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    Chapter 10   
 Articular Cartilage Regeneration                     

       Georg     N.     Duda     ,     Michael     Sittinger    ,     Joshua     O.     Eniwumide    , and     Evi     Lippens   

    Abstract     The glassy translucent material found at the ends of bones, within synovial 
joints, is termed articular cartilage. While healthy, it provides a low-friction bearing 
surface, preventing bone-to-bone contact, and to an extent, absorb shock during 
vigorous activities. However, when damaged could lead to pain, deformity and 
reduced mobility; the social impact of which, entails high costs in terms of thera-
peutic treatments and loss of income. The present chapter reviews the common 
knowledge of the constraints to articular cartilage regeneration; namely cartilage 
structure, composition and major diseases. The fi rst of the three sections detail the 
major constituents of the tissue and their structural organization; the tissues mechan-
ical properties, and ends with a brief description of how these features change in an 
unhealthy cartilage; be it mechanical or disease. In the second section, both clinical 
and academic approaches are pooled together, to review the current strategies in 
restoring health to joints with diseased or damaged cartilage. The fi nal section high-
lights the fact that progression of cartilage disease affects not only the cartilage, but 
its underlying bone. The implications of the subchondral bone in the propagation of 
cartilage degeneration are discussed, and fi nally, their considerations in cartilage 
defect healing.  
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10.1       In Health and Sickness 

10.1.1     Structure and Function 

 Articular cartilage is found at the end of bones as a thin, white tissue. This tissue 
consists mainly of extracellular matrix (ECM), and has a relatively low density of 
cells. The adult tissue is known to be devoid of blood vessels, lymph vessels, and 
nerves (Poole  1997 ; Stockwell and Meachim  1979 ). The thickness of adult human 
cartilage generally varies between 2 and 7 mm (Meachim and Stockwell  1979 ). 
This variation is evident both between joints and also within different regions of the 
same joint. 

 The effi cient functioning of the  synovial joints   is made possible by the presence 
of articular cartilage. Lining the surfaces of diarthrodial joints, articular cartilage 
provides a low-friction bearing surface and prevents bone-to-bone contact (Guilak 
and Mow  2000 ; Mow et al.  1980 ). Major load bearing joints, such as the hip, knee 
and ankle are subjected to peak stresses up to three times body weight during nor-
mal walking or higher during stumbling (Guilak and Mow  2000 ; Mow et al.  1992 ; 
Weightman and Kempson  1979 ). Under these high stresses, articular cartilage 
deforms, effectively reducing both the contact stresses and the pressures transmitted 
to the underlying bone (Ateshian and Wang  1997 ; Kim et al.  1994 ;  McCutchen n.d. ; 
Weightman and Kempson  1979 ). Cartilage also exhibits impact resistance, which 
permits a degree of shock absorbance during vigorous activities such as running and 
jumping.  

10.1.2     Composition 

 Articular cartilage consists of Water, Collagen, and non-collagenous proteins, and 
cells. These are approximated to be 70–80 %, 10–15 %, and 5–10 % of the tissues 
wet weight, respectively, while the cells are approximately 5 % of the tissues 
volume. Notably these features vary amongst species, from joint to joint and within 
different locations of the same joint (Buckwalter and Mankin  1997 ; Stockwell and 
Meachim  1979 ). 

10.1.2.1      Collagen   

 Collagen is a large protein family with at least 27 members (Boot-Handford et al. 
 2003 ; Eyre  2004 ). They can be distinguished by their distinct amino acid composi-
tion and hence polypeptide chains (Meisenberg and Simmons  1998 ). The collagen 
types present in articular cartilage are types II, VI, IX, X and XI (Eyre et al.  1992 ). 
Type II collagen makes up 95 % of the solid composition of the mature human 
articular cartilage (Eyre et al.  1992 ). It is derived from procollagen molecules 
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containing amino (NH 2 )-and carboxyl (COOH)-terminal extension peptides that are 
cleaved, extracellular, prior to fi brilcollagens (Ryan and Sandell  1990 ). 

 Due to their abundance in articular cartilage, type II and type X collagen are 
often used as indicators for extracellular matrix (ECM) formation by cultured chon-
drocytes and  to   ascertain a chondrogenic phenotype of differentiating stem cells. 

 Type XI collagen contributes less than 5 % to the total collagen content of the 
articular cartilage. In cartilaginous tissues, collagen XI forms heterotypic narrow 
fi brils with collagens type II and type IX (Grant et al.  1988 ). Type VI collagen is a 
short-helical heterotrimer. Its monomers are arranged intracellular into anti-parallel 
staggered dimers and then into tetramers by lateral aggregation of two dimmers, 
then secreted into the ECM. In the pericellular environment, collagen VI has been 
implicated in both the maintenance of chondron integrity and cell-matrix signaling. 
Type IX collagen accounts for 10 % of human fetal cartilage. This proportion 
decreases with age, reaching 1–2 % in mature human articular cartilage. This mol-
ecule can be considered a protoglycan, due to its possession of a chondroitin sul-
phate chain (Huber et al.  1988 ). Type X collagen is a short-chain collagen, which 
forms a mat-like network in the hypertrophic cartilage matrix and around differen-
tiating chondrocytes (Kwan et al.  1986 ). It is found in either the cartilaginous tis-
sues undergoing endochondral ossifi cation, such as the hypertrophic zones of the 
growth plate, or the calcifi ed zone in mature articular cartilage (Ayad et al.  1987 ).  

10.1.2.2      Proteoglycans   

 Proteoglycans ( PGs  ) are the most abundant non-collagenous macromolecular com-
ponents in mammalian cartilage, making up approximately 10–15 % of the mature 
mammalian articular cartilage. These are defi ned as having a protein core to which 
one or more glycosaminoglycan (GAG) chains are covalently attached. GAGs pres-
ent in articular cartilage include chondroitin sulphate, keratan sulphate and hyaluro-
nan. The GAG chains are often crucial to the functional properties of the PG 
(Hardingham and Fosang  1992 ). However, for PGs such as  decorin and biglycan  , 
which bind to growth factors and modulate their activities, evidence exist, suggest-
ing that it is their protein core and not their GAG chains that mediates the binding 
function (Cheifetz et al.  1988 ; Ruoslahti and Yamaguchi  1991 ). The most abundant 
PG, accounting for up to 90 % of mature articular cartilage PG is aggrecan. As GAG 
builds up in the cells ECM, aggrecan molecules bind non-covalently along a hyal-
uronan chain to form an aggrecan-hyaluronan complex.    The aggregate, having 
molecular weight approximately 50,000 kDa is associated  with   load distribution in 
articular cartilage (Hardingham and Fosang  1992 ). Smaller PG molecules present in 
cartilage include biglycan, decorin and fi bromodulin (Knudson and Knudson  2001 ). 
These leucine-rich PGs bind to collagen type II and play important roles in ECM 
organization (Pulkkinen et al.  1990 ; Vogel et al.  1984 ). 

 PGs have important roles in  collagen fi brillogenesis  , organization of collagen 
networks and in providing rigidity to the ECM. Chondrocytes express cell surface 
PGs (Knudson and Knudson  2001 ), which interact with growth factors such as, 
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basic Fibroblastic Growth Factor (bFGF) in order to regulate cell activities. Similar 
to types II and X collagen, PG provide a reliable indicator of biosynthetic activities 
of chondrocytes in culture (Knight et al.  1998 ; Lee et al.  2003 ). Other common 
examples of such proteins are Anchorin CII. These bind to the surface of the chon-
drocytes and anchor it to the collagen fi brils in the ECM and cartilage oligomeric 
matrix proteins, which also bind to  chondrocytes      (Mollenhauer et al.  1984 ). These 
proteins maintain the chondrocytes phenotype,    and are used as markers of cartilage 
turnover and can control the progression of cartilage degradation in osteoarthritic 
cartilage (Salter  1993 ).    Other proteins, such as fi bronectin and tenascin have roles 
in matrix organization, cell-matrix interaction and the tissue response to infl ammatory 
conditions such as osteoarthritis (Buckwalter and Mankin  1997 ; Nishida et al.  1995 ).  

10.1.2.3      Extracellular Matrix Fluid   

 Water is the largest component of articular cartilage. It makes up to 80 % of carti-
lage wet weight in the surface zone, and decreases to approximately 65 % within the 
deep zone. The high affi nity of articular cartilage for water is due to the charge 
density of the hydrophilic PG molecules. The PGs encapsulate the water within 
their matrices, forming a gel-like substance, with pore size of approximately 6.9 nm 
(Meachim and Stockwell  1979 ). These pores contribute to the diffusivity of the 
small molecules and water through articular cartilage (Lusse et al.  2000 ; Maroudas 
 1979 ). Matrix water contains small gasses, proteins and dissolved electrolytes 
(Na + , Cl - , Ca 2+ , SO 3  − , COO −  etc.). The cations balance the negatively charged PGs, 
thereby infl uencing the mechanical properties of the tissue (Guilak et al.  1999 ). A large 
proportion of the ECM fl uid can move freely in and out of the tissue under applied 
load (Buckwalter and Mankin  1997 ). Therefore during normal joint loading, the 
cartilage is compressed and the water is squeezed out of the loaded region. As the 
region is unloaded, the water is re-imbibed and the original volume is restored with 
time. This movement of cartilage fl uid is crucial in joint lubrication, transport of 
macromolecules within articular cartilage and nutrition of the cells therein.  

10.1.2.4      Chondrocytes      

 The cartilage ECM and its associated proteins are synthesized, assembled and orga-
nized into a highly ordered framework by its cellular component, the articular chon-
drocytes (Buckwalter and Mankin  1997 ; Muir  1995 ). The chondrocytes attempt to 
maintain the ECM and their associated protein by their continual replacement in 
health, disease and following trauma. However, this depends on the cells ability to 
detect changes in the matrix composition, which may be due to macromolecular 
degradation, or the mechanical demands placed upon the tissue. Although relatively 
sparse in density, the chondrocytes are the only living units available to adapt carti-
lage to changes in its surroundings. The chondrocyte is surrounded by a thin layer 
of matrix, called the pericellular matrix (PCM) which together with the enclosed 
cell is called the chondron. The composition, structure and function of the PCM is 
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different from the surrounding ECM and plays an important role as transducer of 
both mechanical and biochemical signals to the chondrocytes (Wilusz et al.  2014 ). 
Not only the elastic modulus of the PCM is different from its surrounding ECM, 
also a higher proteoglycan content is found in the PCM compared to the 
ECM. Therefore, tissue deformation and the associated changes in interstitial water 
content that occur during loading will result in dynamic changes in the physico-
chemical and osmotic environment of the cell and may provide critical signals for 
regulating the cell’s response to loading (O’Conor et al.  2014 ; Wilusz et al.  2014 ). 

 Individually, chondrocytes have been found to be metabolically active, with a 
glycolytic rate per cell similar to that of cells found in vascularized tissues. However, 
the adult tissue as a whole, has a comparatively low metabolic activity due to its low 
cell density of approximately one cell per 100 μm 3  (Buckwalter et al.  2005 ). Both cell 
proliferation and ECM synthesis decline following skeletal maturity in  normal   tissue.   

10.1.3     Organization 

 The structure and composition of articular cartilage changes with depth from the 
joint surface (Buckwalter et al.  1987 ; Clarke  1971 ; Lane and Weiss  1975 ; Lipshitz 
et al.  1976 ; Muir et al.  1970 ; Ratcliffe and Mow  1976 ). Although these changes are 
continuous, articular cartilage has been divided into four distinct zones/layers 
(Fig.  10.1 ). These are termed the superfi cial zone (I), transitional zone (II), the deep 
or radial zone (III), and the zone of calcifi ed cartilage (IV). PGs occupy the interfi -
brillar space and their concentrations increase from the surface to a maximum in the 
transitional zone, and then diminishes toward the deep zone (Comper  1996 ; Muir 
 1980 ; Poole et al.  1982 ). The volumetric concentration of collagen fi bers in human 
articular cartilage increases from the superfi cial (16–31 %) to the deep zone (14–
42 %), while that of the cell decrease by a factor of about three from the surface to 
the deep zone. The superfi cial zone is closest to the articular surface. It is approxi-
mately 250 μm thick for human articular cartilage, and is the thinnest of the four 
zones. Chondrocytes in this zone are fl attened and oriented parallel to the articular 
surface (Meachim and Stockwell  1979 ). Collagen fi bers in this region are very fi ne 
and, are arranged tangentially to the surface of the cartilage, thus deriving its alter-
native name; the tangential zone (Buckwalter et al.  1987 ). The most superfi cial part 
of this region is termed the lamina splendens and is devoid of cells, but consists of 
fi ne fi bers and polysaccharides.

   In the transitional zone, chondrocytes are spherical in form and fairly uniform in 
distribution. The collagen fi brils in this zone are generally larger and more ran-
domly organized. There is a higher concentration of PGs and lower water content 
when compared with the superfi cial zone (Buckwalter and Mankin  1997 ). The deep 
zone has a thickness greater than 500 μm, making it the thickest of the four zones. 
Chondrocytes of the deep zone are spherical, and are arranged in columns of four to 
nine cells, oriented perpendicularly to the joint surface (Meachim and Stockwell 
 1979 ). Collagen fi bers within the deep zone are arranged perpendicularly to the 
articular surface. The zone of calcifi ed cartilage separates the radial zone and 
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subchondral bone. The deep and the calcifi ed zones are separated by the  tide mark . 
It is widely believed that the calcifi ed zone of articular cartilage and the  tide mark  
present barriers for solute diffusion via the subchondral bone and therefore nutrition 
is solely from the synovial fl uid, via the articular surface (Honner and Thompson 
 1971 ; McKibbin and Holdsworth  1966 ). Evidence does exist, however to suggest 
the contrary, in that molecules can travel across to the articular cartilage. Notably, 
most of these studies have used immature synovial joint, and it is generally accepted 
that the route for nutrient delivery to the articular cartilage is affected by skeletal 
maturity (Honner and Thompson  1971 ). Compared to the deep zones, cells in the 
calcifi ed zone have a smaller volume, and are associated with fewer Golgi mem-
branes and endoplasmic reticula in the cytoplasm, thus suggesting a reduced meta-
bolic activity (Buckwalter and Mankin  1997 ).  

10.1.4     Cartilage Biomechanics 

 Mechanically, a healthy articular cartilage acts to limit the contact stresses acting on 
the underlying bone and provide an extremely effi cient low wear bearing surface for 
smooth movement (Kempson et al.  1970 ; Mow et al.  1992 ). For these reasons, car-
tilage is more deformable than bone, and thus when loaded, can provide a consider-
able area of contact to support joint loads (Weightman and Kempson  1979 ). 
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  Fig. 10.1    Structure and composition of cartilage at different depths from the articular surface       
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 Interactions between the two main solid components of the ECM have crucial 
roles in the tissues ability to sustain an applied load (Maroudas  1976 ; Wong et al. 
 2000 ). For example, PG exhibits a swelling capacity, resulting from the negatively 
charged GAG molecules repelling each other while attracting water and mobile 
cations. Therefore PG molecules impede the loss of water in the matrix by reducing 
the tissue’s permeability (Quinn et al.  2001 ). When not loaded, the associated 
osmotic pressure is balanced by the hydrostatic pressure resulting from the tensile 
stresses within the network of collagen fi bers. 

10.1.4.1     Cartilage Loading 

 When cartilage is loaded, there is a short-lived response that alters the balance 
between the osmotic and hydrostatic pressures. The internal pressures increase 
within the joints, producing pressure gradients. Consequently, fl uid fl ows away 
from the tissue, resulting in an increased in PG concentration (Weightman and 
Kempson  1979 ). To minimize this displacement, tensile stresses builds up in the 
collagen network. As the load is removed from the joint, fl uid fl ows back into the 
cartilage and it regains its original shape. This response varies with the magnitude 
and type of load applied (Herzog et al.  1998 ). 

 During prolonged loading of cartilage, fl uid fl ows out from the tissue and over 
time, there is a loss of volume, resulting in a time-dependent creep response. During 
static loading such as squatting and maintaining a 90° bend, the load transmission is 
confi ned to a relatively smaller area of the joint, the contact stress and deformation 
in this region is considerably greater than anywhere else the joint. Despite the load-
ing rate being lower than that in knee bending exercises, the cartilage is loaded 
continuously at a local site over a long period, and this can lead to creep-behavior 
(Eckstein et al.  2000 ).  

10.1.4.2      Creep   

 The mechanical properties of cartilage can be measured either in creep or stress 
relaxation. Creep is the slow time-dependent deformation process which occurs 
after the immediately, elastic deformation of cartilage during load application 
(Fig.  10.2a ). This is then followed by a slow, time dependent increased deforma-
tion. The initial deformation is brought about by the tissues’ matrix, thus there is no 
net change to its volume. Moreover, the tissues resistance to deformation is due to 
the network of collagen fi bers. However, the time-dependent deformation, which 
occurs as the load is maintained, results directly from the imbibition of water from 
the tissues matrix. As the fl uid leaves cartilage, the applied load is transferred from 
the matrix fl uid to the solid components. An equilibrium is established when the 
load is totally transferred unto the matrix fi bers. For creep measurement of cartilage, 
the tissue is compressed with a constant load and the resulting deformation is 
recorded.
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10.1.4.3        Load Relaxation 

 In  load relaxation  , cartilage is compressed to a constant deformation and the load is 
measured (Fig.  10.2b ). Initially, the load required to maintain a constant deforma-
tion is high. This is necessary in order to pressurize the matrix fl uid. As the fl uid 
begins to leave the tissue, the load required to maintain the deformation decreases 
and tend towards a plateau. At this stage, the matrix is compacted and the interfi bril-
lar pore space is reduced. Equilibrium is then established when fl uid is no longer 
exiting the cartilage, and the remaining fl uid is redistributed within the tissue. Both 
the time-dependent creep and load relaxation of cartilage is largely due to the fl uid 
fl ow, whereas the equilibrium is controlled by the solid matrix. In fact, the equilib-
rium stiffness of articular cartilage has been tied to the tissues PG content (Jurvelin 
et al.  1988 ; Mow et al.  1980 ).  

10.1.4.4      In Vitro  Mechanical  Testing   

 Three common methods used for determining the mechanical properties of cartilage 
are confi ned compression, unconfi ned compression and indentation testing. In con-
fi ned compression (Fig.  10.3a ), cartilage is placed a non-porous chamber and com-
pressed with a porous platen, so fl uid is forced out only via the porous platen. 
During unconfi ned compression (Fig.  10.3b ) however, cartilage is compressed 
between two non-porous platens and fl uid exits laterally. For indentation tests 
(Fig.  10.3c ), cartilage is compressed with an indenter that is either porous or non- 
porous. In cases where a porous indenter is used, fl uid expelled from the cartilage 
may fl ow laterally or axially. However, non-porous indenters impede axial fl uid fl ow.
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  Fig. 10.2    ( a ) Creep and ( b ) load relaxation measurements of cartilage       
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   Although common mechanical parameters may be obtained using any of the 
three strategies, it has been recognized that the values of mechanical properties are 
dependent on the measurement technique employed. For example, Hurtig and 
co- workers (Korhonen et al.  2002 ) reported that values of compressive stiffness and 
poisson’s ratio of bovine cartilage derived from confi ned compression were slightly 
higher than values derived from unconfi ned compression tests, and values derived 
from indentation testing were signifi cantly higher than both the confi ned and uncon-
fi ned values. This technique dependence of mechanical properties is due to the 
inhomogeneous structure and anisotropic mechanical properties of cartilage.  

10.1.4.5     In Vivo Mechanical Testing 

 The ability to monitor the health status of an intact cartilage, predict or diagnose 
osteoarthritis, and monitor the healing process of the tissue after a treatment had 
necessitated in vivo strategies, be it simple observation, or qualitative or quantita-
tive measurements. Earlier techniques were based on magnetic resonance imaging 
(MRI). To this extent, Eckstein and co-workers ( 1999 ) analyzed the deformation 
and recovery, as indicated by interstitial fl uid fl ow rate in seven healthy patellae 
joints. Similarly, O’Byrne et al. ( 2003 ) assessed the biochemical composition of 
cartilage in goat knees, in response to papain injection.  The   authors were able to 
demonstrate a compromise of the tissues collagen integrity with the magnetic reso-
nance technique. This dose-dependent degradation was confi rmed by post-mortem 
biochemistry and histology. 
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  Fig. 10.3    Schematic representation of experimental setup used for the ( a ) confi ned, ( b ) uncon-
fi ned compressive and ( c ) indentation testing of cartilage explants       
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 High-frequency ultrasound and mechanical indentation in now commonly 
combined to measure both structural and mechanical parameters, such as stiffness, 
and thickness, respectively. In an example, Kiviranta et al. ( 2008 ) compared the 
dynamic stiffness of healthy and degenerated patella cartilage, thereby diagnosing 
early stages of OA. In a similar study, Nishitani et al. ( 2008 ) were able to arthroscop-
ically determine the thickness and surface roughness of ten male athletes while 
undergoing mosaicplasty for osteochondritis dissecans.   

10.1.5     Modelling Theories for Articular Cartilage 

 During indentation tests, after a sudden application of constant load on cartilage, a 
rapid compression takes place, which is then followed by a slow creep process 
towards equilibrium at a rate which is governed by the applied load and test condi-
tions (Mow et al.  1984 ). Early explanations for this viscoelastic behavior did not 
take into account the interstitial fl uid fl ow and internal redistribution of the organic 
matrix and the compaction within the cartilage specimen. Although the possible 
infl uence of the multiphasic nature of cartilage on its deformational characteristics 
was realized by Hirsch ( 1944 ) as early as 1944, the role of fl uid fl ow on the dynamic 
deformational behavior of articular cartilage was not recognized until later. One of 
these studies (Elmore et al.  1963 ) showed that the creep response observed in inden-
tation testing of cartilage was largely due to the effl ux of interstitial fl uid from the 
tissue. They also observed that upon removal of the load, complete recovery of the 
tissue occurred only if suffi cient fl uid was available to re-imbibe into the tissue. 
Indeed, Linn and Sokoloff ( 1965 ) recorded a positive correlation between creep 
response and the amount of fl uid exuded from cartilage tissue. Such studies stimu-
lated a range of models describing both physicochemical and mechanical properties 
of cartilage. 

10.1.5.1     Biphasic  Theory   

 The biphasic model depicts cartilage as a soft, porous and permeable material 
comprising 20 % (wt/vol) of elastic solid, and fi lled with an incompressible fl uid 
(Mow et al.  1980 ; Torzilli and Mow  1976 ). The model accounts for the  effect   of 
the drag forces arising from the relative motion between the  fl uid and solid phases  . 
It incorporates all existing known mechanical properties of cartilage, namely, 
inhomogeneity, anisotropy, stress-strain non-linearity, interstitial fl uid fl ow and 
fi nite deformation. However, several assumptions are associated with the theory 
(Mow et al.  1992 ), namely,

•    The  solid matrix   is porous, permeable, and elastic.  
•   The  solid   matrix and interstitial fl uid are intrinsically incompressible; i.e. volume 

change of the tissue as a whole is possible only if there is fl uid exudation or 
imbibition.  
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•    Frictional drag   is directly proportional to the relative velocity between the 
interstitial fl uid and the porous-permeable solid matrix – the proportionality 
coeffi cient is the drag coeffi cient [ K ], which may be strain-dependent.  

•   The frictional drag of the interstitial fl uid fl ow is the dominant mechanism con-
trolling tissue viscoelasticity in compression.    

 A modifi ed, general form is the Kuei, Lai and Mow biphasic theory for cartilage. 
This form differs to the previous by the addition of more constitutive assumptions, 
such as an infi nitesimal strain, linear, isotropy, constant elastic coeffi cients, and 
constant or strain-dependent permeability. However, some authors have associated 
the biphasic theory with inherent fl aws (Brown and Singerman  1986 ). In particular; 
the theory relies on the ability to defi ne the distinct phases, which is problematic as 
there are no distinctive barriers between the matrix and the fl uid components. When 
applied to the prediction of creep behavior of an isotropic, homogeneous and lin-
early elastic material undergoing small strain deformation the biphasic theory was 
found to be inadequate. For example, it was incapable of modelling the substantial 
portion of the transient phase of cartilage response when load under a slow rate in 
unconfi rmed compression.  

10.1.5.2      Triphasic Theory      

 It has been observed that when unloaded cartilage specimens are soaked in a sodium 
chloride (NaCl) solution at constant temperature, the tissue dimensions decrease 
exponentially with increasing NaCl concentration. The infl uence of ionic move-
ments in cartilage on its swelling and deformational behavior has long been recog-
nized (Maroudas  1979 ). This has led to the development of the triphasic theory. 
The theory couples both the physicochemical aspects of cartilage swelling and the 
biphasic view of solid matrix deformation and interstitial fl uid fl ow. The theory 
describes the equilibrium free swelling and confi ned compression behavior of 
cartilage and other soft hydrated tissues. In this theory, cartilage is considered as a 
mixture of three phases: an  incompressible solid phase , which is the matrix, consist-
ing of collagen and PG,  an incompressible fl uid phase , which is the interstitial 
water, and an  ionic phase  of two species of a single salt, the cations and the anions. 
The theory can be applied to equilibrium as well as transient problems, and has been 
found capable of predicting the stress-strain fi elds in the solid matrix, the interstitial 
fl uid fl ow along with the distribution of the ions, and fl uid pressure (Gu et al.  1997 ; 
Lai et al.  1991 ).  

10.1.5.3     Poroviscoelastic and Poroelastic  Theories   

 Both the biphasic and  triphasic   theories fail to incorporate the anisotropy and visco-
elasticity of cartilage, which are of great importance when determining cartilage 
mechanical properties. To this extent, several models exist, whose details are 
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beyond the scope of the present review. More relevant is the consideration of the 
interfi brillar pores in cartilage, which control the transport of soluble nutrients and 
the fl ow-independent viscoelasticity of cartilage mechanical and physicochemical 
properties. These are described by the poroelastic and the poroviscoelastic 
theories. 

 The  poroviscoelastic model   describes the viscoelasticity exhibited by cartilage 
with a combination of a fl uid fl ow-dependent, fl uid fl ow-independent mechanisms 
and the intrinsic viscoelasticity of the solid matrix (Mak  1986 ). In the  poroelastic 
model   of cartilage, the tissue is modelled as an isotropic solid matrix containing 
fl uid-saturated pores, entrapped by a fi brillar network. Both the solid and the fl uid 
phases  are   assumed to be incompressible. The structure is defi ned by the Young’s 
modulus, Poisson’s ratio of the matrix and the hydraulic permeability. The model 
assumes that the hydraulic permeability depends on the dilatation of the bulk mate-
rial. The fi brils are evenly distributed in the radial, circumferential and axial direc-
tions forming an elastic constituent attached to the porous matrix and that the 
stiffness of the fi brillar network depends on the longitudinal strain of the fi brils. 
These fi brils have no resistance to compression and the effect of lateral deformation 
of every single fi bril is neglected (Li et al.  1999 ).   

10.1.6     Pathologies 

10.1.6.1     Mechanical 

 Single and multiple blunt impacts on cartilage yielding 20 % strains at strain rate of 
6.7 %.s -1  have been found to cause destruction of bovine metacarpal cartilage. 
Moreover, strains of 40 % and above have evidently caused surface defects, corre-
lating to collagen network failure and cell death. However, cartilage has been shown 
to survive impacts yielding less than 10 % strain, with no injury to chondrocytes on 
their ECM (Radin et al.  1970 ; Repo and Finlay  1977 ). On the other hand, low 
impact may lead to cell death despite structural integrity being maintained (Duda 
et al.  2001 ). 

 Defects of articular cartilage may or may not reach the surface of the underlying 
bone. In care of the latter, these are termed chondral, or partial thickness defects. 
Some of these superfi cial lesions result from surgical procedures (Rosenberg  1971 ; 
Thompson  1975 ). Full thickness lesions, also termed osteochondral defects (Fig.  10.4 ), 
cross the tidemark of articular cartilage and violate the underlying subchondral 
bone. In doing so, they have access to cells in the bone marrow cavities.
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10.1.6.2         Degenerative and Non-Degenerative Diseases   

 Common diseases, which affect the health and functionality of the joint, are osteo-
arthritis (OA), rheumatoid arthritis (RA), chondromalacia and disuse atrophy. OA 
is a slowly progressive disorder of unknown cause (Mankin  1974a ), which gener-
ally occurs later in life, principally affecting major weight-bearing joints. It is char-
acterized clinically, by pain, deformity and reduced mobility, and pathologically, by 
features including focal erosive lesion, cartilage destruction, subchondral sclerosis, 
cyst formation, and large osteophytes at the margins of the joints. With the progres-
sion of OA, cartilage exhibits histological, biochemical and metabolic changes, 
although their precise nature frequently depends on the underlying abnormality and 
the duration of the disease progression. At the early stages of the disease, the tissue 
erodes, disappearing completely from the focal areas of the surface, leaving a 
denuded, sclerotic and eburnated bone. Type II collagen degrades beneath the artic-
ular surface, and their organization is disrupted. Consequently, the tissue depletes in 
stiffness and strength and fi brillation follows (Mow et al.  1992 ). 

  Fig. 10.4    Schematic representation of full and partial thickness defects in articular cartilage       
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 RA typically affects many different joints and can be chronic in nature. This 
systemic disease affects the entire body and is one of the most common forms of 
arthritis. It is characterized by the infl ammation of the membrane lining the joint, 
causing pain, stiffness, warmth, redness, and swelling. In a similar manner to OA, 
there is  degradation   of type II collagen, particularly around chondrocytes in the 
deep zones, rather than directly beneath the articular surfaces (Mow et al.  1992 ). 
PGs are also degraded, but can be partly replaced. Eventual cartilage thickness is 
reduced due to its exposure of migrating cytokines, produced in the adjacent sub-
chondral bone, resulting in the erosion of underlying calcifi ed cartilage and bone. 

 Pathological diseases of the articular cartilage are not necessarily confi ned to the 
elderly. Indeed, any form of joint immobilization, for example following an injury 
or surgery, will lead to tissue atrophy and joint stiffness. These conditions can be 
reversed with joint remobilization, starting with gentle exercise, which gradually 
increase in intensity. Another non-degenerative disease is chondromalacia patella, 
which is often caused by trauma, overuse, part misalignment or muscle weakness. 
Instead of gliding smoothly, the patella translates across the femur, thereby rough-
ening the cartilage underneath the patella. The damage may range from a slight 
abnormality to a complete wear of the associated cartilage surface. Traumatic chon-
dromalacia occurs when a blow to the patella bone tears off either a small piece of 
articular cartilage or a large fragment containing a piece of bone. The latter is 
termed an osteochondral fracture. Clinically, the process results in mild to moderate 
pain and stiffness. The resulting changes resemble those of mild OA, with fi brilla-
tion, surface irregularities and cartilage erosion (Mankin  1974b ).    

10.2     Repair and Regeneration Strategies 

10.2.1     Response to Injuries 

 The effects of mechanical injuries to articular cartilage vary considerably, depend-
ing on its nature and severity. Its response to superfi cial defects, which violate nei-
ther its calcifi ed layers nor the underlying bone typically lack infl ammation of the 
cartilage, and has limited potential for self-repair (Buckwalter  1998 ; Mankin  1982 ). 
Characteristically, there is minimal attempt on the part of the cartilage to elicit cel-
lular or matrix repair (Calandruccio and Gilmer  1962 ; Campbell  1969 ; DePalma 
et al.  1966 ). However, cartilage responds to lacerative injuries with an enhanced 
mitotic activity adjacent to the defect margins. This is associated with increased 
synthesis of the matrix components (Mankin  1962 ). 

 When a cartilage defect affects the vasculature of the  subchondral bone  , an 
enhanced biological response is elicited. This repair response is equivalent to that of 
other vascularized tissues in the body (Mankin  1982 ), fi lling the whole defect cavity 
with blood. In the proceeding events, a blood clot is formed, which contains both 
red and white blood cells, undifferentiated cells and marrow elements (DePalma 
et al.  1966 ). However, only the bone defect is fi lled with the new bone, and is fused 
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with the cartilage defect, with its edges united by the vascular fi brous tissue 
(Calandruccio and Gilmer  1962 ; DePalma et al.  1966 ). As observed with superfi cial 
defects, brief synthetic activities take place in the remaining cartilage, during which 
a small amount of cells and matrix is produced, replacing some of that lost to the 
initial damage (Mankin  1962 ,  1982 ). 

 The quality of the repaired cartilage is dependent on the initial defect size. For 
example, defects less than 3 mm in diameter often repair completely after 3 months 
and are diffi cult to locate after 9 months (Convery et al.  1972 ). However, defects 
9 mm or larger may not completely repair. It has also been demonstrated that the 
site of an old osteochondral laceration may clearly be visible years after injury as a 
slightly discolored, roughened pit, or linear grooves on the otherwise smooth sur-
face adjacent to the defect site (Bennett and Bauer  1935 ; Campbell  1969 ; Key 
 1931 ).  

10.2.2      Non-invasive Therapies   

 Different interventions exist for the management of cartilage damage. The most 
topical of these are lifestyle changes, pharmacological and surgical methods. The 
emphasis on lifestyle becomes highly relevant due to the high contributions of obe-
sity, and abnormal loading on the development and progression of osteoarthritis. 
Acute joint injuries, fractures of articular surface, along with tears of the meniscus 
and ligaments are all linked with osteoarthritis. Occupation and nutrition have also 
been deemed strong factors in degenerative cartilage diseases (Cooper et al.  1992 ; 
Felson and Zhang  1998 ; Lievense et al.  2001 ). For example, strong evidence exists, 
which suggests that the risk of OA doubles after 10 years of farming (Jensen  2008 ). 
Additionally, occupations which involve kneeling, squatting or heavy lifting also 
accelerates cartilage degeneration. Therefore, strategies such as weight control, rec-
reational exercise, and injury prevention are all common interventions adopted as 
least-invasive therapies. More specifi c, exercises such as quadriceps strengthening; 
stretching and aerobic exercises are commonly prescribed for treatment of hip and 
knee OA (Bukowski et al.  2006 ; Hochberg et al.  2012 ; Jansen et al.  2011 ; Roddy 
et al.  2005 ). Other examples are ultrasound (Soren  1965 ; Welch et al.  2001 ) and 
acupuncture (Brinkhaus et al.  2007 ; Lin and Chen  2009 ; Reinhold et al.  2008 ). 

 Pharmacological interventions play a vital role in pain relief to OA patients. For 
mild or moderate pain, acetaminophen (paracetamol) is a common choice recom-
mended by physicians (Towheed et al.  2006 ; Wegman et al.  2004 ). In  the   2014 
 Osteoarthritis Research Society International (OARSI)      guidelines for the non- 
surgical management of knee osteoarthritis, acetaminophen treatment is deemed 
appropriate as a short-term analgesic for knee OA pain, however conservative 
 dosing and treatment duration consistent with approved prescribing limits is recom-
mended (McAlindon et al.  2014 ). Other non-steroidal anti-infl ammatory drugs 
(NSAID) such as naproxen and ibuprofen used for patients with either hip or knee 
OA have been found to be superior to paracetamol, in bringing pain relief, albeit, 
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at a higher health risks. However, both analgesics have been associated with 
discomfort, perforation, and bleeding of the gastrointestinal tracts (Chou et al. 
 2011 ; Zhang et al.  2004 ). Both paracetamol and NSAIDs work by inhibiting the 
actions of cyclo.oxygenase-1 and -2, thereby, relieving the patients of pain. As the 
disease progresses and the pain persists, intra-articular injection of corticosteroids 
can lead to a signifi cant short-term decrease in pain (Bannuru et al.  2009 ; Bellamy 
et al.  2006 ). Other pharmacological interventions include chondroitin and glucos-
amine (Dahmer and Schiller  2008 ; Matsuno et al.  2009 ; Owens et al.  2004 ; Sawitzke 
et al.  2008 ). These glycosaminoglycans are taken as food supplements either alone 
or in combination with each other. However, it’s benefi cial effect both in terms as 
pain relief drug and disease-modifying osteoarthritis drug (DMOAD) is controver-
sial and under constant debate (Henrotin et al.  2014 ) and they are labelled as having 
an uncertain appropriateness as analgesia for knee OA and not recommended as 
disease  modifying   OA treatment by the OARSI (McAlindon et al.  2014 ) nor by the 
American College of Rheumatology (ACR) (Hochberg et al.  2012 ). Although the 
benefi ts towards pain and physical function in knee OA of intra-articular injection 
 of   hyaluronic acid is controversial and currently its use for knee OA treatment is 
considered uncertain by the OARSI (McAlindon et al.  2014 ).  

10.2.3     Surgical Interventions 

 In cases where non-invasive therapies are not possible, due to substantial cartilage 
damage, or detachment of cartilage fragments, surgical procedures are undertaken. 
These include joint lavage, subchondral stimulation, autogenic and allogenic trans-
plantation and cell transplantation, performed either arthroscopically or with an 
open joint surgical approach. 

10.2.3.1     Arthroscopic Cleaning 

  Arthroscopic procedures  , such as lavage, involve thorough rinsing of the joint cav-
ity with Ringer solution, lactate  and   sodium chloride solutions. Such a palliative 
approach is designed to reduce the degree of pain experienced by the patient. In the 
main, this strategy is successful, although the biological reasoning for pain relief is 
not established (Anderson et al.  1993 ; Chang et al.  1993 ; Gillespie and O’Connell 
 1992 ; Livesley et al.  1991 ). However, there are limits to its application, particularly 
with OA patients whose pain relief is generally considered to be a result of a pla-
cebo effect (Gibson et al.  1992 ; Moseley et al.  1996 ). 

 Other arthroscopic strategies include chondral shaving and debridement also 
called chondroplasty. The aim is to remove loose and unstable remains of damaged 
and fi brillated  articular   cartilage to a smoother surface while avoiding any damage 
to the healthy surrounding cartilage. As with lavage, the biological rationale behind 
each of these two  procedures   remains unclear. Indeed, cell loss along the lesion 
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borders of the remaining cartilage has been reported to follow chondral shaving, 
which is counter-productive for cartilage repair (Kim et al.  1991 ; Mitchell and 
Shepard  1987 ; Tew et al.  2000 ). In addition, debridement has been reported to be 
associated with skeletal misalignment and shown clinically to exacerbate the osteo-
arthritic condition (Messner et al.  2000 ). Both procedures can be carried out using 
a gentle cutting instrument incorporating laser light at a specifi c wavelength. 
Although the laser is useful for welding and fusing the tissue, performing a chondral 
shaving or a debridement using laser offers little advantages over mechanical cut-
ting method (Vangsness and Smith  1995 ).  

10.2.3.2     Subchondral  Stimulation   

 A common repair strategy recommended for superfi cial defects, involves surgically 
accessing the adjacent bone-marrow spaces along with the bone and the vascular 
spaces so that residing bone marrow mesenchymal stromal cells can migrate into 
the cartilage defect. Examples of such procedures include  Pridie drilling  , abrasion 
arthroplasty and microfracture techniques. The three procedures are very similar, 
and start with a chondroplasty followed by a procedure to access the bone marrow. 
Pridie pioneered the drilling procedure by drilling with a Kirschner wire (K-wire) in 
the subchondral plate at the cartilage lesion (Insall  1967 ). Abrasion arthroplasty is 
similar to Pridie drilling, but instead of using a drill or wire, a high speed burr is 
used to reach the subchondral bone marrow space. The  microfracture technique   
introduced by Steadman and his team (Steadman et al.  2003 ,  1999 ), is a refi nement 
of the Pridie drilling. The approach starts with the debridement to a stable cartilage 
margin followed by a careful removal of the calcifi ed cartilage layer while taking 
care of not damaging the underlying subchondral bone. Finally, using a sharp instru-
ment, called an awl,  subchondral bone   perforations are made over the entire carti-
lage lesion approximately 3 mm apart to a depth of 4 mm. This should result in a 
defect fi lling with a well-anchored mesenchymal clot. The rehabilitation protocol, 
which includes quick mobilization of the joint after surgery by continuous passive 
motion, is an important part of the microfracture procedure (Steadman et al.  2003 ). 
Moreover, the holes are relatively small (1.0–2.0 mm diameter) when compared to 
Pridie drilling who recommended using wires of a quarter inch (6.35 mm) in 
diameter (Insall  1967 ). 

 By penetrating the subchondral bone beneath the defect, the void is immediately 
fi lled with a fi brin clot which, within 2 days adheres to the bony compartments of 
the wound, as opposed to the cartilaginous tissue. By the fi fth day,  mesenchymal 
stem cells   have penetrated and completely resorbed the fi brin clot, fi lling the void. 
Thereafter, between days 10 and 14, the cells differentiate into chondrocytes and 
lay down a PG-rich matrix. By 8 weeks, the repair tissue begins to resemble normal 
cartilage and forms a continuous surface with the surrounding native tissue by 
approximately 6 months. However, by 12 months, there is generally evidence of 
degradation of repair tissue (Hunziker  1999 ; Wyre and Downes  2000 ). 
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  Arthroscopic microfracture   has increasingly replaced subchondral drilling as 
marrow stimulation technique in the clinical situation. However, it has to be noted 
that microfracture does not restore normal hyaline cartilage but primarily results in 
fi brous or hybrid repair cartilage tissue with variable repair tissue volume (Mithoefer 
et al.  2009 ).  A   long-term follow-up study by Steadman’s team also indicates, that 
the success rate of the technique is dependent on the age of the patients and improved 
functional outcome and less pain is mainly seen in patients under the age of 35 years 
treated for isolated full-thickness chondral defects (Steadman et al.  2003 ). Two dif-
ferent routes are currently under investigation to improve the outcome of the bone 
marrow stimulation technique. On the one hand, research is directed to optimize the 
technique of drilling. Especially the drill hole size and drill depth are being 
addressed. The aim is to have ample access to the bone marrow, while drill hole 
diameters better mimic the normal physiological trabecular distance (Benthien and 
Behrens  2013 ; Eldracher et al.  2014 ; Min et al.  2013 ). On the other hand, the proce-
dure of subchondral stimulation in combination with defect fi lling with a scaffold, 
to offer the infi ltrating cells a substrate from where to repopulate the defect area, is 
another hot research topic (Sharma et al.  2013 ; Zantop and Petersen  2009 ). 

 There is an inherent discontinuity between the repair tissue and the surrounding 
cartilage, as the collagen fi brils within the two compartments fail to integrate. 
Additionally, some PGs in the cartilage matrix exhibit anti-adhesive properties, and 
hinder the bonding between the repair and the native cartilage tissues. The employ-
ment of abrasion  chondroplasty   for cartilage defects in rabbits and dogs have 
resulted in the formation of cartilage-like tissue, which originated from the sub-
chondral bone (Altman et al.  1992 ; Kim et al.  1991 ), though other studies report the 
presence of signifi cant quantities of fi brous cartilage (Furukawa et al.  1980 ). It has 
also been reported that the, repaired full-thickness cartilage lesion in rabbits are 
more durable following the Pridie drilling when compared to the abrasion  chondro-
plasty   strategy (Menche et al.  1996 ). Indeed the Pridie approach has been reported 
to be of great benefi t to patients with conditions such as osteochondritis dissecans 
and gonathrosis (Pedersen et al.  1995 ), yielding both pain relief and restored joint 
function (Beiser and Kanat  1990 ; Goldman et al.  1997 ). The microfracture tech-
nique, being a  minimally   invasive arthroscopic procedure is relatively less disrup-
tive to the subchondral bone. Nonetheless, its employment in treating young athletes 
and horses has resulted in an improved joint function and pain relief (Frisbie et al. 
 1999 ; Sledge  2001 ).  

10.2.3.3      Tissue Grafting   

 The transplantation of cartilage into defect sites has been a viable strategy for sev-
eral decades (Cohen and Lacroix  1955 ). The transplanted cartilage may be sourced 
autologously or extracted from human cadavers. In autologous cartilage transplan-
tation, plugs of cartilage biopsy are extracted either from adjacent to the defect 
(periosteal) or from the rib (perichondral). These are either sutured or glued to the 
defect fl oor, such that the defect may be stimulated to form repair cartilage that 
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binds to the transplant, forming a continuous neo-tissue over the entire defect 
(Ohlsen  1976 ). Another more common autologous grafting procedure is the osteo-
chondral autograft transplantation (OATS). When multiple small cylindrical autog-
enous osteochondral plugs are fi tted together in the defect, the term autologous 
osteochondral mosaicplasty is used. These autologous biopsies are retrieved from 
low-weight-bearing areas and transferred to the defect. In contrast to marrow stimu-
lation procedures, which result in fi brocartilaginous tissue, OATS aims to restore 
functional hyaline cartilage. With this technique, joint function and pain relieve 
have been reported to reach 80 % of cases (Bouwmeester et al.  1997 ; Homminga 
et al.  1990 ; Korkala and Kuokkanen  1991 ; Moran et al.  1992 ). Moreover, these 
strategies are advantageous because they minimize disease transfer and immuno-
logical rejection, which are commonplace with allografts from another donor. For 
these reasons, autografts have produced treatments with survival rates up to 70 % at 
2–5 years (Temenoff and Mikos  2000 ). To minimize donor side morbidities, these 
explants are taken from non-load-bearing region of cartilage. When implanted in 
the defect the cartilage is  often   unable to withstand forces imparted at joint surfaces. 
Due to its lack of mechanical integrity, the matrix of the implant and cartilage in the 
vicinity of the defect breaks down to the extent that the implant and associated 
regions later exhibit signs of osteoarthritis. Additionally, this breakdown also occurs 
at the donor site (Kim et al.  1991 ; Mitchell and Shepard  1987 ), often necessitating 
undesirable and expensive second operation. The amount of autograft that can be 
harvested is limited, thus the technique is often unsuitable for clinical-sized defects. 

 Alternately, allogenic osteochondral grafts obtained from human cadavers have 
been used to fi ll cartilage defects. Unlike autologous grafts, no biological interac-
tion is predicted between the transplant and its surrounding cartilage, such that the 
primary role of the transplant is to fi ll the defect site and replace the lost tissue 
volume. This approach has benefi ted patients with large osteochondral defects, par-
ticularly caused by trauma and osteo-necrosis. The benefi ts of osteochondral resur-
facing in the human knee joint has been observed to last for many years (Bakay 
et al.  1998 ; Bell et al.  1994 ), with reported success rates around 80–85 % after 
10 years (Levy et al.  2013 ; Mahomed et al.  1992 ; Meyers et al.  1989 ). Fresh osteo-
chondral allografting is associated with inherent challenges related to availability of 
suitable donor tissue and donor tissue retrieval and storage. Although, adverse 
immunological reactions are associated with this procedure, the survival of allo-
genic transplants may be prolonged with the use of immunosuppression and histo-
compatibility techniques (Hickey et al.  1994 ; Stevenson  1987 ; Stevenson et al. 
 1989 ). General potential limitations related to both autologous and allogenic 
 osteochondral grafting include differences in orientation, thickness, and mechanical 
properties between donor and recipient cartilage.    In addition, absence of fi ll and the 
potential dead space between cylindrical grafts may limit the quality and integrity 
of the repair (Bedi et al.  2010 ). 

 The perichondrium, which is a dense membrane composed of fi brous connective 
tissue that closely wraps cartilage (except for the articular cartilage, which is 
covered by the synovial membrane) has been implanted unto cartilage defects in 
the human joints (Homminga et al.  1990 ; Kwan et al.  1989 ). These autologous 

10 Articular Cartilage Regeneration



324

scaffolds were advantageous because they naturally contain autogeneous cells that 
are useful for cartilage repair. However, in addition to the limited availability of 
harvest sites, the neo-cartilage formation resulting from these grafts have been 
deemed unsatisfactory in patients over the age of 40 (Seradge et al.  1984 ). Moreover, 
regenerates formed from these scaffolds do not completely fi ll the defect and tend 
to detach and ossify (Hendrickson et al.  1994 ; Homminga et al.  1990 ).  

10.2.3.4      Cell Transplantation   

 Isolated chondrocytes have been transplanted into articular cartilage defects for its 
repair. However, such an approach typically has a success rate of less than 40 %, as 
the cells are not retained within the defect site for suffi cient period to produce neo- 
ECM (Temenoff and Mikos  2000 ). On the other hand, mesenchymal stem cells 
from the skeletal muscle of adult rabbits, seeded onto porous polyglycolic acid 
(PGA) mats have also been implanted into non-weight bearing defects in the rabbits 
femoropatella groove. The PGA matrix biodegrades and the stem cells remain in 
situ, producing a cartilage-like tissue containing type II collagen and subchondral 
bone that is morphologically similar to native tissue (Grande et al.  1997 ; Martin 
et al.  1999 ). However, in a similar approach using mesenchymal stem cells  and 
  collagen gel for cartilage defects in osteoarthritic human knees limited clinical 
improvement was observed after 42 weeks (Wakitani et al.  2002 ).  

10.2.3.5     Autologous Chondrocyte Implantation ( ACI  ) 

 Since its fi rst clinical application for treating deep articular cartilage defects in the 
knee (Brittberg et al.  1994 ), ACI has been a fairly successful approach for treating 
 cartilage defects   (Peterson et al.  2010 ). The technique involves harvesting a healthy 
portion of cartilage, usually from a non-load bearing region of the patient, and enzy-
matically degrading the tissue to isolate the cell population. These cells are expanded 
in vitro to a suffi cient density for implantation. In the fi rst generation ACI, a perios-
teal patch is sutured over the debrided cartilage defect and the cells are injected in 
the defect. The injection site is closed with a suture and covered with fi brin glue 
(Peterson et al.  2010 ). Presently a collagen membrane is used as a cover, minimiz-
ing peri-operative morbidity and eliminating hypertrophy of the periosteal fl ap 
(Benthien and Behrens  2011 ). The cells used in the repair may either originate from 
the chondrocytes in the host-extracted cartilage, its precursor cells from the perios-
teum or possibly mesenchymal stem cells of the subchondral bone (of the defect 
site) had this been injured. The use of ACI has resulted in an improved joint func-
tion for at least 72 % of patients at 1 year post-operatively (Bentley et al.  2003 ; 
Minas  1998 ) and 84 % of patients at 3 years post-operatively (Micheli et al.  2001 ). 
In a 10 years follow-up study of cartilage knee lesions treated with ACI, 26 % of the 
patients experienced graft failure at a mean of 5,7 years after ACI. Of the 73 patients 
that did not fail, 88 % had an excellent to good outcome 10-years post-implantation. 
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It is known that the clinical results of ACI as the primary articular cartilage repair 
technique are superior to the results obtained when ACI is used as a salvage option 
after failure  of    marrow-stimulating techniques  . This could account for the relative 
high failure rate in this 10-year follow-up study (Biant et al.  2014 ). ACI has been 
used for treating defects in other joints such as hips and ankles (Giannini et al.  2001 ; 
Romeo et al.  2002 ). The use of ACI as an alternative treatment to surgical excursion, 
allogenic grafting and autografting (Peterson et al.  2003 ) has been discussed to 
provide long-term joint restoration and pain relief for patients with osteochondritis 
dissecans. 

 Although quite successful, the ACI technique has been constantly optimized to 
overcome some of the surgical and biological short-comings of the procedure. Since 
the late 1990s matrix-assisted autologous chondrocyte transplantation ( MACT  ) was 
introduced in the clinics (Behrens et al.  2006 ; Schneider et al.  2011 ). In this proce-
dure, the cells are no longer injected as a suspension in the defect, but seeded onto 
a  bio  material that fi lls the defect. The surgeon no longer needs to worry about han-
dling and retaining the chondrocyte cell suspension under the leakage preventing 
periosteal seal. The cells will colonize the biomaterial in vitro and will start to pro-
duce their own matrix prior to implantation. Some used biomaterials even promote 
cartilage regeneration (Filardo et al.  2011 ; Zeifang et al.  2010 ). ACI and  MACT   
will  not   result in true native tissue regeneration, but in pain relief and formation of 
fi brocartilage and/or articular cartilage and therefore delay OA and its adverse 
effects (Ringe et al.  2012 ).   

10.2.4     Tissue  Engineering   

 Despite the numerous strategies available for treating cartilage defects, there is yet 
to be a standardized solution for restoring long term function, especially due to the 
large variability of defects to be treated. This limitation has encouraged a more 
sophisticated tissue-engineered approach (Ringe and Sittinger  2009 ). Tissue engi-
neering combines the principles of cell and molecular biology with material tech-
nology, to create a new tissue, which has the potential to physically and biologically 
mimic its predecessor and restore function to the damaged tissue. Key activities in 
this approach are the attainment and expansion of cells and the development of scaf-
folds that act as carriers for the cells. 

10.2.4.1      Chondrocytes      

 An important step in tissue engineering is the isolation and expansion of cells that 
are to be transplanted. The cells must be both appropriate for the intended tissue and 
of suffi cient quantity to treat clinical-sized defects (LeBaron and Athanasiou  2000 ), 
whilst being free of pathogens and contamination. Cells sources can be either autol-
ogous, allogenic or xenogenic, the latter being derived from a different animal species. 
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Each approach has specifi c benefi ts and shortcomings (Breinan et al.  2001 ; Ma et al. 
 2005 ; Masuoka et al.  2005 ; Ostrander et al.  2001 ; Pavesio et al.  2003 ). For example, 
although autologous cells are free from immuno-related problems, they are rela-
tively few in numbers and cell harvesting could lead to morbidity at  the   donor site. 
Also the age of the chondrocyte needs to be considered, since chondrocytes from 
older patients are metabolically less active in vitro (Dehne et al.  2009 ). Thus the 
autologous approach does not effectively lead to a  readily   available off- the- shelf 
solution. 

 Allogenic and xenogenic cells may be extractible in large numbers and are avail-
able off-the-shelf, but these are associated with immunological problems and in the 
case of xenogenic cells, there is often the possibility of animal virus transmission 
(Sirlin et al.  2001 ). Tissue-engineered constructs derived from these cells require 
additional steps to incorporate immune acceptance. In general one of the major 
drawbacks is that chondrocyte expansion in a monolayer is characterized by dedif-
ferentiation of the cells to a fi broblast-like phenotype, causing a decreased proteo-
glycan synthesis and collagen type II expression and an increase in type I collagen 
(Goessler et al.  2005 ; Minegishi et al.  2013 ).  

10.2.4.2     Stem and Progenitor Cells 

  A chondroprogenitor population     resides in articular cartilage and has been 
shown to possess  superior   migration abilities (Schminke and Miosge  2014 ; Seol 
et al.  2012 ). Upon in vitro chondrogenic differentiation in 3D pellet culture, there is 
no expression of hypertrophic markers nor of calcifi cation (Williams et al.  2010 ). 
The surface marker CD166 has been identifi ed as a marker for this chondrogenic 
progenitor population that predominantly resides in the superfi cial and middle zone 
of articular cartilage (Pretzel et al.  2011 ).  

  Multipotent stem cells      have   been proposed to be a vital source of cells for tissue 
engineering applications. In a similar manner to differentiated cells, stem cells may 
either be autologous, allogenic or xenogenic in nature. Since mesenchymal stromal 
cells (MSC) show immunosuppressive properties they are being applied allogenei-
cally in clinical settings today without the need of immunosuppression treatment. 
Stem cells offer the benefi ts of being able to be multiplied extensively, yielding 
high cell number; from which, the desired number may be extracted and differenti-
ated into chondrocytes. The remaining stem cells may be further multiplied for 
future use. The intervention is simple, but cell preparation is expensive. As an 
example, mesenchymal stem cells derived either from the bone marrow and other 
adult connective tissues (Friedenstein et al.  1976 ) may differentiate to a selected 
range of cells including chondrocytes, osteoblasts, tenocytes or myocytes, irrespec-
tive of their origin (Jones et al.  2002 ; Minguell et al.  2001 ; Pittenger et al.  1999 ; 
Yoo et al.  1998 ). The most obvious stem cell source for articular cartilage regenera-
tion are the MSC population that reside in the bone marrow. Moreover clinical trials 
are also underway to look at the use of umbilical cord derived MSCs and adipose 
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tissue MSCs. Currently 26 clinical studies are registered in the ClinicalTrial.gov 
database with a focus on articular cartilage and mesenchymal stem cells. One of 
them, has reported on a 2 year follow-up of intra-articular injections of bone 
marrow- derived MSCs for the treatment of knee osteoarthritis. Based on a small 
patient cohort (12 patients) their preliminary results reaffi rm that autologous MSC 
may be a valid alternative for AO treatment because it attains effective and durable 
pain relief and objective cartilage improvement (Orozco et al.  2014 ). The same 
group also looked at the effi cacy of using allogenic MSCs in 15 knee OA patients 
and compared the treatment against intra-articular hyaluronic  acid   injections. 
Although the procedure resulted in signifi cant relief of pain and disability, and 
quantitative MRI evidence indicated partial articular cartilage healing, the effects 
appeared to be somewhat smaller than those reported for treatment with autologous 
MSCs (Vega et al.  2015 ). Besides the bone marrow, also other tissues in the joint 
harbor mesenchymal stem cells that have the potential to differentiate into chondro-
cytes and could contribute to the healing of articular cartilage lesions, including the 
synovium, the synovial fl uid and the infrapatellar fat pad (Chang et al.  2013 ; 
Felimban et al.  2014 ; Suzuki et al.  2012 ).  

  Pluripotent stem cells        such as embryonic stem cells (ESC), derived from the inner 
cell mass of the embryonic blastocyst and induced-pluripotent stem cells (iPSC) 
offer great potentials for tissue engineering. Directing human ESC through a step 
wise differentiation protocol over intermediate developmental stages, allows for a 
successful end-differentiation into chondrocytes. Aggregates of these ESC–derived 
chondrocytes produced a collagen type II and sulfated GAG rich matrix without the 
evidence of hypertrophy (Oldershaw et al.  2010 ). However, there are ethical and 
legal concerns with using human embryonic cells. For this reason, much of the 
research has been conducted on animals (Fuchs et al.  2005 ; Kramer et al.  2006 ). 
iPSC are generated by transducing adult somatic cells with reprogramming factors 
(c-MYC, KLF4,OCT3/4 and SOX2) to make them pluripotent and as such rejuve-
nate somatic cells (Takahashi and Yamanaka  2006 ). It was shown that after 21 days 
of in vitro chondrogenic differentiation of human iPSC cells a signifi cantly higher 
GAG content and gene expression of collagen type  II   and aggrecan was detected 
compared to human bone marrow-derived MSCs and the expression of hypertro-
phic and osteogenic markers was very low. Implantation of these 21 day differenti-
ated iPCS cells in a cartilage lesion in immuno-defi cient rats resulted after 12 weeks 
in good restoration of the articular surface, albeit with a reduced amount of proteo-
glycans compared to the adjacent healthy tissue (Ko et al.  2014 ). The use of viral 
vectors to incorporate these reprogramming factors causes a major concern towards 
their clinical application. Optimization of the transfection step is ongoing to gener-
ate transient expression of the reprogramming factors (Tsumaki et al.  2015 ). 
Although possessing a tremendous potential as cell sources for tissue regeneration, 
iPSC and hESC applications currently are not a realistic clinical option in the fore-
seeable future because of ethical and regulatory issues and the potential of teratoma 
formation (Ringe et al.  2012 ).   
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10.2.4.3     Stimulatory Biochemical Factors 

 Several cytokines, hormones and growth factors are known to infl uence chondro-
cyte behavior and  chondrogenesis   and have been incorporated in various cartilage 
tissue engineering strategies. Especially the members of the transforming growth 
factor (TGF) superfamily such as TGFβ1, TGFβ2 and TGFβ3 induce chondrocyte 
proliferation and promote ECM production and TGFβ1 and TGFβ3 promote chon-
drogenesis of MSCs. Also certain bone morphogenic proteins (BMP), especially 
BMP-2 and BMP-7, promote chondrogenesis of MSCs and increase matrix produc-
tion by chondrocytes and MSCs. Insuline growth factor-1 (IGF-1) enhances proteo-
glycan and type II collagen production, while fi broblast growth factor-2 (FGF-2) is 
added to the culture medium to stimulate the expansion of chondrocytes (Barry 
et al.  2001 ; Fukumoto et al.  2003 ; Hicks et al.  2007 ; Kock et al.  2012 ). However, the 
dose and administration timing does play an important role in governing 
chondrogenesis. 

 Recent developments in the tissue engineering domain focus on the delivery of 
chemokines at the side of injury to mobilize endogenous stem cells and as such 
stimulate tissue repair. The body possesses an inherent mechanism to guide stem 
cells to sites of tissue injury, however this process is often insuffi cient to achieve 
full tissue repair. The chemokine  CXCL12   also referred to as stromal cell-derived 
factor-1 alpha (SDF-1α) is a prominent stem cell homing factor and is transiently 
up-regulated upon injury in the bone to promote subsequent recruitment of MSCs 
(Andreas et al.  2014 ). A collagen scaffold releasing CXCL12 has been employed 
in vivo to recruit endogenous MSCs in partial-thickness cartilage defects in rabbit 
(Zhang et al.  2013 ). Cell-free chemoattractant-based therapies are likely to become 
more important in the future, since they could offer a convenient off-the-shelf prod-
uct as a therapeutic tool for regenerative therapies. However additional research is 
need to be sure that no detrimental cells such as immune cells or fi broblasts are 
recruited to the defect side. 

 Furthermore, both for the growth factors and chemokines application there is a 
need to present these factors at the defect side in an appropriate delivery vehicle. 
These biochemical signaling molecules possess a short half-live and are prone to 
protease cleavage and will diffuse rapidly upon bolus injection at the defect side, so 
in order to keep them at the side of tissue repair an appropriate scaffold delivery 
vehicle is required (Andreas et al.  2014 ).  

10.2.4.4     Scaffold Technology 

 Cells and growth factors are commonly transplanted into the body with the support 
of a carrier scaffold. These carriers function to retain the cells at the defect site, 
allow them to multiply and synthesize their own ECM. Therefore, such scaffolds 
must provide a number of design properties including: (1) Biocompatibility: To 
prevent undesirable immune or biological responses. (2) Permeability: to demon-
strate suffi cient porosity to enable good nutrient supply to cells at all regions of the 
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construct, allow transport of signaling molecules between cells, permit removal of 
waste products and allow ingrowth of host tissue. (3) Biodegradability, where 
appropriate, to enable the scaffold to degrade in a controlled temporal manner, into 
non-toxic by-products as a neo-tissue is developed. In addition, this property may 
enable the controlled release of morphogens and/or pharmacological agents to 
encourage cellular activity. To date, a wide range of natural and synthetic materials 
are available for use as scaffolds for tissue engineered cartilage constructs 
(Barnewitz et al.  2006 ; Ossendorf et al.  2007 ; Perka et al.  2000 ; Risbud and Sittinger 
 2002 ; Sittinger et al.  1994 ,  2004 ). 

  Natural polymers     can  be   subdivided into protein-based such as collagen, fi brin 
and silk or carbohydrate-based such as alginate, agarose, hyaluronan, chondroitin 
sulfate and chitosan. Many of these are hydrogels, which makes them appropriate 
for cartilage regeneration, since their highly hydrated polymer networks mimic a 
similar high water content as in the native cartilage ECM (Kock et al.  2012 ).  

 Encapsulation of chondrocytes within agarose and alginate hydrogels is a well- 
established protocol for in vitro cartilage models (Benya et al.  1988 ; Freeman et al. 
 1994 ; Lee and Bader  1995 ; Naqvi and Buckley  2015 ) and has been used to deliver 
autologous chondrocytes  articular   cartilage lesions in human patients (Selmi et al. 
 2008 ). These in vitro systems have demonstrated their value in studying the response 
of chondrocytes to many external stimuli while excluding the coupled infl uences of 
other factors that are also implicated within the native cartilage. Examples of such 
studies include the effects of dynamic mechanical stimulation on chondrocyte 
metabolism (Chowdhury et al.  2001 ,  2003 ; Lee and Bader  1997 ) and chondrocyte 
deformation (Buschmann et al.  1995 ; Knight et al.  1998 ). In a similar manner to 
many hydrogels, however, cell-seeded agarose or alginate constructs are limited by 
their poor resorption rate and their inferior mechanical and biochemical properties, 
making them unsuitable for load-bearing applications. The potential of fi brin based 
scaffolds as carriers of cells and growth factors for cartilage regeneration was inves-
tigated (Hendrickson et al.  1994 ). Although this natural clot-forming polymer pro-
duces a neo-tissue that is histologically similar to natural cartilage, it has poor 
mechanical properties and often evokes an immune response (Kawabe and Yoshinao 
 1991 ). The use of collagen-based scaffolds for delivering cell and growth factors to 
defect sites is extensive. As collagen naturally occurs in skeletal tissues, it promotes 
attachment of cells unto its surface. Accordingly, it has been used either cell-free, 
seeded with chondrocytes or MSC, in many animal studies (Russlies et al.  2002 ; 
Sams et al.  1995 ; Samuel et al.  2002 ). Chondrocytes seeded onto dense collagen 
scaffolds, implanted into rabbit femoral trochlea for up to 24 weeks has demon-
strated to have produced a hyaline-like cartilage that was biochemically and 
mechanically similar to its surrounding cartilage (Frenkel et al.  1997 ). By contrast, 
other in vivo studies reported that although the repair appears adequate at earlier 
time point, subsequent thinning of the repair tissue occurs with time (Wakitani et al. 
 1994 ). Hyaluronan is a non-sulphated GAG that is essential for the aggregation  of 
  large proteoglycans such as aggrecans in articular cartilage. It has been used to 
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deliver mesenchymal stem cells to caprine chondral defects (Butnariu-Ephrat et al. 
 1996 ), and stabilize chondrocytes and osteochondral progenitor cells for cartilage 
defects in rabbits (Grigolo et al.  2001 ; Solchaga et al.  2002 ). Although the newly 
developed tissues exhibit good integration with the host cartilage, they are typically 
thinner and often induce the breakdown of cartilage matrix. Chitosan has been used 
to deliver cells and growth factors to the defect site. Chitosan, is derived from the 
exoskeleton from arthropods and is structurally similar to the glycosaminoglycans 
found in cartilage (Berger et al.  2004 ). Chitosan can form into thermo reversible 
hydrogels, offers the combined advantages of an implant with a uniform distribu-
tion of cells and direct injectable into the defect (Chenite et al.  2000 ). Autologous 
chondrocytes encapsulated in injectable chitosan hydrogels repaired non-weight 
bearing defects in adolescent sheep, with good integration with the surrounding tis-
sue (Hao et al.  2010 ). 

  Synthetic polymers     used  in   cartilage tissue engineering are mainly poly-α- 
hydroxyesters (especially polylactic acid (PLA), polyglycolic acid (PGA), 
Poly(lactic-co-glycolic acid) (PLGA) and polycaprolactone (PCL)) (Dahlin et al. 
 2014 ; Mooney et al.  1996 ) but also poly(vinyl alcohol) (PVA), poly(ethylene gly-
col) (PEG), poly(ethylene oxide) (PEO). Compared to natural scaffolds, the 
mechanical and biochemical properties of synthetic scaffolds are readily modifi ed 
to suit specifi c applications. PLA and PGA have been demonstrated to support 
chondrogenesis (Haisch et al.  2005 ). Moreover, their degradation products are natu-
rally occurring metabolites that can be cleared from the body through the metabolic 
mechanism and because of their biodegradability there have been approved for cer-
tain clinical applications by the FDA and EMA. However, PGA was found to be 
weaker than most synthetic  scaffolds, and deg  rades very fast, often releasing acidic 
byproducts of degradation into its immediate environment, which may prove cyto-
toxic (Grande et al.  2003 ). The uses of PLA/PGA copolymers as scaffolds allow 
improved control of the degradation rate. Indeed success was demonstrated by 
Cohen et al., who observed good histological and biochemical response, after 
12-week implantation of the co-polymer into rabbit-chondral-defects (Cohen et al. 
 2003 ). An exhaustive range of copolymers have been proposed for cartilage repair. 
These include PLA/PEG (Tamai et al.  2005 ), and nanofi brous forms of PLA/PCL 
(Li et al.  2005 ), the latter has been shown to elicit differentiation of human 
mesenchymal stem cells into chondrocytes exhibiting similar zonal morphology to 
that of native cartilage. Other synthetic copolymers include Poly(ethylene oxide)-
terephthalate/poly(butylene-terephthalate) (PEOT/PBT) which have been used as 
fi ller of the donor side during mosaicplasty in humans (Bartha et al.  2013 ; Rey-Rico 
et al.  2015 ).  

  Hybrid composite scaffolds        combing both synthetic and natural polymers are also 
tested in the cartilage engineering fi eld. This allows to combine the tailorable 
mechanical and degradation properties of synthetic polymers with delivering 
tissue- specifi c clues of naturally occurring polymers. A macroporous PCL scaffold 
with desired mechanical properties was coated with hyaluronic acid to provide a 
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hydrophilic surface and chondroactive properties and showed 24 weeks after 
implantation in a cartilage full-thickness defect in rabbits a well-organized hyaline 
cartilage in the defect lesions (Lebourg et al.  2014 ). Hybrid composite scaffolds 
allow for the construction of scaffolds with a biomimetic microarchitecture.  A   study 
combining type-II collagen and Chitosan-PCL as main components enabled to cre-
ate a layered scaffold with an altered average pore-size, porosity, swelling index and 
compressive modulus from one layer to layer in a gradient manner and a decreased 
collagen content from the top layer to the bottom layer (Zhu et al.  2014 ).  

 Multiphase implants consisting of PGA, Bioglass and calcium phosphates have 
been examined in osteochondral defects in goats (Niederauer et al.  2000 ). The PGA 
fi bers were seeded with autologous chondrocytes and the calcium phosphates were 
used to modulate the construct stiffness at specifi c regions of the implants.    

10.3     The Limiting Factor: What Lies Beneath 

10.3.1      Subchondral Considerations   in Cartilage  Disease   

 Although little is known about the relationship between bone and cartilage in the 
etiology of osteoarthritis, an abnormal growth of the subchondral bone resulting in 
thickened subchondral bone plate, increased stiffness, and bone mineral density 
have been tagged with the progression of the disease (Fazzalari and Parkinson  1997 ; 
Grynpas et al.  1991 ; Li and Aspden  1997 ). Having observed these, and a decreased 
energy absorbing capacity Radin and co-workers proposed that stiffening of the 
subchondral plate was an initiating factor in osteoarthritis (Radin et al.  1970 ). They 
later hypothesized that trabecular microfracture due to impulsive loading initiates 
bone remodeling in the subchondral plate. This leads to localized stiffening that in 
turn produces increased shear stress in the cartilage, culminating in cartilage break-
down (Pugh et al.  1974 ). 

 It had been an ongoing debate that the calcifi ed cartilage layer and the tide mark 
was an impenetrable structure, separating the articular cartilage from its underlying 
subchondral bone. However, microcracks and micro channels between the sub-
chondral region and the uncalcifi ed cartilage have been demonstrated (Clark and 
Huber  1990 ; Holmdahl and Ingelmark  1950 ). It is therefore conceivable that these 
microcracks, and the vascularization in the subchondral bone plate, could facilitate 
molecular transport from the subchondral region to the basal layer of cartilage. 
Evidence to support this transportation comes from the discovery of hepatocyte 
growth factor (HGF) within the deep zone of normal cartilage, and an elevated level 
in osteoarthritic cartilage (Pfander et al.  1999 ); despite it not being produced by 
chondrocytes, but by the osteoblasts in the subchondral region (Guevremont et al. 
 2003 ). It has therefore been proposed that,    following its synthesis by subchondral 
osteoblasts, HGF can reach the deep layers of articular cartilage via these micro-
cracks, and/or the vascularized subchondral plate, and promote cartilage breakdown 
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and/or enhances matrix remodeling. The association of HGF with Osteoarthritis 
comes from its incitement of MMP-13 production (Reboul et al.  2001 ); an enzyme 
present in the lower intermediate and deep layers of osteoarthritic cartilage. Other 
evidence for the role of subchondral bone in cartilage degradation are TGF-ß, 
Cathepsin K, and PGE2/LTB4, which are all produced by osteoarthritic subchon-
dral bone cells, and yet found at the deep layers of osteoarthritic cartilage (Konttinen 
et al.  2002 ; Moldovan et al.  1997 ; Nakase et al.  2000 ).  

10.3.2     Subchondral Considerations in Cartilage  Healing   

 Although clinical studies have reported favorable results with osteochondral auto-
grafts at short and mid-term follow-up, animal studies 3 months after grafting found 
signs of degeneration, evidenced by chondrocyte clustering and hyper-cellularity in 
cartilage (Tibesku et al.  2004 ). Answering the question of whether the observed 
degradation may be detected histologically, Kleemann et al. ( 2007 ) characterized 
the mechanical competence and morphology of cartilage in osteochondral auto-
grafts. The ensuing study demonstrated that grafted tissues seem to undergo in a 
short period of time, where both substantial degenerative and regenerative pro-
cesses occur. The compressive stiffness of the grafted cartilage was about 58 % of 
that of healthy tissue at 3 months, and rose to 82 % at 6 months. Fibrillation, hyper-
cellularity, and cell clustering were observed at the edges of the grafts. Both the 
cartilage and the underlying bone were observed to be degrading, raising doubts as 
to their  long   term repair. Events such as disrupted nutrition (Malinin and Ouellette 
 2000 ), physical damage during the extraction, and transplantation of the graft 
(Buckwalter and Mankin  1998 ; Duda et al.  2001 ; Huntley et al.  2005 ; Redman et al. 
 2004 ; Whiteside et al.  2005 ) were thought to be contributing factors. Despite this, 
the intensity of type II collagen staining of the healthy and the grafted cartilage tis-
sue were identical. 

 A bottom-upwards approach by Schell et al., had aimed to fi rst support the 
reconstruction of the subchondral bone plate in an osteochondral defect, and thereby 
improving the mechanical and histological quality of the repaired cartilage (Schell 
et al.  2007 ). The authors transplanted crushed bone graft together with a collagen 
membrane into osteochondral defects, 8.3 mm in diameter and 10 mm in depth. 
Comparing its healing with unfi lled control groups, they observed no difference in 
healing outcome between the two groups after 6 months. All defects, whether fi lled 
or not, showed an irregular, more or less advanced cartilage repair. However, the 
articular surface was not restored in any case. 

 A similar endeavor had attempted to encourage osteochondral healing through 
mechanical straining (Duda et al.  2005 ). Bone resorption and formation were 
observed at the base, and at the circumference of the defects, respectively. Defect 
fi lling, cartilage formation, and trabecular structures were observed for up to 
12 weeks. Although their defects were completely fi lled, the neo-tissue mainly 
comprised of fi brous cartilage, and only partially with hyaline-like cartilage. 
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 The importance of the subchondral bone in cartilage healing is undisputed. When 
a cartilage lesion is deep enough, the penetrated subchondral bone is prompted into 
action. Often, in cases such as abrasion chondroplasty and microfracture, it is stra-
tegically penetrated surgically for its input into the healing process to be realized. It 
is now a  topical   discussion that the state of the underlying bone itself, be it mechani-
cal, physiological, or otherwise, is actually important for the quality of cartilage 
regenerated.  

10.3.3     Subchondral Considerations in Cartilage  Tissue 
Engineering   

 The functioning of articular cartilage is believed to be dependent on the mechanical 
support by the subchondral bone. In fact, the steep stiffness gradient in the subchon-
dral bone is suggested to be responsible for the initiation and progression of carti-
lage damage (Radin and Rose  1986 ). Moreover, the stiffened subchondral bone 
associated with osteoarthritis (Radin et al.  1970 ) is said to cause transverse stresses 
at the base of the articular cartilage, potentially resulting in deep horizontal splits 
therein. Given their apparent differences, tissue-engineered solutions either favors 
cartilage repair, or bone regeneration, and seldom satisfy both tissues. Osteochondral 
repair strategies now aim to concurrently mimic the physiological properties and 
structure of the cartilage and bone using cell-seeded constructs. The resulting hybrid 
is an engineered scaffold consisting of both a cartilage-optimized phase and a sub-
chondral bone-optimized phase (Temenoff and Mikos  2000 ). Principally, the two 
phases are produced separately, under their appropriate conditions, and with the 
appropriate cellular disseminations, and are later united prior to implantation. On 
this front, two kinds of hybrid scaffolds have been developed by Hutmacher and 
co-workers, using a combination of fi brin, polycaprolactone (PCL), and a PCL-TCP 
combination. In one instance, the fi brin served as the cartilage phase while the PCL 
scaffold substitutes for the subchondral phase. On another occasion, their hybrid 
consisted of PCL and PCL-TCP. The top PCL region promotes cartilage regenera-
tion while the underlying PCL-TCP serves as the subchondral bone phase. Having 
been seeded with pre-cultured MSCs, the biphasic constructs were implanted into 
New Zealand white rabbits for up to 6 months. The researchers found that in terms 
of cartilage regeneration, PCL bettered the fi brin constructs; stipulating that the 
mechanical support provided by the fi brin was insuffi cient for cellular development, 
and its subsequent secretion of the essential ECM products. In fact, the fi brin 
degrades rapidly, while the porous PCL scaffold degraded slowly, providing an 
effective mechanical support (Swieszkowski et al.  2007 ). 

 Along  a   similar line, Schlichting et al. evaluated the healing of osteochondral 
defects using polylactide-co-glycolide scaffolds of differing stiffness, hypothesiz-
ing that a stiff scaffold creates suffi ciently stable conditions necessary for subchon-
dral bone formation and consequently cartilage regeneration compared with a softer 
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scaffold or to untreated controls (Schlichting et al.  2008 ). The stiff scaffold was 
found to improve the regeneration of subchondral bone, while the soft scaffolds 
provided less support, and consequently the surrounding subchondral bone became 
more sclerotic. Indeed, the regenerated cartilage that was formed over, the stiff scaf-
fold exhibited higher elastic and dynamic moduli at 3 months than did the soft scaf-
fold group. However these mechanical properties were not dissimilar for both 
groups at 6 months. Moreover, these values were inferior to that of native articular 
cartilage. These fi ndings led to the conclusions that Materials used to fi ll subchon-
dral defects should have a comparable stiffness to that of healthy subchondral bone 
rather than being too fl exible. When this is not the case, degradation or resorption 
of fi lling materials will lead to loss of stiffness, and may compromise the defect 
healing.   

10.4     Summary 

 The present review has looked at the current challenges faced when trying to regen-
erate cartilage. Most of these issues have been related to the structure, composition, 
and mechanical features of the tissue. In light of the topics discussed above, the 
following statements may summarize the current challenges associated with carti-
lage regeneration: 

 Cartilage is a complex tissue, with at least three phases. Moreover, cartilage ill-
ness may be systemic, local, acute or chronic. Current treatment options aim to 
reduce pain. By large, there is as of yet no solution that is all-encompassing, and can 
regenerate all the different types of cartilage defects. Despite the ongoing debate 
over the separation of articular cartilage from its subchondral bone by the tide mark, 
there exists an overwhelming amount of evidence to link the two regions, particu-
larly at the onset of OA. Therefore, a good strategy for cartilage regeneration ought 
not to neglect the underlying subchondral tissue. Principally, a successful clinical 
outcome will have re-established both the damaged cartilage and its underlying 
subchondral bone.     
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