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Gr   upSM
Tissue Engineering Approaches for the 
Study and Therapeutic Intervention in                    

Osteoarthritis

CARTILAGE AGEING AND DISEASE
Cartilage is a mechanically responsive tissue with morphologically complex structure, 

consisting entirely of one cell type (the chondrocyte) existing in various differentiation states. 
It plays important roles in developing bone (growth plate cartilage) and as protection against 
mechanical impacts on mature bone (articular cartilage) [1]. Pathological changes to articular 
cartilage structure and homeostasis lead to osteoarthritis (OA), which presents a heavy welfare 
burden on our rapidly aging society [2]. OA is thought to result from microdamage to cartilage 
and the subsequent repair/damage events which lead to OA progression [3,4]. Extracellular 
changes associated with ageing, such as increase in collagen fiber diameters and the incidence 
of collagen cross-links and a decrease in proteogly can content, lead to reduced tissue stiffness, 
making the tissue more prone to injury. Furthermore, during ageing the chondrocytes senesce, 
slow their metabolic activity and eventually die and the remodelling capabilities of the tissue 
decrease, leading to an increased OA susceptibility following injury related trauma [5–8]. In 
OA, diarthrodial joints undergo degradation towards the sub chondral bone leading to pain and 
formation of fibro cartilage with dramatically altered mechanical properties. OA is particularly 
noticeable in hips, knees, hands and feet [9,10]. 
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SURGICAL STRATEGIES FOR OA TREATMENT
The morphological complexity of cartilage makes it a difficult tissue to repair and to study. 

Cartilage is an avascular tissue and so its healing properties are limited, making research into the 
novel strategies to repair articular cartilage of paramount importance [11]. Currently there are 
no routine Therapies available for OA, other than a full joint replacement (arthroplasty) or joint 
fusion (arthrodesis) at later stages of the disease. However, several endogenous or exogenous 
surgical techniques are currently being investigated and trialled in order to repair the damage 
and avoid the complete joint replacement. Endogenous therapies attempt to drive cartilage 
repair by enhancing the innate properties of the tissue and include introducing growth factors 
to promote the proliferation and differentiation of cells in situ, whereas exogenous approaches 
often use cells from another source or modify the cells harvested from the wounded region ex vivo 
before implanting them back into the joint [12,13].

Microfracture is one of the oldest and commonly applied endogenous techniques where by 
a surgical penetration into the subchondral bone leads to the disruption of blood vessels and a 
formation of a blood clot. The blood clotting attracts bone marrow mesenchymal stem cells (BM-
MSC) which invade the microfracture and eventually differentiate into neo-cartilage. Despite the 
huge success of this technique, the main issue with it is that the neo-cartilage often resembles 
fibrous cartilage with undesired mechanical properties and so microfractures are currently not 
recommended as treatment for larger lesions or osteoarthritis [13–16]. Mosaicplasty is another 
keyhole surgery approach based on extracting osteochondral plugs from zones that tolerate 
moderate weight within the joint and applying them to fill the injured regions [17,18].Patients 
treated with mosaicplasty retained higher long-term activity levels compared to the microfracture 
patients. However, the new tissue still contains up to 20% fibro cartilage and the method requires 
further investigation [13,14].

Exogenous techniques for cartilage repair comprise autologous chondrocytes implantation 
(ACI) and stem cells implantation, both of which are not used routinely and currently only applied 
as part of a clinical trial. ACI was first mentioned by Brittberg et al 1994 [19], and is considered 
the first ever tissue engineering approach in cartilage repair consisting of extracting chondrocytes 
from less weight bearing areas and transplanting them to the injured area upon expansion in 
vitro in monolayer [12,13]. Initially this strategy showed great success and the implanted cells 
expresses the normal makers of healthy cartilage, however, the regenerative capacity largely 
depended on the age of the origin tissue and in time the new tissue showed signs of becoming 
more fibrous [13,14,20].Owing to their pluripotency and the capacity to differentiate into other 
cell lineages, stem cells represent an exciting alternative for exogenous therapies and an excellent 
source of material for regenerative medicine. Suitable cells can be harvested from synovium or 
bone marrow [11,21]. Synovium-derived stem cells (SDSCs) retain their chondrogenic potential 
and display articular cartilage mechanical properties when seeded in 3D environment. Despite 
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this, cell senescence is highly notable and further studies regarding the long term properties of 
SDSCs derived constructs are necessary [11,22]. Bone marrow stromal cells preserve the ability to 
differentiate into chondrocytes, and hence are a good candidate for cartilage repair. First studies 
using these cells showed their potential to synthesise cartilage-like tissue comparable to a healthy 
tissue, despite this other studies showed fibrocartilaginous formation and hypertrophy [11,12]. 
Recent studies have shown that induced pluripotent stem cells (iPSCs) may offer a more easily 
accessible autologous alternative to using stem cells. These cells were first mentioned in 2006 
by Takahashi and Yamanaka whereby they dedifferentiated adult fibroblasts using 4 factors: 
Oct3/4, Sox2, c-Myc and Klf4 and thus generated cells which were capable of re-differentiate into 
other cell types [23]. Several studies since had differentiated skin and blood cells from patients 
with articular cartilage injuries and reintroduced them into the injuries showing a reparative 
potential. This novel technique presents some advantages such as lack of immune response post-
implantation and ease to harvest, however, its main limitation is the risk of teratom a development 
due to presence of undifferentiated iPSCs [12].

TISSUE ENGINEERING FOR CARTILAGE REPAIR AND STUDY
The concept of applying tissue engineering to study cartilage biology and repair cartilage 

damage was first mentioned in 1993 by Langer and Vacanti [24]. Chondrocytes are known to de-
differentiate into fibroblast-like cells in 2D culture and cannot be expanded for longer than 8 days 
without the loss of major chondrocytic markers such as sox9 and type II collagen. Interestingly, 
a 3D environment helps maintain chondrocyte-like phenotype of primary cells and greatly 
enhances chondrogenic differentiation of stem and iPS cells in vitro [25,26] (Figure 1). 

Figure 1: Haematoxylin and eosin staining of chondrocytes after 10 days in 2D (A) and 3D 
(agarose, B) culture. Note the fusiform fibroblast-like shape of the cells on the right compared to 
the rounded more rounded chondrocyte-like shape of the cells in the 3D constructs (cytoplasm 

stained pink, nuclei purple).
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The dedifferentiation of chondrocytes in the two-dimensional environment has long been a 
recognised issue in cartilage study and repair. Pellet cultures have been proposed as a method 
for chondrocyte culture as early as 1980s and are the easiest way to culture chondrocytes in 
a three-dimensional environment. This method does not require an addition of a vehicle or a 
matrix to culture the cells and has been shown to maintain the chondrocytic phenotype in culture 
[27].Pellets are routinely used in cartilage studies, however, in prolonged culture they result in 
chondrocyte hypertrophy and the expression of undesired markers, such as type I and type X 
collagens [28]. This can be circumvented by addition of certain growth factors such as TGF-β, BMP 
4/7/13 and other inhibitors of hypertrophy [29] or by culturing the cells in micromass cultures 
[30] that are formed by growing the cells in droplets of medium and result in larger and more 
homogenous hyaline cartilage-like constructs [29]. However, both matrix-free methods result 
in relatively small cartilage constructs which may not be suitable for surgical applications and 
due to the density of the cultures, retrieval of cells for post-culture applications is also difficult. 
Interestingly, recent studies show some successes of generating constructs combining 20-50 
individual cartilage pellets into an engineered cartilage tissue that was successfully implanted 
into a lesion in an animal model [31]. However, in order to engineer the final constructs, the 
authors used not only expanded cells but also other matrices such as agarose, in order to provide 
the right microenvironment.

The cartilage engineering field and the use of various three-dimensional matrices to maintain 
the chondrocytes in culture have been evolving drastically since 1993, with only 2 papers 
published on Pub Med under “Scaffold tissue engineering” in 1993, compared to 1475 papers in 
2015 (Figure 2).

Figure 2: This graph represents the increased number of papers in “Scaffold tissue engineering” 
during the past 22 years.
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Three-dimensional environment supports and promotes chondrogenesis. However, in order 
to achieve a relevant and clinically applicable 3D model, constructs need to meet a long list of 
requirements to match the mechanical strength of the repaired tissue, permeability to nutrients, 
oxygen, metabolites and waste products, to enhance or maintain the cell viability, phenotype 
and adhesion, and to reproduce the biomechanical properties of the native articular cartilage. 
Moreover, scaffolds designed for clinical application need to be biocompatible with no induction 
of inflammation and biodegradable [13,32]. The use of naturally occurring or laboratory 
generated biodegradable polymers allows the control of pore size, construct density and seeding 
and assessment of the pre-implantation mechanical properties of the construct. There are three 
currently tested approaches for generating cartilage-like constructs, the use of polymer meshes, 
hydrogels and more recently, 3D printing.

Meshes are made up of polymer networks with engineered differences in diameter, volume, or 
orientation of the fibers which when seeded with cells lead to variations in cell morphology and 
gene synthesis [33]. Depending on the manufacturing protocol the meshes can be divided into 
non-woven or woven. Woven meshes are generated by intert wining the fibers at certain angles in 
a set pattern, whereas non-woven meshes are randomly interlaced with no orientation [34]. The 
different interlacing patterns give the scaffolds different properties, for instance higher strength, 
pore variability and resilience was found in woven meshes, whilst non-woven meshes presented 
a higher contact surface and voids within contiguous fibers [33,35].A wide range of methods to 
fabricate meshes is currently available. Electro spinning is the most commonly used approach, 
due to its capacity to reproduce the nanostructure of collagen fibers found in native cartilage 
[36,37]. Electro spinning consists of a polymer solution that is injected using a syringe into a high 
electric field. As the jet moves in the electric field a charge evaporates the solvent, leaving highly 
charged fibers and allowing drawing thin fibers that are collected typically on a metal screen 
or on a fibers collector drum. The size of the fibers can vary from 1000 nm to 1 µm depending 
on the properties of the solution and the technical parameters, such as conductivity of surface 
and tension, the diameter of the syringe, or electrical field applied [33,37].Polymers applied in 
electro spinning are poly(α-hydroxy esters) including poly(lactic acid) [PLLA], poly(glycolic acid) 
[PGA] and poly(lactic-co-glycolic acid) [PLGA], however, natural fibers such as collagen or silk 
fibroin can also be used. The properties of each polymer, such as lateral groups or hydrophobicity 
direct the properties of the scaffold, for instance PGA hydrophilic structure is degraded into 
natural products that presented non-toxicity and are re-absorbed, whereas hydrophobicity in 
groups from PLA gives it a moderate degradation rate [33,37]. Other methods for generating 
meshes, such as phase separation, consist of thermally or chemically inducing an instability in 
the thermodynamic properties of a polymer that lead to a separation of the polymer solution 
into two phases, one of which is rich in the polymer molecules. The rich phase then produces a 
matrix and the poor phase is eliminated [37,38]. Several studies proved that applying meshes 
could enhance cartilage regeneration and provide with enhanced mechanical properties by 
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providing a solid infrastructure [39,40]. Nevertheless, other studies show that the meshes are 
essentially providing a 2D microenvironment with the cells spreading on the substrate fibers [41] 
and suggest to combine meshes with hydrogel to maintain the cell phenotype or chondrogenesis 
and a 3D environment [42,43].

Sponges also provide an attractive porous structure suitable for tissue engineering. The 
porosity and interconnection of pores of many chemically manufactured sponges can vary and 
play a crucial role in the properties of the scaffold. The surface available for cell anchorage is 
determined by the quantity of pores, whereas the diameter of the pores and their interconnectivity 
influence the diffusion of waste and nutrients and the distribution of the matrix and cells [33,44]. 
Traditional methods of manufacturing sponges include salt-leaching, phase separation, freeze 
drying, gas foaming and lyophilisation, whereas the solid- free form fabrication comprises stereo-
lithography, selective laser sintering and 3D printing. Despite the constantly growing variety of 
techniques the traditional methods are the most commonly applied in tissue engineering [44,45]. 
Salt-leaching is frequently used due to its simplicity, whereby salt particles are inserted within 
the polymer matrix and the removal of the salt by water during polymerisation creates a porous 
structure [46]. In freeze-drying, the polymer solution is initially frozen at low temperature (-70 
to -80oC) and placed in progressively pressurised environment, leading to an evaporation of the 
ice and generation of a porous scaffold [37,47]. Sponges made up of poly(1,8 octanediol citrate) 
(POC), chitosan, collagen and silk fibroin have been previously applied to tissue engineering, and 
shown to support cell growth with enhancement of extracellular matrix (ECM) production and 
increased chondrogenesis [33,45]. Despite these promising results, other studies suggest that 
the cells cultured in sponges grow on the pore surface in a 2D microenvironment, adopting a 
flattened morphology and producing lower amounts of cartilage ECM [48,49].

Hydrogels consist of highly hydrated and hydrophilic networks, made up of natural or synthetic 
polymers. Depending on the chemistry, these networks can be held together byionic, hydrogen 
or covalent bonds. The covalent and ionic bonding provide more stability and are found in the 
most frequently employed hydrogels [32,33]. An additional advantage of certain hydrogels is that 
they due to their chemistry they can also be easily dissolved, acting as a perfect medium for the 
propagation of cells required for autologous implantation. Natural scaffolds consist of proteins 
and polypeptides or polysaccharides, and include collagen, gelatine, agarose, fibrin, chitosan 
and alginate [32]. Hydrogels mimic the relatively high water content of articular cartilage and 
represent a promising 3D environment for tissue engineering thanks to their biocompatibility, 
diffusion of oxygen, metabolites and waste, maintenance of the cell phenotype and an ability 
to with stand high mechanical loads [13,32,33]. Moreover, the encapsulation of chondrocytes 
in hydrogels provides a homogenous distribution and helps maintain a rounded morphology 
compared with sponges and meshes where a dedifferentiation effect of a 2D environment is often 
observed [32,49].
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Natural scaffolds employ molecules naturally found in the body (Table 1). Collagen is a natural 
scaffold that has been developed and optimised for clinical purposes in products such as Carticel® 
and Matricel®. Collagen I and III hydrogels retain the chondrocyte phenotype and provide easy cell 
migration [33,45]. Gelatine is a scaffold derived from collagen using denaturation and hydrolysis 
and product routinely used in food industry it is very economically attractive. Initial studies have 
shown greater water solubility however, further studies suggest that some modifications may 
be required due to its thermosensitivity and unstable mechanical properties [33,50]. Hyaluronic 
acid is a molecule present in the native cartilage and forms part of the natural polysaccharide 
polymers. This scaffold is used in tissue engineering of injuries, and currently two scaffolds are 
being tested for clinical purpose. Hyalograft-C® and Hyalgan®. Hyalograft® has been shown to 
repair cartilage damages in short and long-term [32,51]. Hyaluronic acid matrix enhances cell 
proliferation, wound repair, bioactivity, morphogenesis and viscoelastic properties of the tissue 
[33,52], however, other studies showed a poor proteoglycan deposition [53]. Matrigel® is a 
natural and complex scaffold derived from Englebreth-Holm-Swarm tumors in mice, containing 
entactin, laminin and collagen type IV. Matrigel is widely used as a 3D environment in tissue 
engineering and experimental science where culturing cells in 3D environment is advantageous, 
such as blood vessel formation, mammary gland studies, cancer invasion etc. Both laminin and 
collagen type IV are natural components of the articular cartilage ECM making this matrix a 
desirable hydrogel for cartilage engineering. It’s been shown that using Matrigel as a 3D scaffold to 
stimulate chondrogenesis enhances the differentiation of stem cells, increases the cell attachment 
and promotes the synthesis of a complex ECM network [40,54,55]. Other studies suggest that 
some growth factors present in the Matrigel mixture may negatively influence the development 
of the new cartilage tissue, however, other soluble factors can also be applied to enhance ECM 
production [48,54].

Alginate and agarose are natural polysaccharide polymers derived from algae. Alginate is 
cross linked by bivalent cations and as a tissue engineering scaffold presents some setbacks 
such as lack of cell adhesion, nevertheless these limitations can be overcome by modifying the 
hydrogel with short peptide sequences such as Arg-Gly-Asp (RGD), providing a greater scaffold-
cell interaction [13,33]. In addition to this, alginate has some advantageous properties such as 
high transport of nutrients, oxygen and waste, homogenous distribution of encapsulated cells, 
and stimulation of ECM synthesis thanks to the negative charges of the alginate mimicking those 
of native cartilage proteoglycans. Despite this, studies have also shown low mechanical stability 
of unmodified alginate constructs. Moreover, chondrocytes are usually embedded in alginate 
droplets rather than hydrogels, making it a useful pre-implantations scaffold for expansion and 
maintenance of cells rather than a therapeutic construct [33,45,56]. Alginate-derived sponges 
are also commercially available and show promise as a vehicle to expand chondrocytes [57] for 
autologous implantation as well as for generation of 3D cartilaginous constructs [58]. Agarose 
has been widely used in cartilage tissue engineering studies since first mentioned in 1982 [59] 
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due to its capabilities to reproduce the properties of articular cartilage, maintain the morphology 
of cells and its mechanical strength during compression [33,52]. Despite some constrains of this 
model, such as lower tensile properties and non-degradability [52,60] most of the studies showed 
the ability of agarose to stimulate long-term production of cartilage-like when seeded with either 
chondrocytes or stem cells and showing its capability of producing a similar tissue to articular 
cartilage [61,62]. 

Recent advances in 3D printing technology present an exciting new avenue in tissue engineering 
[63]. Bioprinting is based on the thermal inkjet technology and allows printing of zonally stratified 
cartilage tissue mimicking the physiological microniches and mechanical properties of the tissue 
and allowing togenerate tissue plugs for transplantation. The technology, currently in its early 
stages, utilises a mixture of cells and polymers such as poly(ethylene glycol) diacrylate (PEGDA) 
[64], poly (glycolic acid)/poly-L-lactic acid [65], glycosaminoglycan based hydrogels [66] or more 
composite mixes of polymeric framework with a chondrocyte-rich hydrogel [67–69], to generate 
neo-cartilage with a specific 3 dimensional structure. The composite printing mixtures are 
particularly of interest as they combine the advantageous properties of various tissue engineering 
approaches, with the polymers providing the necessary mechanical properties and the hydrogel 
maintaining the optimal environment for cartilage regeneration. Initial studies show good 
viability of cells encased in these constructs as well as great cell distribution, differentiation and 
matrix production, specifically, deposition of type II collagen and glycosaminoglycans, consistent 
with a hyaline cartilage signature [64]. 
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Table 1: Clinical applications of cartilage tissue engineering.

Scaffold Commercial 
name Cell source Advantages Disadvantages References

Collagen I-III

Carticel® chondrocytes

Maintains chondrocyte 
phenotype in a 3D 
environment. Good 

biomechanical properties 

70

Matricel® chondrocytes

Maintains chondrocyte 
phenotype in a 3D 
environment. Good 

biomechanical properties

Fibrocartilage in some 
graft areas

20

 
Peripheral Blood 
Marrow-derived 

Mesenchymal cells

Formation of hyaline-like 
tissue

Fibrocartilaginous tissue 
in graft areas

71

Collagen I hydrogel

CaReS® Chondrocytes Improves the functionality of 
the articulation   72

  Bone Marrow-
derived

Improves the tissue with 
formation of hyaline-like 

tissue

Some formation of 
fibrocartilaginous tissue. 
More studies needed.

73

Collagen scaffold  
Peripheral Blood 
Marrow-derived 

Mesenchymal cells
Clinical improvement

Formation of 
fibrocartilaginous tissue, 
low number of studies

74

Collagen membrane  
 

Peripheral Blood 
Marrow-derived 

Mesenchymal cells

Big sampling, long term 
study. 

Clinical improvement with 
hyaline cartilage formation

Some fibrocartilage 
formation

75

76

Hyaluronic Acid

Hyalograft-C® chondrocytes

Maintains the chondrocyte 
phenotype, no inflammatory 

response. Promotes 
the formation of hyaline 

cartilage

Induction of chondrolysis, 
thin neocartilage tissue

77

Hyalgan® chondrocytes Improves the functionality of 
the articulation

Tissue formed is not 
homogenous 

78

  Bone Marrow-
derived Reduces cartilage damage Follow up needed 79

 
Peripheral Blood 
Marrow-derived 

Mesenchymal cells
Hyaline cartilage formation   80
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Fibrin
 
 
 

Tisseel® chondrocytes Enhances the integration of 
new cartilage

Low clinical application, 
poor mechanical 

properties 
20

  Bone Marrow-
derived

Improvement with formation 
of hyaline-like tissue Follow up needed 81

  Bone Marrow-
derived

Improvement with formation 
of hyaline-like tissue

Follow up needed, low 
power study

82

 
peripheral Blood 
Marrow-derived 

Mesenchymal cells
Clinical improvement Requires a long-term 

follow up
83

Platelet-rich fibrin glue 
with Hyaluronic acid  

peripheral Blood 
Marrow-derived 

Mesenchymal cells

Improvement and formation 
of hyaline-like tissue   84

Polylactic acid (PLA)   chondrocytes
High integration and 

retention with improved cell 
migration

Inferior biomechanical 
properties

85

Polyglycolic acid 
(PGA)   chondrocytes Clinical improvement Short-term studies 86

PLA-PGA Copolymer, 
Polylactie-coglycolide   chondrocytes

Controllable polymer 
degradation, histologically 

mimics cartilage tissue
Short-term studies 87

Interconnected 
porous hydroxyapatite 

ceramic
 

Peripheral Blood 
Marrow-derived 

Mesenchymal cells

Formation of hyaline like 
tissue

Requires a higher 
sampling and follow up 

studies
88

Alginate/Agarose 
hydrogel Cartipatch® chondrocytes

Promotes cartilage 
formation and recovery. 

High porosity.

Biomechanical properties 
are inferior to native 

cartilage
89

APPLICATION OF STIMULUS TO IMPROVE THE PROPERTIES OF 
THE ENGINEERED TISSUE

Solely seeding the chosen scaffold with cells is not sufficient to reproduce the complexity of 
cartilage ECM. However, it has been shown that manipulating the construct with external stimuli 
such as application of growth factors, changes in oxygen levels, or biomechanical pressure, 
enhance the formation of ECM improving the resemblance of constructs to the native tissue 
[33,90].

Studies confirm that anabolic growth factors combined with the scaffold can induce the 
production of ECM and promote chondrogenesis. The main growth factors applied in cartilage 
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tissue engineering include factors involved in the natural process of chondrogenesis and cartilage 
homeostasis, such as transforming growth factors (TGFs), bone morphogenetic proteins (BMPs) 
and insulin-like growth factor 1 (IGF-1) [13,48]. The TGF superfamily (TGFβ1, TGFβ2, and 
TGFβ3) play an important role in the stimulation of chondrogenesis of embryonic and adult MSCs, 
the maintenance of chondrogenic phenotype and ECM deposition [21,45]. IGF-1 has been shown 
to enhance the synthesis of proteoglycans and type II collagen [45,91,92] and the BMP protein 
family show potential to enhance the production of matrix and encouraging chondrogenes is 
[33,93], specifically, BMP2 and BMP7 induce the enhancement of Sox9 and the production of type 
II collagen, aggre can and proteoglycans [33,94]. BMP4 and BMP7 contributed to the maintenance 
of the cartilage phenotypeand induced chondrogenesis and synthesis of ECM molecules such as 
proteoglycans and type II collagen [93–95].

Cartilage is a mechano sensitive tissue and many cartilage genes are expressed in a mechano 
responsive fashion. Native tissue is constantly being compressed and bearing with high mechanical 
stresses and is highly implicated with the mechanical signalling and remodelling of the ECM. 
Interestingly, investigation of biomechanical responsiveness of chondrocytes is a relatively 
recent topic. Studies have shown that chondrocytes use a single non-motile primary cilium as a 
mechanosensor and regulator of several important signalling pathways including Ihh, BMP and 
wnt signaling [96,97]. Several options to mimic the biomechanically challenged environment in 
tissue engineering are to apply hydrostatic pressure, static or dynamic compression and/or shear 
stress. However, it is often difficult to ascertain the correct levels of the stimulus for cells encased 
in a hydrogel matrix and the range of dynamic compression may vary depending on the cycle of 
pressure, frequency and duration [32,98]. Dynamic compression can be applied in cell culture 
using compression systems such as Flexcell [99] and FMF Dynamic Compressor System (DCB) 
[100] which allow the culture of cells and constructs under mechanical stimulus. It has been 
shown that dynamic compression enhances the production of ECM molecules and increases the 
tissue resilience to compressive stresses [10,33,52] and a combination of dynamic compression 
and growth factors can dramatically enhance the resemblance of the engineered constructs to a 
complex native cartilage [101,102]. 

Native articular cartilage presents a low oxygen tension (less than 5%). Studies that applied 
hypoxia in cartilage tissue engineering reported induced chondrogenesis, and activation of 
pathways enhancing the production of matrix molecules such as type II collagen and proteoglycans, 
in addition to an increase inlysyl-oxidase that enhanced the biomechanical properties of the 
constructs by augmenting the cross linking in collagen [33,52,103]. Moreover, a combination 
of hypoxic culture conditions with growth factors such as TGF-β3 had a synergic effect on the 
deposition of ECM, especially collagen [104].
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ENGINEERING A ZONALLY STRATIFIED CARTILAGE
Chondrocyte hypertrophy is not a desirable feature in engineered cartilage. The expression 

of type X collagen and other hypertrophic markers induces cartilage mineralisation and ectopic 
bone formation. Therefore, the cartilage engineering techniques, especially when applied to 
the expansion of chondrocytes for autologous transplantation, are often modified to avoid 
further differentiation of cartilage into zonally distinct populations, similar to the ones found 
in native cartilage. However, generation of zonally stratified cartilage constructs presents an 
exciting possibility of repair of deeper cartilage lesions as well as a new tool to study cartilage 
homeostasis. Recent studies by Thorpe et al showed that confining and compressing 3D agarose 
constructs seeded with mesenchymal stem cells can induce a gradient in oxygen tension and a 
zonal stratification of cartilage. Dynamic compression induced a greater deposition of ECM [105]. 
Others have proposed the use of chondrocytes extracted from differentiated zones in order to 
generate stratified constructs [106] as well as varying the concentration and composition of the 
polymer (PEG, PEO) and hydrogel layers in order to induce zonal stratification [107]. Moreover, 
the onset of novel engineering techniques such as the precise 3D printing to generate zonally 
specific cellular niches, as well as a zonally specific distribution of growth factors, open new 
exciting avenues in cartilage research and repair.

CONCLUSIONS AND FUTURE PERSPECTIVES
Cartilage engineering is a dynamically evolving and multidisciplinary field. With the successes 

of modern medicine our societies are rapidly ageing and the age-related complications such 
as cardiovascular disease, dementia and osteoarthritis are becoming a major burden on the 
healthcare systems worldwide. There is a huge need for prevention and therapeutic approaches 
to slow down the onset of these conditions and to develop less drastic surgical interventions. 
The onset of novel techniques such as 3D printing, large scale and single cell genomics and the 
integration of biomechanical approaches to the generation of novel scaffolds are furthering our 
understanding of cartilage biology and opening up a new exciting chapter in cartilage engineering. 
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