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In mature individuals, hyaline cartilage demonstrates a poor intrinsic capacity for repair, thus even minor
defects could result in progressive degeneration, impeding quality of life. Although numerous attempts
have been made over the past years for the advancement of effective treatments, significant challenges
still remain regarding the translation of in vitro cartilage engineering strategies from bench to bedside.
This paper reviews the latest concepts on engineering cartilage tissue in view of biomaterial scaffolds,
tissue biofabrication, mechanobiology, as well as preclinical studies in different animal models. The cur-
rent work is not meant to provide a methodical review, rather a perspective of where the field is cur-
rently focusing and what are the requirements for bridging the gap between laboratory-based research
and clinical applications, in light of the current state-of-the-art literature. While remarkable progress has
been accomplished over the last 20 years, the current sophisticated strategies have reached their limit to
further enhance healthcare outcomes. Considering a clinical aspect together with expertise in mechanobi-
ology, biomaterial science and biofabrication methods, will aid to deal with the current challenges and
will present a milestone for the furtherance of functional cartilage engineering.
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Impact statement Highlights Introduction

Cartilage injuries are of great clinical consequence, due to the
tissue’s limited regenerative capacity [1,2]. Today, the currently
major repair strategies are still unsatisfactory, mainly because of

The worldwide prevalence of cartilage disorders has trended
steeply upward and it is assumed to double by 2040. In this
context, lack of appropriate strategies to rejuvenate cartilage

function, has brought a colossal amount of effort in this ex-
panding field of tissue engineering of effective cartilage tissue
analogues. Even though there are multiple reviews available
revolved around cartilage regeneration, there is an apparent
lack of review papers that highlight not only the scientific
requirements, but also the considerations regarding the clini-
cal translation of cartilage engineering strategies. Accordingly,
this paper attracts the interest of a broader scientific audi-
ence.
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the fact that they rarely return the tissue to its healthy state or
restore its function [3]. Although initially viewed as a tissue with
a simple architecture, reproducing the exquisitely stratified struc-
ture has proven to be a hard task [4]. Recently, developments in
the field of Tissue Engineering have provided alternative options
for restoring cartilage anatomical structure.

Indeed, the last 20 years have borne evidence to an enor-
mous expansion in biomaterial science, mechanobiology and man-
ufacturing processes, that could potentially have a beneficial im-
pact on cartilage regeneration. In terms of biomaterials, ad-
vances involve a wide array of formulations, spanning from the
use of biostable/inert [5] and degradable polymers [G], to the
present-day application of third-generation hydrogels with ad-
vanced chemistries, aiming to stimulate the process of natural tis-
sue regeneration [7-9]. From a mechano-biological point of view,
the framework established by the role of mechanical loading in
cartilage homeostasis, resulted in the development of novel biore-
actor systems, providing the necessary means for studying chon-
drocyte mechanotransduction [10,11]. In addition to this mate-
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rial and mechanobiological frame, developments in material pro-
cessing also added a useful tool towards the fabrication of more
biomimetic cartilage-like substitutes [12].

Indeed, engineering scalable cartilage constructs through a
combination of biomaterial scaffolds, cells and incorporation of ap-
propriate mechanical stimuli will undoubtedly result in incessant
opportunities for cartilage repair and regeneration. The work con-
ducted by Christopher O’Conor and colleagues for instance, exem-
plifies that high-quality cartilaginous tissue can be formed via sig-
naling pathways through activation of transient receptor ion chan-
nels under dynamic stimulation [13]. At the same time, biofabrica-
tion strategies allow tissue engineers to develop highly-organized
constructs that can better facilitate chondrogenesis, in terms of
gene expression, matrix synthesis and biomechanical functionality,
under a physiologically relevant loading regime. In this regard, a lot
of effort has been made in creating soft network constructs that
closely resemble natural soft biological materials, such as carti-
lage, by means of design and composition, as well as physicochem-
ical properties [14-16]. However, despite such remarkable achieve-
ments, great challenges still exist when it comes to the translation
from research to products.

This review paper intends to highlight the scientific research
requirements along with the considerations regarding the clinical
translation of cartilage engineering strategies. The objective of this
paper is to present and comment on these requirements and not
to provide an extensive review of each angle of the field. There-
fore, this review will try to discuss the scientific cartilage tissue
engineering concepts and will also provide a perspective on how
to bridge the gap between cartilage research and clinical applica-
tions.

Brief insights in articular cartilage biology and mechanical
function

Articular cartilage covers the gliding surfaces of synovial joints.
The architecture of hyaline cartilage provides unique functional
characteristics including low friction articulation and damping the
mechanical loads in the joint [17,18]. This avascular and aneural
hyaline cartilage is composed of highly specialized chondrocytes
cells, which produce and maintain the dense cartilage extracellular
matrix (ECM). Collagen is the major matrix macromolecule consist-
ing 10-20% of the cartilage weight. Both the compressive resistance
and tensile resilience of this soft tissue can be ascribed to this
highly organized collagen network [19,20]. Proteoglycans such as
aggrecan, present another important structural component of this
tissue. They make up 10-15% weight of articular cartilage and they
further increase cartilage compressive strength in terms of their
fixed charge density and high osmotic pressure [21].

High water-containing environment (65-80%) of cartilage is re-
tained by the matrix components [22]. The presence of water, to-
gether with the collagen network and the various glycoproteins at-
tribute a biphasic nature to the tissue [23]. A fluid phase, mainly
consisted of ions dissolved inside water, and a solid permeable
matrix containing a network of collagen type II and proteogly-
can agglomerations, result in a predominantly viscoelastic behav-
ior. When the tissue is under mechanical loading, the aforemen-
tioned viscoelastic characteristics are further enhanced, due to the
exudation of the interstitial fluid through the porous solid matrix
of the tissue [24].

Based on the unique macrostructure, cartilage tissue is com-
posed of four regions: superficial, middle, deep, and calcified
zones; each one exhibiting unique structural characteristics. Such
a zonal inhomogeneity, results in a depth-dependent variation of
its mechanical properties [25]. Indeed, Antons et al., showed that
from the superficial layer of cartilage towards the calcified zone,
a gradient of elastic modulus values spanning from 0.02 MPa to
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approximately 6.44 MPa is evident [26]. Taken together, it can be
realized that permeability, viscoelasticity, non-linearity and inho-
mogeneity present the 4 key mechanical characteristics of articular
cartilage.

Cartilage repair strategies over the last 20 years

Cartilage stems from the Latin word “cartilago”, which has
the meaning of “chondros” in Greek [27]. Indeed, the first docu-
mented realization of cartilage as an indispensable tissue in the
human body, has been ascribed to Aristotle in the fourth century
BC [28]. Another renowned anatomist, John Hunter (1743) stated
that: “An ulcerated cartilage is an intractable disease and once
injured is hardly recovered” [29]. This famous quote remained a
general belief, regarding cartilage repair, for approximately two-
hundred years. Indeed, the quest for the most effective way to re-
store cartilage malfunctions was initiated in the early 1980s [30].
Over the last 30 years, several cartilage repair strategies have been
developed for the treatment of such lesions. Among these strate-
gies, contemporary clinical treatments for reconstructive cartilage
surgery comprise bone marrow stimulation techniques, autologous
chondrocyte implantation and osteochondral autograft and allo-
graft transplantation [31]. A graphical illustration of the aforemen-
tioned strategies is depicted in Fig. 1. A brief description of each
method is also provided in the following sub-sections.

Marrow stimulation strategies

Marrow stimulating strategies principally involve debride-
ment of injured cartilage, which result in bleeding, with the goal
of inducing healing from the bone marrow. Microfracture surgery
presents the “gold standard” among the different marrow stim-
ulating strategies. This technique relies on the body’s own heal-
ing capabilities and aims to augment chondral resurfacing by pro-
viding enhanced milieu for tissue regeneration. In the first step,
the calcified layer of cartilage is removed using a curette. A sharp
arthroscopic awl is subsequently used to create small fractures
(holes of 2 mm) in the subchondral bone plate, aiming to induce
clot formation in the defected area [32]. Microfracture presents
a relatively inexpensive surgical procedure, it provides immedi-
ate relief of symptoms, but the durability of sustained clinical im-
provement beyond 2 years following surgery is debatable. Patients
treated with microfracture, for instance, have shown initial clini-
cal improvements in the first months following surgery, however
a dramatic decrease in ICRS and Tegner scores was observed af-
ter long-term follow-up studies [33]. To address such issues, “en-
hanced” or in other words “augmented” marrow stimulating meth-
ods were proposed. These mainly involve the use of an acellu-
lar bio-membrane together with stimulating molecules that aim to
prevent cell loss from the clot [34]. However, up to now, there are
no studies that convincingly demonstrate the supremacy of such
strategies over conventional microfracture.

Osteochondral autograft and allograft transplantation

Osteochondral autograft transfer, or in other words known as
mosaicplasty, involves acquiring cylindrical cartilage-bone plugs
from areas that bear minimal loads (such as femoral condyles),
and transfering them to the injured sites on the weight-bearing re-
gions [35]. This approach is often recommended for the treatment
of medium-size defects and combinations of different graft sizes
can allow for a filling rate up to almost 95%. Limited graft avail-
ability presents the main disadvantage of this method and this lat-
ter has led to the exploration of other strategies for the treatment
of cartilage defects [31].
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Fig. 1. Current strategies for the treatment of cartilage injuries.

The rationale behind osteochondral allograft transplantation
for instance, centers around the transplantation of full-thickness
hyaline articular cartilage into the defected area in the joint. It
presents a single-stage procedure that limits donor site morbidity
and results in more physiologically matching profile of the native
recipient surface anatomy [36]. This latter leads to high degrees
of long-term implant survival and high rates of reported patient
satisfaction. In fact, a 2015 study demonstrated that the survivor-
ship of osteochondral allografts was more than 80% at 10 years
following transplantation, as indicated, mainly, by the Knee injury
and Osteoarthritis Outcomes Score (KOOS score) and the Knee So-
ciety Function scale (KS-F) [37]. Another elegant study illustrated
that among patients who were treated with osteochondral allo-
graft transplantation, more than 85% showed good or even excel-
lent clinical outcomes at 10 years after surgery [38].

Autologous chondrocyte implantation and matrix assisted autologous
chondrocyte implantation

Autologous chondrocyte implantation presents a two-stage
strategy for cartilage repair. The first procedure is performed
arthroscopically, where the size of the lesion is assessed. A piece of
articular cartilage is then harvested and the cartilage biopsy is en-
zymatically treated in order to isolate the chondrocytes. Once the
chondrocytes are obtained, they are usually expanded in vitro for
approximately 6-8 weeks. After this stage, the second procedure
begins. More specifically, the operation involves a procedure where
a periosteal flap is sewn over the defect. The expanded chon-
drocytes from stage one, are then injected underneath the patch
where they adhere to the patient’s knee and they will eventually
produce hyaline-based cartilage [39].

More recently, matrix assisted autologous chondrocyte implan-
tation (MACI), involves resuspension of the cells into a hydrated
matrix, before injected under the lesion. This technique is mainly
used for the treatment of full-thickness cartilage defects and it
has shown superior long-term outcomes compared to ACIL. Patients

who have underwent MACI surgical treatment have demonstrated
considerable enhancements in knee joint function [40]. A 2017
study for example, showed that more than 90% of patients were
satisfied with their pain relief at 5 years after surgery and they
were able to undertake daily activities, while around 80% were able
to participate again in sports [40].

Cell-based tissue engineering products for cartilage repair

All in all, the approaches that have been pursued over the years
for the treatment of defects in joint cartilage (and were described
up to Section 3.3) exhibit limitations. Regenerative strategies (i.e.,
ACI/MACI) produces more favorable outcomes for the cure of large
defects compared to marrow stimulation approaches [41]. How-
ever, such outcomes are palliative only, providing temporary relief
and no actual treatment, since the structural coherence of the tis-
sue surface is inferior compared to the native tissue [42]. An un-
met need for cartilage tissue engineering rises from the tissue’s in-
capacity to mount an adequate healing response after injury. This
brief section aims to inform the reader about some of the major
and relatively recent clinical applications for articular cartilage re-
pair products in the clinical pipeline. Only cellular constructs are
presented.

Aiming to boost cartilage regeneration, a number of cell-
based, cartilage products have entered clinical trials around the
world. NOVOCART® 3D, a collagen type 1 based scaffold seeded
with primary chondrocytes, has been successfully used in Europe
for the treatment of more than 6000 patients since 2003 [43]. At
the same time a Phase III trial comparing the superiority of NOVO-
CART® 3D over microfracture surgery with 233 participants in to-
tal, is expected to be completed in August 2026 [43]. REVAFLEX™
presents a “scaffoldless” approach where a cartilage-disk is ma-
tured from allogeneic juvenile chondrocytes [44]. In a Phase I/II
study, 67% of the patients that were treated with REVAFLEX™,
showed normal or nearly normal repair of the initially injured site
[44]. CARTISTEM, a hyaluronic acid-based hydrogel, seeded with
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In Situ Forming Scaffold

Fig. 2. Schematic illustration of the preformed, hybrid and in situ forming biomaterials.

umbilical cord blood-derived stem cells has also shown enhanced
and stable clinical outcomes during a 7-year follow-up study in
Korea [45]. Spherox presents another elegant engineered product
for the treatment of cartilage injuries. Consisted of chondrocyte ag-
gregates, autologous spheroids are inserted arthroscopically in the
injured site where they start healing the defect. The efficacy of
Spherox has been shown in two clinical trials (one Phase II and
one Phase III) where statistically significant improvement of clini-
cal scores was seen in both studies[46].

Biomaterial platforms: considerations and state-of-the-art

The overarching principle for effectively choosing the desired
material in any tissue engineering applications is having meticu-
lously defined design criteria, that are determined, predominantly,
by the final use [47]. More precisely, in case of cartilage regen-
eration, biomaterial's design, composition and interactions with
cells need to be screened and subsequently enhanced based on
the interactions with the native cartilage tissue, its inherent repair
mechanisms, as well as its ability to be fabricated at a clinically
relevant scale. Crucial prerequisites of any biomaterial to be used,
present its biocompatibility and degradation properties. The three-
dimensional biomaterial must be able to support and enhance cell
growth and maintenance, while its degradation rate should match
the defect healing rate [48].

Additionally, in case of cartilage regeneration, the ideal bioma-
terial should also allow the recreation of tissue’s composition by
means of the ratio between the liquid and solid phase of the soft
tissue, it should reproduce its zonal architecture, and facilitate a
suitable environment for the successful and efficacious integration
of the newly-developed tissue with the adjoining native one [49].
Functional regeneration can only be reached via distinctive hierar-
chical structures, suitable cells that will initiate matrix deposition
and a well-orchestrated interplay of mechanical properties. This
latter concept, has initiated a quest among the scientific commu-
nity for the most effective way to substitute for damaged cartilage
and to produce the optimal cartilage replacement material.

Biomimetic scaffolds with tissue-like architectures and on-
demand properties have long been developed to guide specific cel-
lular responses. For the purpose of this section biomaterials are
classified into 3 different categories: Preformed scaffolds, consist-
ing of either naturally derived materials (mainly hydrogels) or syn-

thetic materials, in situ forming biomaterials and hybrid biomate-
rials. Fig. 2 illustrates the differences between these categories.

There is a huge array of preformed biomaterials that have been
attempted to regenerate cartilage, spanning from natural-based
polymers [50], owning to their extreme similarity with the natu-
ral extracellular matrix, to synthetic polymers with various phys-
ical and chemical characteristics [51]. Among the various natu-
ral biomaterials, chitosan, fibrin, alginate, silk and collagen type
I have been extensively investigated for cartilage regeneration. At
this point it should be noted that the aforementioned materials
can be included under the same title: hydrogels. Hydrogels are
three-dimensional hydrophilic networks of cross-linked polymers,
which are able to encapsulate large amounts of water [52]. In this
regard, hydrogels are usually used to develop a fully hydrated envi-
ronment for the cells, analogous to the extracellular matrix of the
tissue of origin [14].

Alginate for instance, a polysaccharide derived from algae, has
been shown to lead to enhanced chondrogenic gene expression
levels as well as to elevated production of collagen type II, the
main structural component of cartilage tissue. This has been at-
tributed to the fact that chondrocytes can maintain their native
round morphology after encapsulation in alginate hydrogels [53].
Collagen type I presents another very common material that has
been attempted for cartilage repair. Such scaffolds have facili-
tated chondrogenesis in studies exploring the effects of dynamic
mechanical loading [54], as well as proteoglycans [55, 56]. Silk-
based scaffolds have also shown promising results for chondroge-
nesis when seeded with stem cells. Indeed, silk hydrogels result
in improved type II collagen content and proteoglycan synthesis,
in seeded mesenchymal stem cells [57]. Fibrin glue and chitosan
have also been trialed as potential constructs for cartilage repair
due to their excellent biocompatibility and enhanced interactions
with chondrocytes [58, 59].

A wide variety of scaffolds for cartilage tissue engineering
have also been fabricated by synthetic materials. Unlike naturally-
inspired materials, synthetic polymers can be tuned with respect
to their physicochemical characteristics [60]. Crucial properties of
a polymer such as its mechanical profile or degradation properties
can be tuned via alterations in its chemical backbone [61]. Such
elegant flexibility inspired tissue engineers to design constructs
with predefined biological and mechanical properties. Among the
various synthetic polymers, polylactides, polyglycolides and their
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copolymers have been extensively studied for cartilage regenera-
tion [62]. These materials can be customized to form porous con-
structs, films or meshes, thus allowing for various possibilities for
scaffold shape and architecture.

More recently, in situ forming hydrogels were viewed as tempt-
ing candidates, owing to their capability of being injected into
the body. The attractiveness of such approach stems from the fact
of minimally invasive surgery and improved patient’s compliance
[63]. With this regard, smart, or in other words, stimuli responsive
hydrogels have also attracted particular interest. Such hydrogels
can undergo various transitions in response to different physico-
chemical cues, such as changes in pH, temperature, chemical fac-
tors or even wavelength or intensity of light. Ehrbar and asso-
ciates for instance, have developed a novel PEG-based gel that was
able to selectively enhance cell adhesion and enzymatic degrada-
tion, illustrating the capability of such gels to demonstrate various
biomolecular signals [64]. Thermoreversible hydrogels have also
been used for cartilage engineering applications. Moghadam et al.
(2014) have created a novel poly(2-hydroxyethyl methacrylate) ma-
trix, combined with thermosensitive poly(N-isopropyl acrylamide)
nanoparticles. By using its dissipative capabilities as an internal
heat source, the scaffold undergoes changes, which result in spa-
tiotemporally control the release of a drug [65].

However, in many cases, despite the fact that hydrogels exhibit
unique biocompatibility, their mechanical properties are far lower
than those of natural cartilage [66]. To this end, it was thought
that the incorporation synthetic or natural fibers in the hydrogel
formulation, not only will it enhance the mechanical performance
of the hydrogel, but it will also lead to constructs that better re-
semble cartilage architecture, since cartilage by nature is a com-
posite material. With regards to this latter point, Moutos, Freed
and Guilak (2007) generated three-dimensional anisotropic woven
constructs, consolidated with a cell-hydrogel blend, demonstrat-
ing mechanical performance similar to native’s cartilage, as quan-
tified in terms of compressive, tensile and shear testing. The same
study also represents proof of concept that cartilage-mimicking
constructs, by means of highly controllable mechanical properties
and enhanced biological performance could be engineered [67]. In
a similar concept, by applying melt electrospinning writing, Bas
and associates (2015), reinforced soft hydrogels with well-oriented
nanofibrous networks, transforming the latter into hybrid com-
posites with outstanding mechanical performance and enhanced
structural integrity [68].

Taken together, the development of functional biomaterials
for cartilage restoration presents a highly active area of re-
search, mainly because of the complex physiological characteris-
tics of cartilage tissue. However, despite the promising results that
some studies have demonstrated towards cartilage repair through
hydrogel-based strategies, clinical success remains limited. From
the standpoint of polymer biomaterials, optimization of the me-
chanical properties and the functionality of the resultant formula-
tion is still a challenge for polymer scientists and engineers. Ideal
biomaterials should meet several requirements and should possess
various characteristics (as described in Section 2), which demon-
strate an active role in cartilage function. In situ forming hydro-
gels provide tremendous advantages when compared to preformed
scaffolds. Unique flexibility, as well as targeted minimal invasive
delivery present the most important ones; however, they may also
demonstrate a few drawbacks, such as incorporation of toxic cross-
linking molecules during the preparation process or very slow rate
of gelation at the injured site.

Cell sources

Even though primary articular chondrocytes seem to be the
most obvious choice for regenerating hyaline cartilage, acquiring
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sufficient number of autologous cells still present a crucial restrict-
ing factor for the translation of these cells to the clinic [69]. Suf-
ficient numbers could be possibly obtained by cell expansion in
vitro, however this may lead to rapid loss of their chondrogenic
phenotype [70]. Addition of growth factors to overcome this issue
in vitro is somewhat possible. Chondrocytes expanded for up to
passage 3 under the application of transforming growth factor beta
1 during expansion for instance, have been shown to significantly
maintained the potential for autonomous cartilage-like tissue for-
mation over the unstimulated control groups [71].

Non-articular chondrocytes such as costal or nasal chondro-
cytes are also under investigation as alternative cell sources [72,
73]. Similar to articular cartilage, the extracellular environment of
costal cartilage is also rich with high amounts of collagen and
glycosaminoglycans. In fact, neocartilage produced by costal chon-
drocytes exhibited mechanical and biochemical properties akin to
those of native articular cartilage [73]. Furthermore, chondrocytes
obtained from the nasal septum possess higher capacity to produce
hyaline-like cartilage tissues and they also exhibit the plasticity to
adapt to a “loaded” environment. A nasal-chondrocyte based prod-
uct is already in clinical trials for the repair of cartilage injuries in
Europe [74].

Stem cells have also been deemed as an elegant alternative op-
tion. The rationale in using these cells stems from the fact that
they can be easily isolated, acquired and expanded in vitro to the
desired number and then differentiate to chondrocytes. Regarding
cartilage tissue, a lot of research has been focused on mesenchy-
mal stem cells [75, 76], embryonic stem cells [77-79] and more
recently to progenitor cells [80]. One problem that arises however,
is that hypertrophy may occur during the chondrogenic differen-
tiation of stem cells. Despite promising data, it seems that their
long-term efficacy should be further investigated [81].

Mechanobiology in cartilage tissue engineering

Arguably one of the biggest challenges in cartilage tissue en-
gineering, involves the development of tissue substitutes that not
only will they restore the structural features of the tissue, but also
its biochemical functions [82]. To accomplish such multifaceted
task, the establishment of precise design criteria, in concordance
with new fabrication strategies that will aid to develop biomimetic
platforms to recapitulate the tissue environment and mimic the
cell-environment interactions, present the most important require-
ments. These design considerations should be relied on a compre-
hensive understanding of the cellular, biochemical or even on bio-
physical basis of tissue regulation [83]. In this regard, the central
role that the mechanical stresses for instance have on specific cel-
lular responses (e.g. phenotype, growth, differentiation, apoptosis,
etc.), especially during the developmental phase, should be taken
into consideration. This latter insight is extremely important, since
the mechanical stimuli significantly affects cartilage development
and function [84].

The pioneering strategy of tissue engineering, primarily focuses
on diverse facets of engineering, medicine, biology and biomate-
rials, but has also expanded to incorporate a broad array of sci-
entific principles, critical for addressing current challenges in the
field [85]. Indeed, developing scalable tissue-engineered analogues
that will mimic both the architecture and the natural function of
native tissues such as cartilage, presents one of the most challeng-
ing tasks; however, progress in engineering approaches, more pre-
cisely the administration of biophysical cues, have led to the cre-
ation of more biomimetic constructs [86,87].

Motivated by the prominent role of the physical and biome-
chanical interplay between cells and their environment in tissue
development and maintenance, mechanobiology has inspired the
integration of different types of stimuli into current tissue engi-
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neering approaches [88]. For instance, several studies have demon-
strated the beneficial effects of uniaxial compression on chondro-
genesis, not only in gene expression levels [89,90] but also in ma-
trix deposition in the 3D constructs [91]. From a mechanical point
of view, dynamic compressive loading has also been shown to en-
hance the mechanical performance of the final construct, by in-
creasing its compressive modulus [92].

Incorporation of such mechanical cues, gives the opportunity
to explore the relevance of mechanobiology in functional tissue
engineering. More precisely, tissue engineers can leverage specific
mechanobiological responses to identify and probe the importance
of biomechanical factors in tissue maintenance, control tissue mat-
uration and tune the biosynthetic capacity of the tissue-engineered
constructs.

Trends in the 21st century

With the rapid advancements in the field of tissue engineer-
ing, cartilage repair via transplantation of artificial constructs that
intimately resemble the characteristics of the natural tissue, has
become an attractive alternative option for treating cartilage mal-
functions [93]. The major hurdle towards a clinical application
of engineered cartilage, centers around the development of func-
tional, yet scalable cartilage constructs, in a credible and repro-
ducible fashion [94]. In this context, numerous research groups
have attempted to produce hyaline cartilage constructs in vitro,
with some of them demonstrating impressive outcomes [95,12],
that may have the potential to be clinically approved and even-
tually used for the treatment of large cartilage lesions. Identifying
the relationship between the cell-mechanical stimuli and develop-
ing effective technologies that will aid the fabrication of functional
tissue constructs, seem to be the main current focus of the scien-
tific community.

Stimulation using bioreactor systems: biophysical and biochemical
stimuli

Hyaline cartilage can be characterized as a biomechanical tis-
sue. It can respond to various mechanical factors and even though
the exact mechanisms involved in the transduction of such forces
are not completely elucidated, research highlights the beneficial
impact of specific types of stimulation for cartilage synthesis and
remodeling. Compressive loading for instance, presents a crucial
component of normal stimulation inside the knee joint. Studies
have utilized both static and dynamic compression to generate car-
tilage in vitro [96,97].

Using a custom-made apparatus, Lee and Bader for instance,
showed that glycosaminoglycan levels were enhanced, under 15%
compression at 1 Hz frequency for chondrocytes encapsulated
in agarose scaffolds [98]. In another elegant study, Mauck and
colleagues observed augmented collagen synthesis and increased
equilibrium modulus of cell-seeded scaffolds under compressive
loading, compared to free-swelling constructs [99]. Lee et al. also
observed an increase of proteoglycan synthesis of chondrocytes
when subjected to dynamic compressive loading, while static stim-
uli resulted in lower matrix deposition [100]. These results, are in
agreement with Wernike and associates, who also explored the
effects of long-term dynamic compression stimuli on cartilage-
engineered constructs. Apart from controlling the chondrogenic
phenotype, they also achieved high GAG deposition and increased
collagen type II expression in the engineered-constructs [101].

Chondrocytes are also subjected to hydrostatic pressure follow-
ing compressive stimulation of cartilage. More specifically, the low
permeability of the tissue does not allow synovial fluid to run out
of the tissue and inside the joint area. As a result, pressure in-
side cartilage cyclically augments during every instance of com-
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pressive loading [102]. This latter has inspired tissue engineers to
utilize hydrostatic pressure to produce cartilage in vitro. In fact, hy-
drostatic pressure at a physiological range of 5-15 MPa, has been
shown to enhance chondrocyte matrix deposition, via modulation
of specific chondrocyte transporters [103]. Indeed, a significant im-
provement in proteoglycan (Aggrecan) production was observed on
monolayer chondrocytes, following a 10 MPa static pressure for a
period of four hours [103, 104]. Studies utilizing constant pressure
have reached physiological levels of biomechanical and biochem-
ical properties in cartilage-engineered substitutes. When bovine
chondrocytes experienced 10 MPa of pressure for 1hour per day
for a total of 8 weeks, resulted in enhanced collagen content com-
pared to control groups and prevented the lower glycosaminogly-
can content per construct observed in the control groups over time
[105]. According to a 2021 study, transient receptor potential chan-
nels can mechanotransduce hydrostatic pressure and stimulate ma-
trix formation [102].

Improvements have also been shown when the culturing condi-
tions of the engineered constructs include shear [106]. Shear load-
ing provides a form of stimulation during knee function. The ra-
tionale behind shear bioreactor systems that replicate this type
of loading usually, center around the idea of producing constructs
with enhanced frictional properties more similar to cartilage. As
in the case of compressive stimulation or hydrostatic pressure,
dynamic shear seems to yield more promising results. Dynamic
shear of around 2% could stimulate 40% higher collagen synthe-
sis as well as 35% more proteoglycan production over the control
groups [107]. This behavior could be attributed to the activation of
primary cilia, a nanoantenna present in chondrocyte channelome.
Polycystin I and II, two genes encoding the primary cilia, have been
shown to be significantly upregulated when chondrocytes are sub-
jected to shear [108].

At this point it should be mentioned that various types of shear
bioreactors exist and have been explored for cartilage tissue en-
gineering. There are systems [109], which try to mimic the nat-
ural situation where tissue touches against tissue, there are fluid-
shear bioreactors that utilize fluid flow as the main source of shear
[110] and perfusion bioreactors that have been developed to facili-
tate nutrient transfer in the engineered constructs [111]. Perfusion
systems provide a type of stimulus that is less related to the nor-
mal condition of joint movement, however it has been shown that
they can also positively influence critical cellular functions. Appli-
cation of shear force on chondrocyte monolayers demonstrated a
2-fold increase in glycosaminoglycan production. The same study
also showed that the size of the newly-formed glycosaminoglycans
was also enhanced in human chondrocytes in response to shear
loading [112].

Oxygen concentration presents another potent regulator for car-
tilage homeostasis. The oxygen concentration of cartilage tissue is
estimated in the range of 7-10% around the superficial zone of the
tissue and approximately 1% close to the subchondral bone. Pri-
mary human chondrocytes acquired from healthy [113] and dis-
eased [114] regions of articular cartilage showed increased tran-
script levels of critical chondrogenic markers under low oxygen
conditions. Transforming growth factor signaling pathways, which
in turn regulate cartilage development and maintenance, have also
been shown to be enhanced when culturing chondrocytes in hy-
poxia conditions. In fact, a 2.5% of oxygen concentration is consid-
ered optimal for boosting the transcription of such factors [115].
Studies have also utilized hypoxia conditions in synergy with me-
chanical loading. For example, the combination of dynamic com-
pression and hypoxia led to a significant down-regulation of colla-
gen type | expression, resulting in stabilization of the chondrogenic
phenotype [116]. In this regard, hypoxia inducible factor 1 (HIF-1)
has been regarded as a crucial element for hypoxic induction of
chondrogenesis [117].
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Fig. 3. (a) Front view depicting the bioreactor device, (b) close up view of the pistons lowered into a 24-well plate, (c) compressive loading is achieved via actuator-driven
pistons, while the movement of the sliding platform lead to shear deformation, (d) top view of the culture chamber, (e) culture chamber, (f) representative load-displacement
curves, (g) Young's modulus measurement immediately through the bioreactor. Reproduced from [68].

As the field of cartilage engineering expands and matures, more
sophisticated bioreactor systems have been developed. Researchers
have started integrating various mechanical stimuli into single, hy-
brid bioreactors in order to elicit a more favorable response from
cells. Meinert and colleagues, developed a pioneering bioreactor
system that could apply defined uni- or bi-axial mechanical stimu-
lation to the engineered cartilage constructs (Details can be seen in
Fig. 3). The resultant system was used to assess the effect of var-
ious individual physical cues on chondrocyte mechanobiology. In
fact, administration of intermittent biaxial stimulation of cartilage-
engineered constructs, incorporating clinically relevant cells and
biomaterials, was shown to augment matrix accumulation, result-
ing in cartilage-constructs with superior, natural-like biomechani-
cal properties [118].

Last but not least, tension has also been trialed as an alter-
native, yet effective stimuli to augment the overall biomechani-
cal performances of neotissue. More specifically, tension stimula-
tion of scaffold-free cartilage-like substitutes, treated with lysyl hy-
droxylase homolog 2 resulted in an approximate 6-fold increase
in tensile strength. Subsequent implantation, illustrated that such
constructs exhibited 90% of the collagen content of native carti-
lage [119]. The same study showed that transient receptor potential
vallinoid 4 ion channel is responsible for transducing tension stim-
ulation. Although the application of tension stimuli was achieved
without the use of a bioreactor system, this study impressively il-
lustrates the effectiveness of such biophysical stimuli for the de-
velopment of functional tissue constructs.

The use of biochemical stimulation in three dimensional cul-
tures have also been explored to enhance the proliferation rate and
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to restore the chondrogenic capacity of articular chondrocytes. Ap-
plication of insulin-like growth factor 1 (IGF-1) concomitantly with
osteogenic protein 1 (OP-1) has been shown to improve matrix
secretion in both osteoarthritic and normal chondrocytes, when
seeded in alginate [120]. Additionally, culturing primary human
chondrocytes with transforming growth factor 2 (TGF-$2) and in-
sulin growth factor notably improved expression of type II colla-
gen, when compared to control groups [121]. A synergy between
transforming growth factor 1 (TGF-f1) and fibroblast growth fac-
tor 2 (FGF-2) has also been suggested. More specifically, when adi-
pose mesenchymal stem cells were treated with the aforemen-
tioned factors, a significant up-regulation of cartilage-related genes
was observed [122]. It is thought that such factors stimulate criti-
cal metabolic programs in chondrocytes, leading to improved ma-
trix synthesis.

Taken together, the potential of bioreactors in improving the
quality and efficiency of cartilage engineered constructs has been
realised for quite some time. By providing a compendious level
of control over a wide range of biophysical and biochemical fac-
tors, bioreactors offer the technological means to conduct studies,
aiming at revealing which mechanical cue regulates which biolog-
ical function [123]. Such data will provide crucial information in
engineering cartilage tissue. This vital, mechanobiology-related re-
search will offer the basis for tailoring the essential environmental
conditions necessary for the generation of functional cartilage tis-
sue.

Cartilage biofabrication

The emergence of Tissue Engineering was fostered by the aug-
menting need for functional tissue replacement [124]. The classi-
cal paradigm of Tissue Engineering revolves around the use of a
three-dimensional carrier, together with cells and other biological
factors to regenerate damaged tissues [125]. Despite considerable
outcomes in vitro, the lack of engineered substitutes that mimic
both the biomechanical and biochemical environment of the native
tissue, has hindered its translation into clinical practice [126]. Bio-
fabrication, an emerging research field, encompasses the principles
of additive manufacturing and three-dimensional bio-assembly and
aims to generate tissue equivalents in an automated fashion, in-
corporating living cells and biological elements during the process
[127]. In other words, it allows for the fabrication of living tissue
analogues, via the deposition of living cells and biomaterials onto a
substrate from pre-defined computer-generated designs, in a layer-
by-layer fashion, exclusively and precisely where needed [128].

The ability to produce such precise and complex arrangements
might have a beneficial impact to the functionality of the resultant
construct, in terms of the accurate and spatial deposition of dif-
ferent types of cells and materials, tailored in such a way, to sig-
nificantly augment cell response [129]. Reproducing the stratified
architecture of native cartilage for instance, that is thought to be
one of the main reasons why traditional methods have proven un-
successful up to now [130], could be easier recapitulated with bio-
fabrication strategies [131]. Indeed, Miguel Castilho and colleagues
successfully manufactured biomechanically competent constructs,
efficiently mimicking cartilage zonal architecture, that could sup-
port neotissue formation upon mechanical stimulation, at physio-
logically relevant regimes [12].

Furthermore, biofabrication is also believed to demonstrate a
crucial role towards improving construct’s overall biomechanical
performance. From a material standpoint, articular cartilage can
be seen as a soft network composite material that plays a crucial
role in articulating joints, during dynamic loading [132]. A colla-
gen network together with a proteoglycan-based extracellular ma-
trix, give rise to the viscoelastic nature and stress relaxation of the
tissue [133]. However, up to now, the majority of the cartilage-
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engineered constructs, underperformed during prolonged dynamic
loading, suggesting that other alternatives need to be pursued to
combat such challenges. In this context, by carefully designing hy-
drogels that can efficiently emulate the proteoglycan matrix of ar-
ticular cartilage which were further combined with elegantly de-
signed polymer fibers, Onur Bas and colleagues, managed to fab-
ricate constructs that could capture the overall transient, equilib-
rium and dynamic mechanical properties of human articular carti-
lage [82].

As for the feasibility of such strategies to successfully generate
clinically relevant constructs, even though there are still hurdles
that need to be faced [134], there are, on the other hand, available
data illustrating the efficacy of such biofabricated engineered im-
plants. Kang et al. for instance, successfully developed a bioprint-
ing platform and convincingly demonstrated the ability to generate
tissue-like structures, such as cartilage, based on CAD data, exhibit-
ing enhanced mechanical integrity and without any sign of necro-
sis [135]. This specific work successfully exemplified the potential
ability of such strategies to overcome current limitations with re-
spect to personalized-shapes and structural integrity.

Ultimately, biofabrication enabled the fabrication of tissue ana-
logues with high geometric complexity and with spatial variations
along different axes. The level of control of such techniques offers
a valuable tool to better investigate factors that modulate cell re-
sponses. Biofabrication of in vitro cartilage substitutes has demon-
strated key biomechanical and functional characteristics of the na-
tive tissue, and such technology is being embraced as a model sys-
tem to investigate tissue-level responses.

Preclinical studies: a perspective

Preclinical studies present an indispensable component in the
development of advanced medicinal products and their objective
is to illustrate proof of principle of the products as well as define
any potential effects that could be predictive for the responses in
humans. More specifically, preclinical studies present a central part
for tissue engineering applications, since they can provide useful
insights regarding the safety and efficiency of biomaterials prior to
human clinical trials [137]. Chondrogenesis has been investigated
in different animal models, such as nude mice [138,139]. The main
advantages of mouse models revolve around the reasonable pur-
chase costs, in concordance with the relatively ease of housing. On
the contrary, since the cartilage tissue of mice is far thinner than
that of humans, such models might limit the usefulness of the in
vivo outcome [140].

Quite a few studies have also utilized rabbits for the assessment
of cartilage defect therapy [141]. Rabbits present an attractive al-
ternative, mainly because they are relatively inexpensive, require
simple husbandry and their joints are bigger compared to mice or
rats [142]. Lin and colleagues (2015), have successfully fabricated
composite PLGA/Hap/Zein scaffolds aiming to repair bone-cartilage
interface. The subsequent implantation of the composite constructs
into rabbits produced invaluable evidence that such scaffolds could
induce cartilage formation [143]. On the other hand, it has been
shown that rabbits exhibit greater healing capacity compared to
bigger animals and humans, a factor that should also be consid-
ered before using them in tissue engineering studies [135].

Mini-pig and goat models have also been used in cartilage engi-
neering applications. A thicker cartilage of approximately 1.5 mm
presents a relatively good approximation to that of a human, al-
lowing the study of both partial and full thickness defects. Again,
it should be mentioned that it is important to use mature pigs in
order to avoid the spontaneous cartilage repair, which may create
challenges regarding extrapolating the results. In the case of goats,
a high variability in cartilage thickness has been observed, which
could lead to fluctuations of the volume of cartilage defects within
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studies and potentially to arbitrary comparisons among studies
[132].

Horses are the largest animals that have been used as models
in cartilage engineering studies. Since equine joints share several
characteristics with those of humans, equine models have been
now incorporated for orthopedic research [144]. As an athletic ani-
mal, the horse presents an ideal model for the evaluation of strate-
gies in the resurfacing of chronic defects. The cartilage thickness
of the horse ranges from 1.75 to 2 mm for the medial femoral
condyle, making it the best candidate for cartilage engineering re-
search [145]. Concerns however center around the loading envi-
ronment in the horse joint. Although the horse provides a model
where defect geometry can match up to the human clinical sce-
nario, its weight (400-500 kg) places lesions under stringent static
loading conditions [146].

Cell-based medicinal products, such as chondrocytes contain-
ing products can be complex in their development and therefore
proof-of-principle preclinical studies are strongly required. In this
context, it should be noted that variations between species can
present a critical obstacle towards translation to the clinic, since
human cells will very likely be rejected by an immunocompetent
animal, resulting in a premature elimination of the administered
product. Immuno-compromised animals could in this case provide
an alternative option, however, dissimilarities in the in vivo envi-
ronment may also lead to differences in the product-tissue inter-
actions. In such cases, homologous animal models utilizing the re-
spective cells from the same animal species are preferred. The na-
ture and characteristics of the homologous product, along with the
manufacturing process must be representative of the product to be
used in humans [147-149].

Overall, the selection of appropriate animal models presents
one of the most challenging steps for the design of preclinical stud-
ies. This is because even basic characteristics, critical to reproduce
the situation in patients, may be absent or different in the selected
model. The benefit of the different animal models for safety testing
must be critically considered and their relevance should be scien-
tifically justified. The selected animal model should replicate the
clinical condition of the patient as precise as possible with same
pathophysiology as in patients. Normally small animal models are
widely employed, in the case of chondrocyte-based products, due
to their relative ease of manipulation and due to the fact that are
readily available [147]. On the contrary, sometimes data extrapo-
lation from small animal models to humans may be challenging.
In this case, larger animal models may be required. In any case,
the total number of animals per individual study should allow
for statistically and biologically significant interpretation of the re-
sults [148]. All safety issues emerging from the non-clinical studies
should be carefully addressed, particularly in the presence of phys-
iologic differences that would potentially limit the predictive value
of the homologous animal model. Certain notice should be given to
biological processes that could potentially stimulate infections or
change of cell native characteristics during development and post
marketing phase of cartilage products [149].

Requirements for clinical translation

Tissue engineering has been considered as the new panacea in
tissue reconstruction since the last three decades [150]. The term
tissue engineering refers to a multidisciplinary strategy that aims
to regenerate natural tissues that would last the patient’s lifetime
[151]. Based on this latter point, a colossal amount of effort and
resources have been afforded on tissue engineering research. How-
ever, as Scott ] Hollister have said, despite almost 30 years of re-
search expenditure in tissue engineering, only a handful of new re-
pair strategies ever attain regulatory approval for clinical use [152].
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This number is further decreased, when we consider products that
are meant to be used only for cartilage repair.

Therefore, despite some already proposed legislation, the ques-
tion that immediately arises centers around the “gap” existing be-
tween cartilage tissue engineering research and commercialization.
This paper asserts that such a gap can be mainly ascribed to reg-
ulatory prerequisites, but it can be potentially bridged by focusing
on 4 key steps:

1 Manufacturing processes: manufacturing processes should fol-
low the quality system regulations (QSR), so that can poten-
tially obtain FDA or EMA approval.

2 Bioreactor designs & Mechanobiology: Bioreactor platforms can
effectively recapitulate the in vivo environment, and thus can
arouse a highly efficacious chondrogenesis. They offer the pos-
sibility to assess pioneering salubrious strategies, while mini-
mizing ethical concerns.

3 Pre-clinical experiments: first stage evaluation of the tissue-
construct that has been made in step 1. A more comprehensive
understanding regarding the efficiency of the engineered con-
struct can be achieved.

4 Early/first-step clinical trials: based on the outcome of step 3,
early stage trials should be performed.

Arguably regulatory prerequisites present the most important
factor when considering the successful commercialization of any
product that is meant to be used in bio-applications. In cartilage
tissue engineering specifically, the resultant tissue-substitutes are
usually composed of a biomaterial that act as scaffold, including
one or more biological components. It can therefore be understood
that based on the exact components of the tissue-analogue, each
individual compartment may have to be tested for safety reasons,
not only individually, but also in combination with the other com-
ponents of the “system” [153]. Fig. 5 illustrates the steps towards
a potential clinical translation of a cartilage-engineered product.

Manufacturing processes

Design and manufacturing processes have been considered to
hold remarkable promise for the translation of tissue engineer-
ing research to a commercialized product, through the fabrication
of scalable scaffolds, that will be subsequently used in preclinical
studies [154]. Unfortunately, the limiting number of EMA or FDA
compliant design and manufacturing facilities hinders the transla-
tion of tissue engineering-based strategies for cartilage repair. It
is of high importance that such manufacturing sites operate un-
der the appropriate FDA regulations [155]. As it has already being
emphasized, depending on the complexity of the tissue-substitute,
different regulations may need to be applied for the approval of
the final product. For this reason, manufacturing companies need
to consult the EMA or FDA on a case-to-case basis. Furthermore,
Good Tissue Practice presents an absolute necessity towards the
successful transition from the bench to bedside. Good Tissue Prac-
tice, is considered as part of the Good Manufacturing Practice, and
ensures the generation of a sterile, safe and of high efficiency prod-
uct. Therefore, such guidelines should be taken into account when
considering the commercialization of a product [156].

Bioreactor designs

Bioreactors represent feasible and effective tools to study the
mechanobiology of cartilage tissue, under more physiologically rel-
evant conditions compared to any of the various simplified cell
cultures [123]. For tissues of the musculoskeletal system like carti-
lage, it has been proved by numerous studies that different kinds
of mechanical stimulation, seems to favor the tissue in culture
[98,99,102]. The key motivation behind the use of such systems
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are precisely defined biological and mechanical conditions [157].
Elucidating and characterizing the potential effects of the different
biophysical stimuli that the engineered cells may sense in vivo, is
proposed to present a cornerstone for bridging the gap between
research and clinical translation. Indeed, substantial evidence re-
garding the long-term capabilities and performance of the engi-
neered constructs can be acquired from such information.

Mechanical stress is viewed as a key regulator of cell response
and there is a global agreement that the controlled application of
such stimuli, through novel bioreactor designs that mimic the in
vivo complex tissue environment, can be utilized to control con-
struct maturation, at a clinically relevant scale, in a precise and
reproducible fashion [158]. Since reproducibility and scalability are
considered as the gatekeepers for the bench-to-the-bedside jump
[154], using cell-seeded scaffolds directed under different mechan-
ical stimuli to generate stable and defined tissue substitutes in
vitro, are key endeavours believed to achieve clinically translational
success in vivo.

Preclinical testing

Clinical translation of engineered substitutes for cartilage repair
present a challenging endeavor. Such products are considered as
“high-risk” devices and for that reason the implementation of pre-
dictive animal models present a necessary requirement, prior to a
first or even a mid-stage clinical trial. The main purpose of ani-
mal models centers around the proof of safety and durability of
the product, prior to clinical testing [159]. Although there is no
animal model that allows for direct application to humans, each
can be used for yielding principles on which conclusions can be
reached, that might be beneficial for the eventual translation into
a human application. However, the right choice of the appropri-
ate animal model is of significant importance. The safety studies
should be designed in such a way to produce clinically meaning-
ful and reliable information to support safe use of the product in
the intended clinical application. Therefore, safety studies in non-
relevant species may be misleading.

In a very elegant review article, Reinholtz and colleagues
pointed out that the important issue regarding the selection of the
right animal model is how close actually the model is to the ques-
tion being investigated and the hypothesis to be tested [160]. Ani-
mals such as goats, sheeps and pigs have all been used as models
for cartilage tissue engineering studies, however, meticulous con-
sideration should be given into factors associated with animal ma-
turity, since the metabolic turnover of cartilage tissue in mature
individuals is nil. Having said that, Wei and Messner observed that
the spontaneous healing of full-thickness osteochondral lesions in
the knee joints of immature rabbits showed an accelerated filling
and earlier tissue specialization compared to adult animals [161].

Quantitative and qualitative outcome measures should be taken
into consideration, since they can provide reliable data to sup-
port investment decisions and subsequent applications to regula-
tory bodies for clinical trials. A wide variety of histological, ultra-
structural, biochemical, and biomechanical assessments are avail-
able to assess engineered neocartilage. Various types of stains such
as hematoxylin/eosin, alcian blue or safranin O can be used to his-
tologically examine the distribution and position of glycosamino-
glycans, collagen type Il and other matrix constituents. As for the
case of implanted constructs, non-invasive techniques such as ul-
trasound imaging or magnetic resonance imaging can be utilized.

Clinical trials
Once the preclinical studies prove the efficacy and the safety

of the product, clinical data outcome is required for FDA approval.
The clinical trials will be consisted of different phases. An early or
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phase I trial will focus on the safety of the engineered product and
it will involve a limited number of patients. A mid stage or phase Il
trial will then mainly focus on the efficiency of the corresponding
treatment, compared to the most nearly related clinical strategy.
However, at this phase a higher number of patients is required to
obtain statistical testing. In addition to this latter, for products with
expected long-term viability such as in the case of cartilage engi-
neered constructs, patient follow-up is required in order to confirm
long term efficacy and safety issue related to the product.

Concluding remarks & future perspectives

The multidisciplinary field of cartilage tissue regeneration has
undergone exceptional evolution over the past two decades, with
radical achievements in various areas as highlighted above. The
rapid advancements of new technologies in areas such as bio-
materials and biofabrication, coupled with tremendous develop-
ments in mechanobiology and bioreactor design, will unquestion-
ably yield a crucial mark on cartilage tissue engineering over the
next years. Mechanical signals sensed by chondrocytes profoundly
contribute to various anabolic and catabolic responses. Therefore,
a more comprehensive understanding of the effects of the differ-
ent biomechanical stimuli both in native cartilage and in cartilage-
engineered constructs, in vitro and in vivo, will provide crucial in-
sights that will enhance tissue repair strategies. In this context, a
fundamental step in determining the importance of various fac-
tors of the mechanical environment, involves the development of
novel bioreactor designs that will effectively reproduce the in vivo,
yet complex environment of native cartilage. Clinical grade car-
tilage constructs need to exhibit predictable properties and this
can mainly be controlled in bioreactors. Such knowledge will cre-
ate new horizons towards the establishment of functional proto-
cols that will provide useful guidelines to those who seek to fab-
ricate functional tissue-analogues. However, it is true that a great
number of challenges still remain, mainly regarding scaling-up, and
manufacturing strategies, that will present important prerequisites
prior to getting such technologies transfered to the clinic. Howbeit,
the multidisciplinary field of cartilage tissue engineering has come
into its own path and we envision that it is very probable to have
a quite promising future. Fig. 4

Search strategy and selection criteria

Information for this review was identified by searches of
PubMed, Science Direct and references from relevant articles using
the search terms “Cartilage Mechanobiology”, “Bioreactors”, “Clin-
ical translation of cartilage tissue engineering”, and “Biomaterials
for cartilage repair”. Only articles published in English were in-
cluded.
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bridging the gap between cartilage engineering
research and clinical translation

Preclinical/clinical studies. Preclinical studies in
animal models, early and mid stage clinical trials in
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Fig. 5. Four crucial steps are needed for the effective regeneration of hyaline cartilage tissue. Autologous chondrocytes are isolated from a patient and they are subsequently
seeded inside a porous scaffold, molded into the shape of the defect. These two steps present the classical approach in the tissue engineering paradigm. This paper argues that
the third step for the successful cartilage regeneration present the understanding of the role of the different biophysical stimuli in chondrocyte mechanobiology. Elucidating
these effects will present a milestone for those who seek to develop functional protocols. As a last step, preclinical and then clinical trials are required to further acquire
data that illustrate the efficiency of the implanted construct.
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