potentially the behaviour of implanted cells) &.

The presence of a defect and subsequent mismatch in mechanical properties between an implant and
native cartilage causes significant variation in the mechanical environment compared to intact cartilage.
The heterogeneous distribution of loads across the interface from repair tissue into native cartilage is seen
at the macroscale and may also be felt at a cellular level. This abnormal environment may influence
mechanotransduction pathways and thus the biosynthetic activity of chondrocytes, or if areas of stress

concentration reach excessive levels, damage the structure of the ECM itself or cause cell death.

3.3 Mechanical loading disrupts matrix formation at a poorly integrated interface

Many in vitro studies of cartilage repair and integration focus only on static culture conditions that do not
consider physiologically relevant factors such as the synovial fluid, and in particular, omit an essential
component of the in vivo environment, mechanical loading. Additionally, when evaluating the degree of
integration, many studies are often limited to reporting continuity of the tissue in terms of histology or

biochemical content, which may not correlate with mechanically strong integration 74 84,
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Stress concentrations experienced by repair and host cartilage tissue were found to disrupt matrix
formation in vitro ®. A scaffold-cartilage explant cultured under dynamic loading for two weeks had
significantly lower interfacial strength and GAG content compared to controls cultured under no loading
8 A finite element model described the discontinuity in stress from the host cartilage to the scaffold
interface, and suggested that micromotion caused by mechanical loading, as well as changes in stress and

fluid pressure, prevented the matrix formation that was otherwise observed without loading &.

Abnormal distribution of loads at the boundary between host and repair tissue may disrupt normal cellular
processes. In the presence of a focal defect, computational modelling has shown cellular deformation
near the defect, including changes to the actin cytoskeleton and higher nuclear stresses, which have been

shown to affect chondrocyte gene expression %6,

Scaffolds seeded with cells prior to 28 days of static culture in cartilage explants exhibited some initial
integration and development of interfacial strength &’. Confined loading was then seen to have a positive
impact on integration strength &. After two weeks of a sinusoidal 1N loading regime, confined scaffold-
cartilage explants achieved push-out strengths of 50.2 +1.6kPa, significantly higher than those without
any loading ®. However, under a load of magnitude 6N, push-out strength was similar to unloaded
controls and significantly lower than for the 1N loaded samples #. 6N loaded samples also exhibited only
partial gap filling based on micro-CT analysis and 3D reconstruction, as compared to the completely filled

gap seen for 1N loaded samples &’.

Finite element modelling of the system found that the interfacial strength after 28 days culture (prior to
loading) was the main factor associated with strength after loading - not discontinuities in compressive

and shear stress between the scaffold and cartilage ¥.

The type of mechanical load provided has an impact on chondrocyte metabolism, in addition to the

magnitude ®. In healthy cartilage, intermittent hydrostatic pressure promoted the expression of type Il
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collagen and aggrecan. In osteoarthritic cartilage intermittent hydrostatic pressure also up-regulated
expression of these matrix proteins, whereas shear stress down-regulated their expression, and saw an

increase in the release of nitric oxide (and chondrocyte apoptosis) .

Furthermore, the type of mechanical load may also impact integration of an implant. Push-out strength
increased when scaffolds seeded with cells implanted into osteochondral defects were cultured in a
spinner bioreactor, where magnetic stirring provided only shearing and not compressive forces %. Greater

diffusion of nutrients was suggested as one possible reason for the improved integration .

Mechanical stimulation by low-intensity ultrasound has also been shown to regulate chondrogenesis in
vitro and improve integration °> %1, Following 56 days of continuous low-intensity ultrasound treatment,
the interfacial strength of ring/core bovine cartilage explants as measured by a push-out test was almost

4 times higher than untreated controls (0.19+0.08 MPa compared to 0.05+0.03 MPa, p=0.005) .

Recreating the complex loading conditions experienced by cartilage in vitro is challenging. A recently
developed multi-axial loading system, using a ceramic ball for dynamic compressive and sliding loads, may
support future insights into the impact of the mechanical environment on the development of

neocartilage and integration 2.

Focal defects cause abnormal stress and strain distributions across the interface of repair and native
cartilage. This compromised biomechanical environment can impact cell behaviour (which may have
already been damaged by injury to the native cartilage). Though mechanical stimulation is an important
part of regulating the turnover of matrix in healthy cartilage, without any physical link between repair and
native tissue, loading may cause micromotion and inhibit the formation of matrix at the boundary. It
appears that applying a load to an already partially integrated interface may benefit further integration,
up to a limit. What this loading threshold is, its characteristics (i.e. compression, shear, or a combination

of them), and the prerequisite amount of interfacial strength that is needed require further investigation.
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This is extremely important from the standpoint of rehabilitation post surgery: knowing the specifications
of load that is beneficial for graft-cartilage integration versus detrimental will be paramount in driving the

type of rehabilitation regime required.

Possible strategies to overcome this problem are discussed in Section 4, including the use of bioadhesives

to secure a scaffold, or in situ bioprinting for better defect filling and contact with native cartilage.

4. Current strategies for cartilage repair

Several biomaterial-based cartilage repair strategies have advanced to clinical trials, including both
acellular hydrogel matrices to support and fill chondral defects, and expanded autologous chondrocytes
seeded onto synthetic or natural scaffolds before implantation %%,

One approach employed a bioadhesive layer to secure a polyethylene glycol (PEG) hydrogel in cartilage
defects following microfracture, with promising results at 24 months in terms of tissue thickness and knee
function scores %°. However, delamination of cartilage tissue from the subchondral bone was observed in
approximately 28% of patients by 24 months *°.

Afive year follow-up of a chitosan scaffold saw significantly greater defect filling by MRI analysis compared
to microfracture treatment alone %. Significantly improved clinical scores were also observed at one and
five years, though no difference was demonstrated between the two treatments, with the same clinical
improvement seen following microfracture treatment alone .

Larger and longer term follow up of these and other approaches will be informative, given existing surgical
treatments like microfracture see improvement in knee function over the short term (1-2 years), with
deterioration often observed in subsequent years °.

A range of cartilage repair strategies evaluated using in vivo animal studies over the past five years are
summarised in Table 1. Animal models continue to be an important method for assessing the success of

articular cartilage repair strategies, given the challenges of replicating physiological conditions in vitro. Of
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course, each of these models has its own limitations as a stand in for the human knee joint, e.g. different
gait mechanics (murine and lapine models), spontaneous healing (lapine models), higher joint loading
conditions (equine models) ¥ %, Further trade offs exist in terms of cost, logistics and ethical concerns
associated with housing larger over smaller animals, and considering the variability across these models,
care must be taken in comparing results across different animal studies °” %8, Given these limitations, the
development of ex vivo models utilising human tissue may reduce the reliance on expensive animal
models in future, and allow for a broader range of analyses (by employing non-destructive imaging
techniques, as well as traditional histology) %°.

In situ forming hydrogels, and an expandable scaffold, have been used to improve filling of a defect, or
combined with an adhesive component to improve fixation 1919, Several methods employ a bi-phasic or
bi-layered approach to support regeneration of the subchondral bone and cartilage, by implanting a rigid
scaffold in combination with a softer gel phase or layer 1%6-119, Multi-layered scaffolds or gradient scaffolds
also exist to replicate the zonal architecture of cartilage down to the subchondral bone %112,

Factors to induce chondrogenesis or recruit endogenous cells are also often employed. Chondro-inductive
factors used include TGF-B1, bone morphogenic protein 2 13114 the ECM protein matrilin-3 > and the
small molecule kartogenin '* 7, Homing of cells has also been induced via scaffolds functionalised with
affinity peptides 107,108 118

Many of the studies listed employ short-term animal studies for proof-of-concept, and may not cover a
timespan sufficient to evaluate integration and ultimately the potential long-term success of the repair
method. In a large study of microfracture treatment in rabbits, though successful development of hyaline
cartilage was seen at early timepoints, fibrillation, fissuring and degeneration of the tissue was seen from
24 weeks .

To assess integration, most studies are also limited to macroscopic observations, histology and

biochemical assays. Although these measures are important in understanding the nature of the repair
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tissue produced, tissue that appears continuous may not correlate to mechanically strong and well-
integrated tissue .

Of the studies listed, roughly half assess the biomechanical properties of the repair tissue, though
variation in the mechanical test performed and protocols used can make direct comparison of mechanical
outcomes across the studies difficult 1*°. Furthermore, even fewer studies assess the interfacial strength
of the boundary between repair and host tissue. Assessment of this integration strength is also not
standardised. Methods include a push-out test using an indenter to measure the maximum force required
to dislodge the repair tissue, or a tensile test of dumb-bell shaped slices of repaired cartilage, where the
interface of repair and host tissue is at the centre 112,

Testing following treatment of cartilage defects in a porcine model with scaffold-free cultured constructs
found that interfacial strength was significantly dependent on both the treatment, and the depth of the
tissue (with superficial zone samples the weakest) . Though repair tissue near the centre of the defect
and at the interface with native tissue were not observed to be significantly different in terms of
histological scores, all specimens failed at the integration boundary 2. This study highlights the

importance of mechanical quantification of the interfacial strength between repair and host tissue to

understand if the interface is not only continuous morphologically, but physically linked.

Conclusion

Long-term repair of articular cartilage via surgical methods or tissue engineered techniques remains
elusive. A major barrier to successful repair is integration with native cartilage tissue. Chondrocyte death
in the tissue surrounding a cartilage defect, and the immobility and potentially altered behaviour of
chondrocytes in the adjacent tissue, necessitate repair methods that deliver viable cells to the interface.
Whether through biomaterials seeded with cells or improved strategies to elicit chondrocyte migration,
viable chondrocytes at the edge of a cartilage defect are essential for integration. Given the sensitivity of
chondrocytes to the mechanical environment, altered mechanical conditions caused by the defect are a
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significant obstacle to overcome in cartilage repair. The abnormal distribution of loads across the interface
from repair to host tissue can impact the behaviour of chondrocytes and their ability to remodel ECM and
link with native cartilage. Adhesion to provide initial fixation of a scaffold and support long-term
integration may be key for any regenerative attempt in this field. Many promising tissue engineering
approaches exist to overcome these problems, and given the primary function of cartilage as a load
bearing tissue, methods that assess the biomechanical integrity of the developing interface are essential

to evaluate integration and the potential long-term success of these cartilage repair methods.

Acknowledgments

This work was supported by The Victorian Medical Research Acceleration Fund, the Melbourne Medical
School seeding grant, the Sylvia and Charles Viertel Charitable Foundation Clinical Investigator award, the
Particulate Fluids Processing Centre, and an Australian Government Research Training Program

Scholarship.

Author Disclosure Statement

No competing financial interests exist

References

1. Buckwalter, J.A., Mankin, H.J., and Grodzinsky, A.J. Articular cartilage and osteoarthritis.
Instr Course Lect 54, 465, 2005.

2. van der Kraan, P.M. and van den Berg, W.B. Chondrocyte hypertrophy and
osteoarthritis: role in initiation and progression of cartilage degeneration? Osteoarthritis
Cartilage 20, 223, 2012.

3. Hunter, D.J., Schofield, D., and Callander, E. The individual and socioeconomic impact of

osteoarthritis. Nat Rev Rheumatol 10, 437, 2014.

22



10.

11.

Schofield, D., Shrestha, R., and Cunich, M., Counting the cost: the current and future
burden of arthritis. Part 2. Economic costs. 2016, Arthritis Australia: Sydney.

Roos, E.M. Joint injury causes knee osteoarthritis in young adults. Curr Opin Rheumatol
17, 195, 2005.

Vannini, F., Spalding, T., Andriolo, L., Berruto, M., Denti, M., Espregueira-Mendes, J., et
al. Sport and early osteoarthritis: the role of sport in aetiology, progression and
treatment of knee osteoarthritis. Knee Surg Sports Traumatol Arthrosc 24, 1786, 2016.
Ackerman, I.N., Bucknill, A., Page, R.S., Broughton, N.S., Roberts, C., Cavka, B., et al. The
substantial personal burden experienced by younger people with hip or knee
osteoarthritis. Osteoarthritis Cartilage 23, 1276, 2015.

Anderson, D.D., Chubinskaya, S., Guilak, F., Martin, J.A., Oegema, T.R., Olson, S.A., et al.
Post-traumatic osteoarthritis: improved understanding and opportunities for early
intervention. J Orthop Res 29, 802, 2011.

Solheim, E., Hegna, J., and Inderhaug, E. Long-Term Survival after Microfracture and
Mosaicplasty for Knee Articular Cartilage Repair: A Comparative Study Between Two
Treatments Cohorts. Cartilage 11, 71, 2018.

Sah, R.L., Klein, T.J., Schmidt, T.A., Albrecht, D.R., Bae, W.C., Nugent, G.E., et al.,
Articular Cartilage Repair, Regeneration, and Replacement. In: W.J. Koopman, et al.,
Editors. Arthritis and allied conditions : a textbook of rheumatology. Philadelphia,
Pennsylvania: Lippincott Williams & Wilkins, 2005, pp. 2277-2302.

Shapiro, F., Koide, S., and Glimcher, M.J. Cell origin and differentiation in the repair of

full-thickness defects of articular cartilage. J Bone Joint Surg Am 75, 532, 1993.

23



12.

13.

14.

15.

16.

17.

18.

19.

Bert, J.M. Abandoning microfracture of the knee: has the time come? Arthroscopy 31,
501, 2015.

Biant, L.C., McNicholas, M.J., Sprowson, A.P., and Spalding, T. The surgical management
of symptomatic articular cartilage defects of the knee: Consensus statements from
United Kingdom knee surgeons. Knee 22, 446, 2015.

Schrock, J.B., Kraeutler, M.J., Houck, D.A., McQueen, M.B., and McCarty, E.C. A Cost-
Effectiveness Analysis of Surgical Treatment Modalities for Chondral Lesions of the
Knee: Microfracture, Osteochondral Autograft Transplantation, and Autologous
Chondrocyte Implantation. Orthop J Sports Med 5, 1, 2017.

Armiento, A.R., Stoddart, M.J,, Alini, M., and Eglin, D. Biomaterials for articular cartilage
tissue engineering: Learning from biology. Acta Biomater 65, 1, 2018.

Khan, I.M., Gilbert, S.J., Singhrao, S.K., Duance, V.C., and Archer, C.W. Cartilage
Integration: Evaluation of the reasons for failure of integration during cartilage repair. A
review. Eur Cell Mater 16, 26, 2008.

Lepage, S.I.M., Robson, N., Gilmore, H., Davis, O., Hooper, A., St John, S., et al. Beyond
Cartilage Repair: The Role of the Osteochondral Unit in Joint Health and Disease. Tissue
Eng Part B Rev 25, 114, 2019.

Athanasiou, K.A. Articular cartilage. Boca Raton, Florida: CRC Press/Taylor & Francis,
2013.

Goldring, M.B., Culley, K.L., Wondimu, E., and Otero, M., Cartilage and Chondrocytes. In:
G.S. Firestein, et al., Editors. Kelley and Firestein's textbook of rheumatology.

Philadelphia, PA: Elsevier, 2017, pp. 34-59.

24



20.

21.

22.

23.

24,

25.

26.

27.

Tavakoli Nia, H., Han, L., Soltani Bozchalooi, I., Roughley, P., Youcef-Toumi, K.,
Grodzinsky, A.J., et al. Aggrecan Nanoscale Solid—Fluid Interactions Are a Primary
Determinant of Cartilage Dynamic Mechanical Properties. ACS Nano 9, 2614, 2015.

Lu, X.L. and Mow, V.C. Biomechanics of articular cartilage and determination of material
properties. Med Sci Sports Exerc 40, 193, 2008.

Steinert, A.F., Ghivizzani, S.C., Rethwilm, A., Tuan, R.S., Evans, C.H., and N6th, U. Major
biological obstacles for persistent cell-based regeneration of articular cartilage. Arthritis
Res Ther 9, 213, 2007.

Mansour, J.M. Biomechanics of cartilage. In: Oatis, Carol A, Editor. Kinesiology: the
mechanics and pathomechanics of human movement. Philadelphia, Pennsylvania:
Lippincott Williams & Wilkins, 2003, pp. 66-79.

Meng, Q., An, S., Damion, R.A,, Jin, Z., Wilcox, R., Fisher, J., et al. The effect of collagen
fibril orientation on the biphasic mechanics of articular cartilage. ] Mech Behav Biomed
Mater 65, 439, 2017.

Huey, D.J., Hu, J.C., and Athanasiou, K.A. Unlike Bone, Cartilage Regeneration Remains
Elusive. Science 338, 917, 2012.

Boushell, M.K., Hung, C.T., Hunziker, E.B., Strauss, E.J., and Lu, H.H. Current strategies
for integrative cartilage repair. Connect Tissue Res 58, 393, 2017.

Koay E and Athanasiou K.A., Articular Cartilage Biomechanics, Mechanobiology, and
Tissue Engineering. In: Leondes, C.T. Editor. Biomechanical Systems Technology:

Muscular Skeletal Systems. Hackensack, New Jersey: World Scientific, 2009, pp. 1-37.

25



28.

29.

30.

31.

32.

33.

34.

35.

Huang, C.Y., Mow, V.C., and Ateshian, G.A. The role of flow-independent viscoelasticity
in the biphasic tensile and compressive responses of articular cartilage. J Biomech Eng
123, 410, 2001.

Quiroga, J.M.P., Wilson, W.,, Ito, K., and van Donkelaar, C.C. Relative contribution of
articular cartilage's constitutive components to load support depending on strain rate.
Biomech Model Mechanobiol 16, 151, 2017.

Krishnan, R., Park, S., Eckstein, F., and Ateshian, G.A. Inhomogeneous cartilage
properties enhance superficial interstitial fluid support and frictional properties, but do
not provide a homogeneous state of stress. J Biomech Eng 125, 569, 2003.

Dabiri, Y. and Li, L.P. Influences of the depth-dependent material inhomogeneity of
articular cartilage on the fluid pressurization in the human knee. Med Eng Phys 35,
1591, 2013.

Athanasiou, K.A., Responte, D.J., Brown, W.E., and Hu, J.C. Harnessing Biomechanics to
Develop Cartilage Regeneration Strategies. J Biomech Eng 137, 020901, 2015.

Lai, W.M., Hou, J.S., and Mow, V.C. A triphasic theory for the swelling and deformation
behaviors of articular cartilage. J Biomech Eng 113, 245, 1991.

Zhao, Z., Li, Y., Wang, M., Zhao, S., Zhao, Z., and Fang, J. Mechanotransduction pathways
in the regulation of cartilage chondrocyte homoeostasis. Journal Of Cellular And
Molecular Medicine 24, 5408, 2020.

Sanchez-Adams, J., Leddy, H.A., McNulty, A.L., O'Conor, C.J., and Guilak, F. The
mechanobiology of articular cartilage: bearing the burden of osteoarthritis. Curr

Rheumatol Rep 16, 451, 2014.

26



36.

37.

38.

39.

40.

41.

42.

43.

44,

Englert, C., McGowan, K.B., Klein, T.J., Giurea, A., Schumacher, B.L., and Sah, R.L.
Inhibition of Integrative Cartilage Repair by Proteoglycan 4 in Synovial Fluid. Arthritis
Rheum 52, 1091, 2005.

Li, K., Zhang, C., Qiu, L., Gao, L., and Zhang, X. Advances in Application of Mechanical
Stimuli in Bioreactors for Cartilage Tissue Engineering. Tissue Eng Part B Rev 23, 399,
2017.

Zhu, W., Chuah, Y.J., and Wang, D.-A. Bioadhesives for internal medical applications: A
review. Acta Biomater 74, 1, 2018.

Archer, C.W., Redman, S., Khan, I., Bishop, J., and Richardson, K. Enhancing tissue
integration in cartilage repair procedures. J Anat 209, 481, 2006.

Hunziker, E.B. and Quinn, T.M. Surgical removal of articular cartilage leads to loss of
chondrocytes from cartilage bordering the wound edge. J Bone Joint Surg Am 85-A
Suppl 2, 85, 2003.

Lotz, M.K., Otsuki, S., Grogan, S.P., Sah, R., Terkeltaub, R., and D'Lima, D. Cartilage cell
clusters. Arthritis Rheum 62, 2206, 2010.

Loeser, R.F., Collins, J.A., and Diekman, B.O. Ageing and the pathogenesis of
osteoarthritis. Nat Rev Rheumatol 12, 412, 2016.

Redman, S.N., Dowthwaite, G.P., Thomson, B.M., and Archer, C.W. The cellular
responses of articular cartilage to sharp and blunt trauma. Osteoarthritis Cartilage 12,
106, 2004.

McGregor, A.J., Amsden, B.G., and Waldman, S.D. Chondrocyte repopulation of the zone

of death induced by osteochondral harvest. Osteoarthritis Cartilage 19, 242, 2011.

27



45,

46.

47.

48.

49.

50.

51.

Hafke, B., Petri, M., Suero, E., Neunaber, C., Kwisda, S., Krettek, C., et al. Chondrocyte
survival in osteochondral transplant cylinders depends on the harvesting technique. Int
Orthop 40, 1553, 2016.

Tew, S.R., Kwan, A.P.L., Hann, A., Thomson, B.M., and Archer, C.W. The reactions of
articular cartilage to experimental wounding: Role of apoptosis. Arthritis Rheum 43,
215, 2000.

Pabbruwe, M.B., Esfandiari, E., Kafienah, W., Tarlton, J.F., and Hollander, A.P. Induction
of cartilage integration by a chondrocyte/collagen-scaffold implant. Biomaterials 30,
4277, 2009.

Lu, Y., Xu, Y., Yin, Z., Yang, X, Jiang, Y., and Gui, J. Chondrocyte Migration Affects Tissue-
Engineered Cartilage Integration by Activating the Signal Transduction Pathways
Involving Src, PLCy1, and ERK1/2. Tissue Eng Part A 19, 2506, 2013.

Lyman, J.R., Chappell, J.D., Morales, T.1., Kelley, S.S., and Lee, G.M. Response of
Chondrocytes to Local Mechanical Injury in an Ex Vivo Model. Cartilage 3, 58, 2012.
Chen, W,, Li, C., Peng, M., Xie, B., Zhang, L., and Tang, X. Autologous nasal chondrocytes
delivered by injectable hydrogel for in vivo articular cartilage regeneration. Cell Tissue
Bank 19, 35, 2018.

Kafienah, W.e., Jakob, M., Démarteau, O., Frazer, A., Barker, M.D., Martin, I., et al.
Three-Dimensional Tissue Engineering of Hyaline Cartilage: Comparison of Adult Nasal

and Articular Chondrocytes. Tissue Eng 8, 817, 2002.

28



52.

53.

54.

55.

56.

57.

58.

Mumme, M., Barbero, A., Miot, S., Wixmerten, A., Feliciano, S., Wolf, F., et al. Nasal
chondrocyte-based engineered autologous cartilage tissue for repair of articular
cartilage defects: an observational first-in-human trial. The Lancet 388, 1985, 2016.
Bos, E.J., Pluemeekers, M., Helder, M., Kuzmin, N., van der Laan, K., Groot, M.-L., et al.
Structural and Mechanical Comparison of Human Ear, Alar, and Septal Cartilage. Plast
Reconstr Surg Glob Open 6, €1610, 2018.

Correia, C., Pereira, A.L., Duarte, A.R., Frias, A.M., Pedro, A.J., Oliveira, J.T., et al.
Dynamic culturing of cartilage tissue: the significance of hydrostatic pressure. Tissue Eng
Part A 18, 1979, 2012.

Lehoczky, G., Wolf, F.,, Mumme, M., Gehmert, S., Miot, S., Haug, M., et al. Intra-
individual comparison of human nasal chondrocytes and debrided knee chondrocytes:
Relevance for engineering autologous cartilage grafts. Clin Hemorheol Microcirc 74, 67,
2020.

Asnaghi, M.A., Power, L., Barbero, A., Haug, M., Képpl, R., Wendt, D., et al. Biomarker
Signatures of Quality for Engineering Nasal Chondrocyte-Derived Cartilage. Frontiers in
Bioengineering and Biotechnology 8, 283, 2020.

Mumme, M., Steinitz, A., Nuss, K.M., Klein, K., Feliciano, S., Kronen, P., et al.
Regenerative Potential of Tissue-Engineered Nasal Chondrocytes in Goat Articular
Cartilage Defects. Tissue Eng Part A 22, 1286, 2016.

Liebesny, P.H., Mroszczyk, K., Zlotnick, H., Hung, H.-H., Frank, E., Kurz, B., et al. Enzyme
Pretreatment plus Locally Delivered HB-IGF-1 Stimulate Integrative Cartilage Repair In

Vitro. Tissue Eng Part A 25, 1191, 2019.

29



59.

60.

61.

62.

63.

64.

65.

66.

67.

Zingler, C., Carl, H.D., Swoboda, B., Krinner, S., Hennig, F., and Gelse, K. Limited evidence
of chondrocyte outgrowth from adult human articular cartilage. Osteoarthritis Cartilage
24, 124, 2016.

Gelse, K., Riedel, D., Pachowsky, M., Hennig, F.F., Trattnig, S., and Welsch, G.H. Limited
integrative repair capacity of native cartilage autografts within cartilage defects in a
sheep model. J Orthop Res 33, 390, 2015.

Karim, A. and Hall, A.C. Hyperosmolarity normalises serum-induced changes to
chondrocyte properties in a model of cartilage injury. Eur Cell Mater 31, 205, 2016.
Karim, A. and Hall, A.C. Chondrocyte Morphology in Stiff and Soft Agarose Gels and the
Influence of Fetal Calf Serum. J Cell Physiol 232, 1041, 2017.

Urban, J.P.G., Hall, A.C., and Gehl, K.A. Regulation of matrix synthesis rates by the ionic
and osmotic environment of articular chondrocytes. J Cell Physiol 154, 262, 1993.
Murray, D.H., Bush, P.G., Brenkel, 1.J., and Hall, A.C. Abnormal human chondrocyte
morphology is related to increased levels of cell-associated IL-1p and disruption to
pericellular collagen type VI. J Orthop Res 28, 1507, 2010.

Lieberthal, J., Sambamurthy, N., and Scanzello, C.R. Inflammation in joint injury and
post-traumatic osteoarthritis. Osteoarthritis Cartilage 23, 1825, 2015.

Sardana, V., Burzynski, J., and Scuderi, G.R. The influence of the irrigating solution on
articular cartilage in arthroscopic surgery: A systematic review. J Orthop 16, 158, 2019.
Szafranski, J.D., Grodzinsky, A.J., Burger, E., Gaschen, V., Hung, H.H., and Hunziker, E.B.

Chondrocyte mechanotransduction: effects of compression on deformation of

30



68.

69.

70.

71.

72.

73.

74.

75.

intracellular organelles and relevance to cellular biosynthesis. Osteoarthritis Cartilage
12, 937, 2004.

Kurz, B., Jin, M., Patwari, P., Cheng, D.M., Lark, M.W., and Grodzinsky, A.J. Biosynthetic
response and mechanical properties of articular cartilage after injurious compression. J
Orthop Res 19, 1140, 2001.

Chen, C.T., Burton-Wurster, N., Lust, G., Bank, R.A., and Tekoppele, J.M. Compositional
and metabolic changes in damaged cartilage are peak-stress, stress-rate, and loading-
duration dependent. J Orthop Res 17, 870, 1999.

Chahine, N.O., Ateshian, G.A., and Hung, C.T. The effect of finite compressive strain on
chondrocyte viability in statically loaded bovine articular cartilage. Biomech Model
Mechanobiol 6, 103, 2007.

Moo, E.K. and Herzog, W. Unfolding of membrane ruffles of in situ chondrocytes under
compressive loads. J Orthop Res 35, 304, 2017.

Nickien, M., Heuijerjans, A., Ito, K., and van Donkelaar, C.C. Comparison between in vitro
and in vivo cartilage overloading studies based on a systematic literature review. J
Orthop Res 36, 2076, 2018.

Ahsan, T., Lottman, L.M., Harwood, F., Amiel, D., and Sah, R.L. Integrative cartilage
repair: inhibition by beta-aminopropionitrile. J Orthop Res 17, 850, 1999.

Hunter, C.J. and Levenston, M.E. Maturation and Integration of Tissue-Engineered
Cartilages within an in Vitro Defect Repair Model. Tissue Eng 10, 736, 2004.

Athens, A.A., Makris, E.A., and Hu, J.C. Induced Collagen Cross-Links Enhance Cartilage

Integration. PLoS ONE 8, e60719, 2013.

31



76.

77.

78.

79.

80.

81.

82.

Kwon, H., O'Leary, S.A., Hu, J.C., and Athanasiou, K.A. Translating the application of
transforming growth factor-f1, chondroitinase-ABC, and lysyl oxidase-like 2 for
mechanically robust tissue-engineered human neocartilage. J Tissue Eng Regen Med 13,
283, 2019.

DiMicco, M.A. and Sah, R.L. Integrative cartilage repair: adhesive strength is correlated
with collagen deposition. J Orthop Res 19, 1105, 2001.

Gratz, K.R., Wong, B.L., Bae, W.C., and Sah, R.L. The effects of focal articular defects on
cartilage contact mechanics. J Orthop Res 27, 584, 2009.

Wang, S., Bao, Y., Guan, Y., Zhang, C,, Liu, H., Yang, X., et al. Strain distribution of
repaired articular cartilage defects by tissue engineering under compression loading. J
Orthop Surg Res 13, 19, 2018.

Wan, L.Q,, Jiang, J., Miller, D.E., Guo, X.E., Mow, V.C., and Lu, H.H. Matrix deposition
modulates the viscoelastic shear properties of hydrogel-based cartilage grafts. Tissue
Eng Part A17, 1111, 2011.

Kocen, R., Gasik, M., Gantar, A., and Novak, S. Viscoelastic behaviour of hydrogel-based
composites for tissue engineering under mechanical load. Biomed Mater 12, 025004,
2017.

Chaudhuri, 0., Gu, L., Klumpers, D., Darnell, M., Bencherif, S.A., Weaver, J.C., et al.
Hydrogels with tunable stress relaxation regulate stem cell fate and activity. Nat Mater

15, 326, 2016.

32



83.

84.

85.

86.

87.

88.

89.

Vahdati, A. and Wagner, D.R. Finite element study of a tissue-engineered cartilage
transplant in human tibiofemoral joint. Comput Methods Biomech Biomed Engin 15,
1211, 2012.

Fujie, H., Nansai, R., Ando, W., Shimomura, K., Moriguchi, Y., Hart, D.A., et al. Zone-
specific integrated cartilage repair using a scaffold-free tissue engineered construct
derived from allogenic synovial mesenchymal stem cells: Biomechanical and histological
assessments. J Biomech 48, 4101, 2015.

Chen, T., McCarthy, M.M., Guo, H., Warren, R., and Maher, S.A. The Scaffold-Articular
Cartilage Interface: A Combined In Vitro and In Silico Analysis Under Controlled Loading
Conditions. J Biomech Eng 140, 2018.

Dowling, E.P., Ronan, W., and McGarry, J.P. Computational investigation of in situ
chondrocyte deformation and actin cytoskeleton remodelling under physiological
loading. Acta Biomater 9, 5943, 2013.

Yodmuang, S., Guo, H., Brial, C., Warren, R.F., Torzilli, P.A., Chen, T., et al. Effect of
interface mechanical discontinuities on scaffold-cartilage integration. J Orthop Res 37,
845, 2019.

Smith, R.L., Carter, D.R., and Schurman, D.J. Pressure and shear differentially alter
human articular chondrocyte metabolism: a review. Clin Orthop Relat Res 427 Suppl,
S89, 2004.

Theodoropoulos, J., DeCroos, A., Petrera, M., Park, S., Kandel, R., Theodoropoulos, J.S.,
et al. Mechanical stimulation enhances integration in an in vitro model of cartilage

repair. Knee Surg Sports Traumatol Arthrosc 24, 2055, 2016.

33



90.

91.

92.

93.

94.

95.

96.

Hasanova, G.l., Noriega, S.E., Mamedov, T.G., Thakurta, S.G., Turner, J.A., and
Subramanian, A. The effect of ultrasound stimulation on the gene and protein
expression of chondrocytes seeded in chitosan scaffolds. J Tissue Eng Regen Med 5, 815,
2011.

Sahu, N., Miller, A, Viljoen, H., and Subramanian, A. Continuous Low-Intensity
Ultrasound Promotes Native-To-Native Cartilage Integration. Tissue Eng Part A 25, 1538,
2019.

Vainieri, M.L., Wahl, D., Alini, M., van Osch, G.J.V.M., and Grad, S. Mechanically
stimulated osteochondral organ culture for evaluation of biomaterials in cartilage repair
studies. Acta Biomater 81, 256, 2018.

Taraballi, F., Bauza, G., McCulloch, P., Harris, J., and Tasciotti, E. Concise Review:
Biomimetic Functionalization of Biomaterials to Stimulate the Endogenous Healing
Process of Cartilage and Bone Tissue. Stem Cells Transl Med 6, 2186, 2017.

Kwon, H., Brown, W.E., Lee, C.A., Wang, D., Paschos, N., Hu, J.C,, et al. Surgical and
tissue engineering strategies for articular cartilage and meniscus repair. Nat Rev
Rheumatol 15, 550, 2019.

Wolf, M.T., Zhang, H., Sharma, B., Marcus, N.A,, Pietzner, U., Fickert, S., et al. Two-Year
Follow-Up and Remodeling Kinetics of ChonDux Hydrogel for Full-Thickness Cartilage
Defect Repair in the Knee. Cartilage 2018.

Shive, M.S., Stanish, W.D., McCormack, R., Forriol, F., Mohtadi, N., Pelet, S., et al. BST-
CarGel(R) Treatment Maintains Cartilage Repair Superiority over Microfracture at 5

Years in a Multicenter Randomized Controlled Trial. Cartilage 6, 62, 2015.

34



97.

98.

99.

100.

101.

102.

103.

Cook, J.L., Hung, C.T., Kuroki, K., Stoker, A.M., Cook, C.R., Pfeiffer, F.M., et al. Animal
models of cartilage repair. Bone Joint Res 3, 89, 2014.

Chu, C.R., Szczodry, M., and Bruno, S. Animal models for cartilage regeneration and
repair. Tissue Eng Part B Rev 16, 105, 2010.

Duchi, S., Doyle, S., Eekel, T., D O'Connell, C., Augustine, C., Choong, P., et al. Protocols
for Culturing and Imaging a Human Ex Vivo Osteochondral Model for Cartilage
Biomanufacturing Applications. Materials (Basel) 12, 640, 2019.

Di Bella, C., Duchi, S., O'Connell, C.D., Blanchard, R., Augustine, C., Yue, Z., et al. In situ
handheld three-dimensional bioprinting for cartilage regeneration. J Tissue Eng Regen
Med 12, 611, 2018.

Wang, L.S., Du, C., Toh, W.S., Wan, A.C.A,, Gao, S.J., and Kurisawa, M. Modulation of
chondrocyte functions and stiffness-dependent cartilage repair using an injectable
enzymatically crosslinked hydrogel with tunable mechanical properties. Biomaterials 35,
2207, 2014.

Wang, J., Zhang, F., Tsang, W.P., Wan, C., and Wu, C. Fabrication of injectable high
strength hydrogel based on 4-arm star PEG for cartilage tissue engineering. Biomaterials
120, 11, 2017.

Vilela, C.A., Correia, C., da Silva Morais, A., Santos, T.C., Gertrudes, A.C., Moreira, E.S., et
al. In vitro and in vivo performance of methacrylated gellan gum hydrogel formulations

for cartilage repair. J Biomed Mater Res A 106, 1987, 2018.

35



104.

105.

106.

107.

108.

109.

110.

Wang, C.-C., Yang, K.-C., Lin, K.-H., Liu, Y.-L,, Yang, Y.-T., Kuo, T.-F., et al. Expandable
Scaffold Improves Integration of Tissue-Engineered Cartilage: An In Vivo Study in a
Rabbit Model. Tissue Eng Part A 22, 873, 2016.

Liu, X., Yang, Y., Niu, X,, Lin, Q., Zhao, B., Wang, Y., et al. An in situ photocrosslinkable
platelet rich plasma — Complexed hydrogel glue with growth factor controlled release
ability to promote cartilage defect repair. Acta Biomater 62, 179, 2017.

Singh, Y.P., Moses, J.C., Bhunia, B.K., Nandi, S.K., and Mandal, B.B. Hierarchically
structured seamless silk scaffolds for osteochondral interface tissue engineering. J
Mater Chem B 6, 5671, 2018.

Sun, X., Yin, H., Wang, Y., Lu, J., Shen, X., Lu, C., et al. In Situ Articular Cartilage
Regeneration through Endogenous Reparative Cell Homing Using a Functional Bone
Marrow-Specific Scaffolding System. ACS Appl Mater Interfaces 10, 38715, 2018.
Huang, H., Zhang, X., Hu, X., Shao, Z., Zhu, J., Dai, L., et al. A functional biphasic
biomaterial homing mesenchymal stem cells for in vivo cartilage regeneration.
Biomaterials 35, 9608, 2014.

Vindas Bolanos, R.A., Cokelaere, S.M., Estrada McDermott, J.M., Benders, K.E., Gbureck,
U., Plomp, S.G., et al. The use of a cartilage decellularized matrix scaffold for the repair
of osteochondral defects: the importance of long-term studies in a large animal model.
Osteoarthritis Cartilage 25, 413, 2017.

Yan, L.-P., Silva-Correia, J., Oliveira, M.B., Vilela, C., Pereira, H., Sousa, R.A., et al.
Bilayered silk/silk-nanoCaP scaffolds for osteochondral tissue engineering: In vitro and in

vivo assessment of biological performance. Acta Biomater 12, 227, 2015.

36



111.

112.

113.

114.

115.

116.

117.

Levingstone, T.J., Ramesh, A., Brady, R.T., Brama, P.A.J.,, Kearney, C., Gleeson, J.P., et al.
Cell-free multi-layered collagen-based scaffolds demonstrate layer specific regeneration
of functional osteochondral tissue in caprine joints. Biomaterials 87, 69, 2016.
Radhakrishnan, J., Manigandan, A., Chinnaswamy, P., Subramanian, A., and Sethuraman,
S. Gradient nano-engineered in situ forming composite hydrogel for osteochondral
regeneration. Biomaterials 162, 82, 2018.

Reyes, R., Delgado, A., Sanchez, E., Fernandez, A., Hernandez, A., and Evora, C. Repair of
an osteochondral defect by sustained delivery of BMP-2 or TGFbetal from a bilayered
alginate-PLGA scaffold. J Tissue Eng Regen Med 8, 521, 2014.

Beigi, M.H., Atefi, A., Ghanaei, H.R., Labbaf, S., Ejeian, F., and Nasr-Esfahani, M.H.
Activated platelet-rich plasma improves cartilage regeneration using adipose stem cells
encapsulated in a 3D alginate scaffold. J Tissue Eng Regen Med 12, 1327, 2018.

Muttigi, M.S., Kim, B.J., Choi, B., Yoshie, A., Kumar, H., Han, |., et al. Matrilin-3 codelivery
with adipose-derived mesenchymal stem cells promotes articular cartilage regeneration
in a rat osteochondral defect model. J Tissue Eng Regen Med 12, 667, 2018.

Shi, D., Xu, X, Ye, Y., Song, K., Cheng, Y., Di, J., et al. Photo-Cross-Linked Scaffold with
Kartogenin-Encapsulated Nanoparticles for Cartilage Regeneration. ACS Nano 10, 1292,
2016.

Li, X., Ding, J., Zhang, Z., Yang, M., Yu, J., Wang, J., et al. Kartogenin-Incorporated
Thermogel Supports Stem Cells for Significant Cartilage Regeneration. ACS Appl Mater

Interfaces 8, 5148, 2016.

37



118.

119.

120.

121.

122.

Shi, W., Sun, M., Hu, X., Ren, B., Cheng, J., Li, C., et al. Structurally and Functionally
Optimized Silk-Fibroin-Gelatin Scaffold Using 3D Printing to Repair Cartilage Injury In
Vitro and In Vivo. Adv Mater 29, 2017.

Patel, J.M., Wise, B.C., Bonnevie, E.D., and Mauck, R.L. A Systematic Review and Guide
to Mechanical Testing for Articular Cartilage Tissue Engineering. Tissue Eng Part C
Methods 25, 593, 2019.

Yu, C, Liu, J,, Lu, G., Xie, Y., Sun, Y., Wang, Q., et al. Repair of osteochondral defects in a
rabbit model with artificial cartilage particulates derived from cultured collagen-
chondrocyte microspheres. ] Mater Chem B 6, 5164, 2018.

Xue, J., He, A,, Zhu, Y., Liu, Y., Li, D., Yin, Z., et al. Repair of articular cartilage defects with
acellular cartilage sheets in a swine model. Biomed Mater 13, 025016, 2018.

Kim, H.J., Han, M.A., Shin, J.Y., Jeon, J.H,, Lee, S.J., Yoon, M.Y., et al. Intra-articular
delivery of synovium-resident mesenchymal stem cells via BMP-7-loaded fibrous PLGA

scaffolds for cartilage repair. J Control Release 302, 169, 2019.

Corresponding author:

Andrea J. O’Connor

Department of Biomedical Engineering, University of Melbourne, 203 Bouverie Street, Parkville, VIC, 3010,

Australia

a.oconnor@unimelb.edu.au

38


mailto:a.oconnor@unimelb.edu.au

Fig. 1

chondrocytes —” =QQ:|-—- superficial zone
(@)
middle/transitional SN collagen fibrils
zone O
—— deep zone

tidemark and N

. /E subchondral
calcified zone

bone

.

partial-thickness full-thickness osteochondral
chondral defect chondral defect defect
Figure 1

The composition of articular cartilage varies with depth of tissue (top), including orientation of collagen
fibrils and morphology of chondrocytes. Cartilage defects are classified as partial-thickness or full-
thickness chondral defects (bottom, left and middle), or osteochondral defects (bottom, right) which

penetrate the calcified cartilage or subchondral bone.
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Figure 2

Construct-to-native cartilage assemblies (A) and native-to-native cartilage assemblies (B) following 14
days integration time. Gross observations (top) saw greater continuity than untreated controls for
construct-to-native cartilage assemblies treated with lysyl oxidase, but no difference for native-to-native
cartilage assemblies. Histology with picrosirius red (bottom) clearly illustrated differences in continuity
compared to controls for both assemblies following treatment with lysyl oxidase (scale bar 50um). Figure

is reproduced from Athens et al and is licensed under CC BY 4.0 °°.
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Animal model, ' Length of Biomechanical assessment of

Study Repair method Cell source Outcome

defect type study neocartilage?

84 scaffold-free tissue-engineered pig synovial Pig model, 24 weeks cartilaginous tissue formed and well Tensile test for integration strength -
constructs derived from synovial mesenchymal chondral integrated, morphologically integration strength was significantly lower
mesenchymal stem cells stem cells than native cartilage, and significantly

dependent on the layer of tissue
(superficial/middle/deep)

100 in situ bioprinting of gelatin sheep Sheep model, 8 weeks formation of hyaline-like cartilage and  Indentation - instantaneous Young's modulus,
methacrylamide (GelMa) and mesenchymal chondral better macro/microscopic equilibrium modulus and maximum stress did
hyaluronic acid methacrylate (HAMA) | stem cells characteristics than controls, but poor | not detect statistically significant differences, at
hydrogel and cells lateral integration low sample size with large standard deviation

101 gelatin-hydroxyphenylpropionic acid rabbit Rabbit model, 12 weeks formation and integration of hyaline- | -

(Gtn-HPA) conjugate hydrogel seeded : chondrocytes osteochondral like cartilage was superior for medium

with cells

stiffness hydrogel, compared to low

or high stiffness hydrogels
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Animal model, ' Length of Biomechanical assessment of
Study Repair method Cell source Outcome
defect type study neocartilage?
102 4-arm star PEG hydrogel seeded with | mouse Mouse model, 12 weeks formation of hyaline-like cartilage -
cells chondrocytes osteochondral observed integrated with native
cartilage
103 cells encapsulated in methacrylated rabbit Rabbit model, 8 weeks neocartilage formed, filling defect and | -
gellan gum autologous chondral integrating with native tissue
adipose stem
cells
104 expandable gelatin scaffold seeded rabbit Rabbit model, 24 weeks hyaline-like cartilage tissue formed, Compression - Young's modulus for treatment
with cells chondrocytes osteochondral and improved integration with host significantly higher than controls, and after six
tissue compared to controls months no significant difference with modulus
of intact cartilage
105 photocrosslinkable PRP hydrogel glue - Rabbit model, 12 weeks filled defects with hyaline-like -

(HNPRP), based on modified

hyaluronic acid

osteochondral

cartilage formed, with significantly
higher macroscopic and histological

scores than controls
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Animal model, ' Length of Biomechanical assessment of
Study Repair method Cell source Outcome
defect type study neocartilage?
106 biphasic silk fibroin scaffold, fiber-free : - Rabbit model, 8 weeks cartilage and subchondral bone -
and fiber-reinforced phases osteochondral formed, with A. assamensis silk
biphasic scaffold performing better
than B. mori
107 decellularized porcine articular - Rabbit model, 24 weeks hyaline-like cartilage repair and Nanoindentation - significantly higher hardness,
cartilage matrix and functionalised osteochondral subchondral bone reconstruction contact stiffness and reduced modulus
nanofiber peptide hydrogel (with compared to controls, and no significant
microfracture) difference to native cartilage
108 demineralized bone matrix integrated - Rabbit model, 24 weeks formation of hyaline-like cartilage and | Nanoindentation - significantly higher hardness
with chitosan hydrogel and osteochondral superior repair compared to controls | and reduced modulus than controls, and close
mesenchymal stem cell affinity to native cartilage
peptide
109 decellularized horse cartilage-derived - Horse model, 24 weeks defect filling was less than in a pilot Micro-indentation - Young's modulus was

matrix, with or without calcium

phosphate base

osteochondral

study (horse model for eight weeks),

and repair tissue was inferior though

significantly lower than native cartilage, and
there was no difference between scaffolds with

or without calcium phosphate base
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Animal model, ' Length of Biomechanical assessment of
Study Repair method Cell source Outcome
defect type study neocartilage?

bone part was well integrated when

calcium phosphate used
110 silk fibroin layer and silk-nano calcium © - Rabbit model, 4 weeks formation and integration of hyaline- -

phosphate layer osteochondral like cartilage and subchondral bone
m multi-layered collagen scaffold - Goat model, 12 months | formation of hyaline-like cartilage and | -
osteochondral subchondral bone, and improved

healing compared to controls

112 gradient hydrogel of chondroitin Rabbit model, 8 weeks hyaline-like and mineralized neotissue | Push-out test for interfacial strength -

sulphate nanoparticles (chondral

zone) and nanohydroxyapatite

osteochondral

formed

significantly higher interfacial stress for gradient

hydrogel compared to controls
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Animal model, ' Length of Biomechanical assessment of
Study Repair method Cell source Outcome
defect type study neocartilage?
(subchondral zone), in two zones of
alginate/poly(vinyl alcohol) (PVA)
13 growth factor loaded PLGA - Rabbit model, 24 weeks qualitatively better cartilage formed
microspheres in an alginate-PLGA osteochondral with loading of 5ug BMP-2
scaffold (growth factors tested were
TGFB1 and BMP-2)
114 alginate beads containing cells and human adipose Rabbit model, 16 weeks hyaline-like cartilage formed, and
platelet-rich plasma (PRP) mesenchymal osteochondral repair significantly improved by
stem cells treatment compared to controls
(ADSCs)
115 codelivery of matrilin-3 with cell human Rat model, 12 weeks hyaline cartilage formed and repair
suspension in hyaluronic acid infrapatellar osteochondral significantly improved with matrilin-3

adipose-tissue-

derived

treatment, with complete integration

45



Animal model, ' Length of Biomechanical assessment of
Study Repair method Cell source Outcome
defect type study neocartilage?
mesenchymal seen at a concentration of 140-ng
stem cells (Ad- matrilin-3
MSCs)
116 acrylated hyaluronic acid hydrogel - Rabbit model, 12 weeks formation of hyaline-like cartilage Nanoindentation - significantly higher reduced
with kartogenin-loaded nanoparticles osteochondral tissue and subchondral bone modulus and hardness than controls, and close
(PLGA) observed, significantly higher to native cartilage
histological scoring than controls
17 kartogenin (KGN) incorporated bone marrow Rabbit model, 12 weeks Smoother and more integrated Nanoindentation - reduced modulus and
polylactic-co-glycolic acid (PLGA)-PEG- | mesenchymal osteochondral hyaline-like cartilage formed hardness were significantly higher than
PLGA thermogel loaded with cells stem cells (with compared to controls controls, but lower than native cartilage
microfracture)
118 silk fibroin and gelatin scaffold, rat bone marrow | Rabbit model, 24 weeks formation of neo-cartilage with Nanoindentation - significantly higher hardness

conjugated with bone marrow stem
cell-specific-affinity peptide, and

seeded with cells

stem cells

osteochondral

characteristics more similar to native

cartilage than controls

than controls, and reduced modulus closer to

native cartilage than controls
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Animal model, ' Length of Biomechanical assessment of
Study Repair method Cell source Outcome
defect type study neocartilage?

120 artificial cartilage particulates (ACPs) - | allogenic rabbit | Rabbit model, 12 weeks neocartilage formed, ACPs cultured Neocartilage not assessed, however

collagen | microspheres seeded with chondrocytes osteochondral for seven days showed better nanoindentation performed prior to

cells and cultured prior to integration implantation

implantation
121 acellular cartilage sheets (ACSs), pig bone marrow | Pig model, 24 weeks ACSs with BMSCs achieved best Compression- Young's modulus and maximum

implanted with or without cells stromal cells osteochondral cartilage repair compressive strength close to native cartilage

(BMSCs) for ACSs with BMSCs, and significantly higher
than ACSs alone and controls

122 PLGA scaffold with BMP-7 loaded rabbit synovium- | Rabbit model, 6 weeks formation of hyaline-like cartilage -

PLGA nanoparticles, seeded with cells

resident
mesenchymal

stem cells

osteochondral
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