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Summary

The in vitro engineering of functionally de-
veloped biological cartilage substitutes, based on
cells and appropriate structural and soluble fac-
tors, is an attractive concept for the clinical treat-
ment of cartilage injuries and degeneration. The
field of cartilage tissue engineering has developed
strongly in the last few years, bringing together
the scientific, clinical and commercial interests of
highly interdisciplinary communities. However,
engineered grafts are still far from being the stan-
dard of care for cartilage repair. In this review we
present some of the issues challenging the repro-
ducible engineering of functional cartilage tem-
plates starting from human cells. We then discuss
the need to identify the mode of action of carti-
lage tissue engineering approaches, which in turn
is expected to define potency markers and quality

controls for grafts capable of inducing durable
cartilage regeneration. Finally, we propose the use
of engineered cartilage tissues not only as im-
plants to be implemented in the clinic, but also as
models to understand mechanisms and processes
related to cartilage development and repair. The
knowledge generated using these models will be
instrumental in moving to the next generation of
cartilage repair approaches, namely those induc-
ing regeneration iz situ, based on the recruitment
of resident cells.
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cine; stem cells; tissue manufacturing, chondrogenesis;
cell differentiation; aging; nasal chondrocytes; quality
control

Introduction

Because of the limited self-healing capacity of
cartilage, repair of articular defects caused by de-
generative joint diseases or traumatic injuries rep-
resents an open clinical challenge. The appear-
ance of lesions is frequently associated with pain,
disturbed function and disability, and — if not suc-
cessfully treated — often results in total replace-
ment of the joint. Some of the most popular treat-
ment options, referred to as marrow-stimulating
techniques (e.g., microfracture or subchondral
drilling of the bone) are based on the principle of
inducing invasion of mesenchymal progenitor
cells from the underlying subchondral bone to the
lesion site, in order to initiate cartilage repair [I,
2]. In the absence of a material which appropri-
ately “instructs” the mesenchmyal progenitors to
differentiate into articular chondrocytes in stable
fashion, the outcome of these procedures is highly
variable and often results in repair tissue com-
posed of fibrocartilage, with limitations in quality
and duration as compared to native hyaline tissue
[3, 4]. A breakthrough in the field, especially for
localised injuries, was the introduction of cell-
based repair techniques, such as autologous chon-
drocyte implantation (ACI) [5]. In this procedure,

in vitro expanded autologous articular chondro-
cytes are expanded in culture and introduced into
the defect site as a cell suspension or in associa-
tion with a supportive matrix (matrix-assisted
ACI, MACI) [6], where they are expected to syn-
thesise new cartilaginous matrix. The clinical out-
come of these chondrocyte-based techniques is
generally good, as they lead to lessening of symp-
toms for the patient [7-9], but in many cases re-
sults in the formation of fibrous repair tissue with
inferior mechanical properties and limited dura-
bility [10-14]. A recent study proposed a correla-
tion between the symptomatology of patients
treated with ACI and the quality of the repair tis-
sue, suggesting that the persistence of symptoms,
e.g. pain or swelling, after surgery reflected the
presence of non-hyaline cartilage repair tissue
[15]. These observations underline the impor-
tance of improving the quality of the generated
repair tissue following treatment of cartilage de-
fects.

Regeneration of a hyaline-like tissue could be
facilitated by the implantation of a pre-engi-
neered, functional cartilage tissue, as opposed to
the delivery of a chondrocyte suspension. This
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would involve culturing autologous cells within
an environment permitting or supporting chon-
drogenesis (e.g., a porous three-dimensional - 3D —
biomaterial of pre-defined size and shape), gen-
erating a graft approaching the biochemical and
biomechanical properties of native cartilage. In-
deed, the presence of extracellular matrix (ECM)
around cells was reported to enhance donor cell
retention at the repair site [16] and possibly pro-
tect the cells from environmental factors such as
inflammatory molecules [17]. Furthermore, pre-
cultivation under conditions inducing cell differ-
entiation was shown to support enhanced iz vivo
development of engineered cartilage at ectopic
sites in mice [18] and improved cellular response
to a compressive deformation conditioning re-

sembling a mild rehabilitation regime [19]. Im-
portantly, from the clinical point of view the im-
proved mechanical stability of the more mature
and stable engineered graft would also allow eas-
ier surgical handling, application even in critically
sized defects [20] and possibly earlier postopera-
tive loading.

In this paper we shall first briefly describe the
state of the art in cartilage tissue engineering,
highlighting the critical factors and still open sci-
entific and manufacturing challenges. We will
then discuss which properties of an engineered
cartilage graft are likely to be required to induce
cartilage regeneration, and, finally, address the
critical question of the potential clinical benefits
introduced by cartilage tissue engineering.

Critical factors in cartilage tissue engineering

A typical approach to engineering of autolo-
gous cartilage grafts is schematically displayed in
figure 1. Several proof-of-principle studies using
animal cells have indicated that the approach can
generate tissues approaching the biochemical and
biomechanical properties of native cartilage [21],
and that implantation of such constructs can re-
pair critically sized articular defects [22]. How-
ever, attempts to translate such concepts and
methods to a clinical-case scenario (e.g., using
human cells and reaching a relevant thickness)
have revealed crucial factors which still hamper
the generation of implants of reproducible qual-
ity. Some of the main challenges to be addressed
in the process of human cartilage engineering are
discussed below.

Cell phenotype regulation
As autologous chondrocytes can only be har-
vested from a small biopsy of articular cartilage in

Figure 1

Tissue engineering of autologous cartilage grafts. The chart displays the different

phases in a typical approach to engineering of autologous grafts (blue arrows) and the

most critical factors entailed (1. to 6., discussed in section 2 of this manuscript).
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relatively low numbers, typical tissue engineer-
ing-based methods so far require monolayer ex-
pansion in order to obtain sufficient cell numbers.
Isolation of articular chondrocytes from the sur-
rounding cartilage matrix and their subsequent
two-dimensional culture, however, is accompa-
nied by cellular de-differentiation, resulting in
gradual changes in morphology (i.e., cells lose
their spherical shape and acquire an elongated fi-
broblast-like morphology) and reduction or even
total loss of the synthesis of cartilage-specific pro-
teins (i.e., type II collagen or aggrecan) [23-25].
De-differentiated chondrocytes in principle re-
tain the capacity to re-differentiate if transferred
into a 3D (e.g., agarose or alginate suspension)
environment [26, 27] or cultured at high cell den-
sity in medium inducing chondrogenic differenti-
ation [28-30]. However, such a process is often
inefficient and the phenotype reached hardly
matches that found in native cartilage [31].

"To improve the generation of hyaline carti-
lage in vitro, several groups have aimed at preserv-
ing the original cell phenotype by preventing de-
differentiation during expansion in monolayer. In
particular, cells have been cultured on dishes
coated with proteins mimicking the ECM, such as
fibronectin, type I or type 11 collagen [32-36], or
in environments supporting a 3D cell morphol-
ogy including gels, scaffolds and porous microcar-
riers [37-39]. Collectively, however, these studies
did not convincingly demonstrate that mainte-
nance of the native phenotype can be achieved in
parallel with extensive proliferation, or that a
more limited degree of de-differentiation corre-
sponds to a higher quality of the generated tis-
sues.

Instead, it is becoming increasingly clear that
de-differentiation per se is not necessarily detri-
mental, as long as the cells maintain their capacity
to re-differendate. In fact, chondrocytes expanded
in the presence of specific growth factors, which en-
hanced the process of de-differentiation, displayed
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Figure 2

a higher post-expansion cartilage forming ability
and could more efficiently respond to chondro-
genic stimuli during subsequent culture in a 3D en-
vironment [29, 40, 41]. Interestingly, the enhanced
de-differentiation in the presence of growth factors
was also leading to a multi-lineage differentiation
capacity of the expanded cells (e.g., towards osteo-
blastic or adipocytic phenotypes), suggesting that
expansion under appropriate conditions could re-
sult in a phenotype and function similar to that of
mesenchymal progenitor cells [42], possibly by se-
lective enrichment of putative progenitor cells in
the chondrocyte population [43].

Despite these promising descriptive data, it
should be clarified that the molecular mecha-
nisms inducing and controlling the processes of
chondrocyte de- and re-differentiation are not yet
well known, and that the re-differentiated pheno-
type obtained is in many cases suboptimal.

Scaffold design

The characteristics of the substrate used for
3D culture (i.e., scaffold) may offer a possible way
of attaining improved cell differentiation and thus
improved cartilage tissue quality. Several materi-
als have been used so far for in vitro generation of
cartilage tissues, in a broad range of compositions,
architectures, porosities, surface topographies and
mechanical properties [44, 45]. Beyond some fun-
damental requirements which need to be pro-
vided by a scaffold material (e.g., biocompatibility,
adherence by cells, and initial stability) [45, 46],
the variety of concepts and models proposed by
different groups for the generation of scaffolds
for cartilage tissue engineering reflects the fact
that understanding of the requirements for regu-
lation of chondrocyte function s still poor. Future
interdisciplinary efforts should thus aim at deter-
mining which specific feature of a material has
what selective effect on chondrocytes or chondro-
cyte progenitors, in order to identify specific de-

Cell distribution and matrix synthesis under perfusion and static conditions. Seeding
of cells in a perfusion-based bioreactor system results in a uniform distribution of
cells (here stained purple) throughout the scaffold as compared to conventional static
seeding conditions [562]. Subsequent culture under perfusion additionally supports a
more homogeneous tissue formation and avoids the formation of a necrotic centre
typical of statically cultured cartilage grafts [53].

Perfusion Static

sign criteria for chondroinductive materials. In
this regard, it appears that surface wettability, re-
lated to initial protein adsorption [47], as well as
elasticity of the substrate [48], could have a dis-
tinct role which needs to be better understood
and exploited.

Graft size scale-up

The generation of grafts in a clinically rele-
vant size, i.e. up to 4 mm in thickness, is chal-
lenged by the difficulties in achieving uniform cell
distribution (i.e., seeding) in the different scaffold
areas, as well as efficient nutrition of the seeded
cells. Indeed, conventional, static culture condi-
tions typically result in a periphery with cells and
a rather necrotic core, with few or no cells. Differ-
ent types of bioreactor systems, introducing hy-
drodynamic forces and fluid flow, have been pro-
posed to overcome these limitations [49-51]. In
particular, bioreactors perfusing first a cell sus-
pension and subsequently culture medium di-
rectly through the pores of the scaffolds have
been shown to enable homogeneous and efficient
cell seeding on a variety of scaffolds, as well as to
provide sufficient nutrition even for cells in the
centre of the scaffold [52-54]. This resulted in the
uniform deposition of ECM throughout the scaf-
fold, as opposed to static culture leading to a
highly heterogeneous tissue with cells and ECM
only in the periphery (fig. 2).

Despite these promising results, it is impor-
tant to stress that the perfusion of fluid within a
complex scaffold architecture, which is changing
over time due to the deposition of ECM, intro-
duces an additional degree of complexity in the
design of a cartilage engineering process, in par-
ticular due to interaction between biological,
structural and physicochemical parameters [55].
Thus, in order to define suitable operating condi-
tions (e.g., flow rate, oxygen percentage setting)
for each scaffold architecture, it will be necessary
to develop computational fluid dynamic models
(e.g., including shear forces and oxygen diffu-
sion/consumption) which, if combined with ex-
perimental data, could ultimately help to predict
cell behaviour within distinct scaffold regions, or
alternatively to design appropriate scaffold archi-
tectures [56, 57].

In addition to the engineering challenges, the
up-scaling process for the construct size also re-
quires higher cell numbers in order to reach a
critical cell seeding density [58]. Considering the
difficulty of obtaining sufficient numbers of cells
by expansion from a small autologous biopsy, fu-
ture strategies should explore the possibility of
co-culturing a limited number of chondrocytes
together with mesenchymal progenitor cells iso-
lated from other tissues (e.g., bone marrow, fat
tissue, skin), which could be appropriately “in-
structed” by the chondrocytic population [59]
(see also section 2.5).
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Management of inter-donor chondrocyte
variability

One often underestimated critical factor in
cartilage tissue engineering is the quality of the
starting material, namely the chondrocytes iso-
lated from different cartilage biopsies. The capac-
ity of isolated cartilage cells to proliferate and —
most importantly — to regenerate a tissue is in fact
not only dependent on the health state of the joint
[60] and on the age of the donor [61], but is also
extremely variable between individuals in the
same age range and with no history of joint dis-
ease [62] (fig. 3). The use of specific growth fac-
tors during cell expansion, in conjunction with
low percentages of serum, can reduce variability
in proliferation and re-differentiation capacity
[40], but is not sufficient to guarantee a repro-
ducible quality of the resulting engineered carti-
lage. This challenge poses the critical question of
whether engineered cartilage tissues will ever be
considered acceptable grafts for clinical use if
their quality cannot be standardised within a
rather narrow range.

In this context, several groups have endeav-
oured to identify markers to predict and possibly
control the chondrogenic capacity of chondro-
cytes. But despite interesting studies targeting ex-
pression of a discrete set of genes [63], of surface
molecules [64] or of secreted proteins [65], no
such reliable markers have yet been identified. Al-
ternatively, use of a different cell source with a
higher and more reproducible cartilage-forming
capacity could make it possible to reduce the vari-
ability in the quality of the generated cartilage
grafts.

Cell source selection

Besides the above-mentioned problems sur-
rounding the high variability in cell quality, the
use of articular chondrocytes in cartilage tissue
engineering is also associated with disadvantages
during their procurement, including morbidity at

Figure 3

Variability of engineered cartilage quality using articular chondrocytes from different
donors. Quality of the cartilage tissues engineered by expanded chondrocytes, here
quantified using the content of glycosaminoglycans (GAG)/DNA following pellet cul-
ture, depends on the age of the donor but is additionally highly variable between cells
from donors in the same age range (see large standard deviations in A). Differences in
matrix quality are demonstrated by safranin-O staining for GAG of generated cartilage
from cells of a donor with good (B) or bad (C) re-differentiation capacity, within the
same age range (40-49 years).
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the donor site. In fact, even a small biopsy har-
vested from a non-weight bearing site represents
an additional injury to the joint and has been re-
ported to be detrimental to the surrounding
healthy tissue, possibly increasing the risk of os-
teoarthritis developing in the future [66, 67].
While it remains controversial whether allo-
geneic chondrocytes will ever have clinical poten-
tial, alternative autologous cell sources based on
non-articular tissues have been considered [68].
Mesenchymal progenitor cells from bone mar-
row, adipose tissue, synovial membrane and other
tissues [69-72] are discussed as an attractive and
promising alternative cell source, since they dis-
play a high proliferation capacity with limited re-
duction of differentiation potential, and can con-
veniently be committed iz vitro towards the chon-
drogenic lineage [30, 73, 74]. However, chondro-
genic differentiation by mesenchymal progenitor
cells has been shown to be accompanied by the
expression of markers specific for hypertrophic
chondrocytes, such as type X collagen and
MMP13 [75, 76], typically leading to matrix calci-
fication and vascularisation after ectopic trans-
plantation in vivo [77]. These observations indi-
cate potential instability of the acquired chondro-
cytic phenotype, so that despite their successful
application in the repair of osteochondral defects
in different animal models [78-80] and humans
[81, 82], the safe and long term efficacy of mes-
enchymal progenitor cells in the regeneration of
hyaline cartilage still needs to be demonstrated.
The co-culture of differentiated chondrocytes to-
gether with mesenchymal progenitors has been
proposed as a possible strategy for bypassing this
issue. In preliminary studies chondrocytes were
able to induce bone marrow-derived stromal cells
to differentiate towards the chondrogenic lineage
while at the same time reducing the described risk
of hypertrophy often observed during the exclu-
sive use of the stromal cell population [83, 84].

As an alternative strategy for avoiding the risk
of phenotypic instability of chondrogenically in-
duced progenitor cells, it would be attractive to
use already differentiated chondrocytes from
non-articular cartilages. For example, nasal sep-
tum biopsies can be harvested under local anaes-
thesia in a minimally invasive procedure and with
limited donor site morbidity [85]. Several studies
have indicated that human nasal chondrocytes
have a higher proliferation rate compared to ar-
ticular chondrocytes, and after de-differentiation
are able to retain their capacity to generate hya-
line-like tissues in vitro and ectopically in vivo
[86-89]. The mechanical properties of nasal
chondrocyte-based tissue engineered grafts can
reproducibly approach those of native cartilage
[20], and furthermore the tissue quality seems less
dependent on donor age [89] and was reported to
be histologically, biochemically and mechanically
superior to that generated from articular chon-
drocytes from matched donors [89]. For nasal
chondrocytes to be considered for implantation at
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Figure 4

Responsiveness of nasal chondrocytes to mechanical loading. Synthesis of
glycosaminoglycans (GAG) and type Il collagen (Collagen Il) increases in response
to compressive mechanical loading on grafts generated from expanded nasal chon-
drocytes (A). Additionally, the expression of the lubricating factors superficial zone
protein (SZP) and hyaluronan (HA) is induced in response to surface motion (B).
Asterisks indicate statistically significant differences from the static (free swelling)
controls [90].
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an articular site, it is crucial not only to determine
their chondrogenic capacity but also to assess
whether they are responsive to forces associated
with joint loading. With this in view, recent exper-
iments demonstrated that cartilage engineered
from nasal chondrocytes can respond to physical
forces resembling joint loading by up-regulating
markers specific for hyaline cartilage, such as gly-
cosaminoglycans and type II collagen, as well as
expression of molecules typically involved in joint
lubrication (fig. 4) [20, 90, 91], making nasal
chondrocytes a highly promising cell source for
the repair of articular cartilage defects. Clearly, to
demonstrate whether the tissue generated by
non-articular chondrocytes from nasal septum is
adequate for cartilage repair at articular sites re-
quires further investigations using #z vivo ortho-
topic experimental studies [92] and/or in vitro
loaded models.

Tissue manufacturing

One major obstacle in delivering cartilage tis-
sue engineering products to routine clinical use
are the costly, labour-intensive and time-consum-
ing manual processes which are difficult to con-
trol and standardise. To be attractive for clinical
application, engineered cartilage will need to
demonstrate (i) cost-effectiveness and cost-bene-

fits over existing therapies, (ii) absolute safety for
patients, manufacturers and the environment, and
(iii) compliance with the evolving regulatory
framework in terms of quality control and good
manufacturing practice (GMP). To meet these
targets and translate research-scale production
into clinically compatible manufacture, the
process could be streamlined and automated
within bioreactor systems implementing precisely
monitored and tightly controlled conditions [50,
93, 94]. In this respect a promising manufacturing
concept is the on-site hospital-based ACTES™
(Autologous Clinical Tissue Engineering System)
currently under development by Octane
(www.octaneco.com). In this fully automated
bioreactor system the patient’s cartilage biopsy
will be digested and the chondrocytes expanded
before being seeded and cultured on an osteo-
conductive porous scaffold to generate a cartilage
graft, with all production phases implemented
within a single, closed bioreactor system. This
concept could simplify logistical issues surround-
ing transfer of specimens between locations, re-
duce the need for large and expensive GMP tissue
engineering facilities and minimize operator han-
dling, with the likely final result of reducing the
cost of engineered grafts.

An alternative concept for bypassing the bot-
tleneck of tissue manufacturing would be to de-
velop a process whereby cell procurement, scaf-
fold seeding and its transplantation back into the
patient would occur during the same surgical op-
eration. Clearly this concept would not make it
possible to generate mature cartilage tissue and
would rely on the “i vivo bioreactor” of our body
to develop a functional tissue equivalent from the
grafted template. The difficulty of having a suffi-
ciently large number of cells to be implanted
could be overcome, for example, by combining a
small number of chondrocytes, freshly isolated
from a small biopsy, with resident or exogenously
delivered mesenchymal progenitor cells. Indeed,
it has been reported that non-expanded chondro-
cytes can induce chondrogenic differentiation of
other cell types (see also section 2.5 on cell
sources) [59] and that even undigested cartilage
tissue, minced into small particles, can be used to
repair experimental cartilage defects in large ani-
mal models [95, 96].

Potency factors for cartilage tissue engineering

The previous sections of this article have
highlighted the rationale for developing engi-
neered cartilage grafts, the advances made in re-
cent years and the still open scientific and techni-
cal challenges to be addressed. To translate the
opportunities described into effective therapeutic
options (e.g., for the treatment of traumatic carti-
lage injuries), it will be essential to understand

what signals should be delivered at what stage into
a joint to promote durable cartilage regeneration.
Only with this fundamental knowledge will it be
possible to design engineered tissues with a de-
fined mode of action and supported by suitable
quality controls for predictable potency. Ult-
mately, it must be admitted that — although the
first clinical report of autologous chondrocyte im-
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plantation [5] now dates back more than 15 years —
it is not yet established which factors play which
role in the cartilage healing processes.

Is cartilage regeneration dependent upon the
quality of the delivered cells, which play an active
role in producing a suitable repair tissue? Or are
the functional properties of the developed extracellu-
lar matrix in the graft the key regenerative signal,
possibly by supporting appropriate transduction
of mechanical loading [19, 97]? Or is the profile of
cytokines released by the transplanted cells the es-
sential component in managing local inflamma-
tion and stimulating tissue repair? Until scientifi-

cally grounded answers are found to these crucial
questions, it will not be possible to decide
whether a quality control for engineered cartilage
products should rely on the chondrogenic capac-
ity of the implanted cells, on the mechanical tests
of the developed matrix, or on the pattern of fac-
tors produced and released during culture. And
without a clearly identified mode of action, com-
bined with predictable potency factors, it will not
be realistic or sound to introduce a product which
is not easily standardised and reproducible for
widespread clinical use.

Conclusions

On the basis of the critical considerations
presented above, and taking into account the in-
trinsic difficulties faced in generating and manu-
facturing engineered cartilage grafts, the rather
obvious question to be raised is “Do we really
need cartilage tissue engineering?”.

On the one hand, a definite answer can be
given only when prospective, randomised and
controlled clinical studies have been conducted
based on long-term, quantitative outcome meas-
ures and in combination with suitable quality
controls for the implanted tissues. In this regard,
the scientific and clinical communities should be

Figure 5

Outlook on the need for cartilage tissue engineering. The traditional purpose of gener-
ating engineered cartilage is clearly the use as graft for the repair of articular cartilage
defects (bottom red arrow). We propose that hypothesis-driven experiments on the
cause-effect relationships between modulating parameters (left) and the resulting tis-
sue properties (right) will help to understand general mechanisms of chondrogenesis
critical for cartilage development and regeneration. This knowledge will lead to the de-
velopment of innovative strategies for cartilage regeneration (top red arrow), possibly
based on the recruitment of resident cells thanks to the combination of surgical tech-
niques, smart materials and postoperative rehabilitation regimes.
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urged to enter the dimension of this systematic
analysis, also giving due consideration to the sur-
gical factors which may strongly affect a clinical
result (e.g., whether a concomitant axis correction
by osteotomy is performed or not).

On the other hand, and probably even more
importantly, cartilage tissue engineering must be
considered a necessary powerful tool to model the
biological and molecular processes of cartilage
development, and to identify the cues required to
induce its regeneration. This will be possible by
performing hypothesis-driven experiments aim-
ing at the definition of mechanistic relationships
between specific culture parameters and the re-
sulting tissue properties (fig. 5). At this stage, the
knowledge and understanding gained will be cru-
cial to design alternative, smarter ways to deliver
the defined cues in an injured joint, e.g. using
drug delivery vehicles, cell-free intelligent scaf-
folding materials or intraoperative cell processing
procedures, combined with appropriate surgical
techniques and postoperative rehabilitation
regimes. Ultimately, cartilage tissue engineering
models will provide the means to operate a para-
digm shift, overcoming the traditionally envis-
aged implantation of preformed grafts and ap-
proaching the more modern perspective of regen-
erative medicine. Paradoxically, then, we do need
cartilage tissue engineering to identify cartilage
repair strategies which may go beyond cartilage
tissue engineering.
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