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Abstract. The aim of the present review was to highlight some of the available processes for cartilage
repair and regeneration. Considering the high impact that cartilage degeneration has in the quality of
life, in an aging society, efforts to promote better treatments are crucial. The current available
processes have advantages and drawbacks, that should be further investigated, aiming to obtain
tailored and successful repair. Finally, some suggestions for tissue engineering strategies are
presented, so that the scientific community can debate pros and cons to be investigated.

Introduction

In the last years, the world has seen an increase in the number of debilitating conditions and severe
pain caused by cartilage defects. Due to accidental traumas or a disease prevalence, the scientific and
clinical community are aware of the major problem that our society is facing. Osteoarthritis (OA) is
a chronic condition triggered by the failure of the joints’ cartilage, so that bone articulates on bone
[2, 3]. Some estimates point that this disease occurs in 9.6% of men and 18% of women [2]. This
disease is on the top list concerns of WHO, being the breakdown of articular cartilage a major health
matter to which there are few effective solutions [4]. Direct trauma, chronic degeneration (i.e.,
mechanical overload), or an abnormality of the underlying subchondral bone [5, 6] are the main
detailed factors to produce articular cartilage lesions. In fact, regardless of the low metabolic activity
and relatively poor ability to heal of chondrocytes, it is known that articular cartilage is a dynamic
and responsive tissue, and the contribution of cell-produced extracellular matrix (ECM) components
has a noteworthy role [6-12].

Articular cartilage (hyaline cartilage on the articular surfaces of bones) has extraordinary
mechanical properties (elastic modulus of ~123MPa; mechanical tensile strength of 17 MPa;
compressive modulus varying between 0.53 and 1.82 MPa; compressive stress between 14-59 MPa)
[11, 13-15] and lasting durability, despite its few millimetres of thickness. Its unique structure and
composition provide joints with a surface that combines low friction with high lubrication, shock
absorption, and wear resistance while bearing large repetitive loads throughout a person lifetime |2,
7, 8, 16]. This avascular tissue, containing no neural network or lymphatic drainage, comprises only
one cell type (chondrocytes) and an abundant ECM [4, 11, 14, 17-20], which is 75% composed by
collagens, 17% of negatively charged proteoglycans (protein backbone with highly branched
glycosaminoglycan side chains, made up primarily of chondroitin sulphate and hyaluronic acid), 2%
of DNA and adhesion glycoproteins, and elastin [3, 16]. The lack of blood combined with a limited
proliferation potential of chondrocytes limit the intrinsic healing process, by inhibiting transport of
inflammatory mediators to the defect [4, 16, 21]. There is a low concentration of chondrocytes, and
they are supplied with oxygen and nutrients by a combination of diffusion and fluid flow during joint
loading [14]. Although the synthesis rate of glycosaminoglycan (GAG) and collagen (primarily type
IT) in a developing tissue ex vivo depend on gas exchange, cells remain viable under hypoxic
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conditions, which are inherent for adult cartilage in an articular joint [6, 7, 22]. Collagen fibrils
combined with GAGs provide the tensile strength, load-bearing capabilities, and resilience [3].

Damaged cartilage lead to a decrease in the production of ECM components. However, the number
of chondrocytes is not influenced by its degeneration [23], being the articular cartilage injuries one
serious clinical problem for orthopaedic surgeons. To categorize the magnitude of these injuries and
provide a better understanding of the lesion severity, cartilage lesions are graded following the
International Cartilage Repair Society (ICRS) classification (cf. Figure 1); a system with five level
grades:

Grade 0 — intact cartilage;

Grade 1 — superficial lesions (fissures or cracks);

Grade 2 — fissures less than half of the cartilage thickness;

Grade 3 — fissure more than half of the cartilage thickness;

Grade 4 — fissure extended until the subchondral bone.
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Figure 1. Illustration of cartilage lesions according to the International Cartilage Repair Society
classification.

From grade 1 to grade 3, the lesion does not reach the subchondral bone. Thus, they affect only
cartilage and present a non-healing status since the blood vessels are not affected. On the other hand,
in grade 4, the lesion extends to the vascularized subchondral bone. Therefore, patients will obtain
some spontaneous repair once mesenchymal chondroprogenitor cells are recruited and invade the
lesion to form cartilage. However, this neo-formed tissue is often fibrous and does not present the
functional properties of native hyaline cartilage [24]. The relationship between cartilage stiffness and
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ICRS classification predicts a loss in stiffness of about 25% for each ICRS grade [23]. Bentley [25]
classified, in the patella, defects as grade 1 with 0.5 cm or less in diameter, grade 2 around 1.3 cm or
less, grade 3 with more than 1.3 cm and grade 4 when there is erosion down to the bone. Although
there are several treatments or approaches to treating cartilage problems, which will be presented in
the next section, up to the present, no generally accepted medical therapy is available for preventing
cartilage loss [26].

Available Clinical Treatments/Approaches for Cartilage Repair

There are a significant number of repair strategies to treat an articular cartilage lesion; some
already available, and others in an on-going research status [2, 6, 13, 14, 24, 26, 27], as follows:

e Palliative (debridement and lavage) - relief of mechanical symptoms through the elimination
of cartilage fragments within the joint in cartilage-injured patients, usually older people with
low mobility capacity, minimizing further delamination of the joint surface cartilage.

e Microfracturing - stimulates the formation of a fibrocartilaginous tissue through the drilling
of holes of approximately 0.5-1 mm in diameter through the full-thickness of the articular
cartilage into the bone marrow cavity to allow access to the bone marrow allows progenitor
cell recruitment to the injured site.

e Grafts - chondral and osteochondral autografts (known as mosaicplasty) and allografts are
used in repair full-thickness defects involving the joint. In the case of autografts cylinders are
harvested from a joint area of minor load and added into pre-drilled holes at the defect site.
The allografts consist in transplantation of tissue from compatible donors.

e Cell-based repair - local implantation of chondrogenic cells within a cartilage lesion for
forming hyaline-like cartilage tissue. This strategy may involve the use of autologous
chondrocytes or mesenchymal stem cells.

e Whole tissue transplantation - implantation of fully formed osteoarticular constructs into a
defect, which can be derived from an autologous source or from an allograft donor. The use
of allografts may result in some problems related with biocompatibility.

e Scaffold-based repair or cell plus scaffold-based repair - complete regeneration of articular
cartilage without the inhibition of residual foreign material. Scaffolds can be used either alone
or as delivery vehicles for cells, mitogens or growth factors.

e Hydrogel-based repair or cell plus hydrogel-based repair — present a high-water content and
the possibility of being an injectable system.

The replacement of tissues (such as bone or cartilage) or joints with allograft materials includes
the risk of infections by viruses (such as HIV, hepatitis C), graft vs. host disease [28] or even,
chondrocytes can die during the process [29]. Also, the use of grafts can only be applied to damaged
areas of less than 2 cm? [24]. In addition, to contest the severe shortage of donor tissue for tissue
replacement a new field emerged — Tissue Engineering — using a scaffold and/or hydrogel-based
combined with cells [30].

Commercially available implants for cartilage repair (without cells)

BioCartilage® (Arthrex) is a micronized allogeneic cartilage matrix, intended to provide a scaffold
for microfractures and to deliver a tissue network that can potentially signal autologous cellular
interactions, thus, improving healing and quality of the tissue. It contains key components such as
type Il collagen, proteoglycans, and additional cartilaginous growth factors. Chondrofix® (Zimmer)
is an osteochondral allograft of human decellularized hyaline cartilage and cancellous bone. Multiple
cylinders may be used to fill a larger defect and full recovery may take from six months to one year.
DeNovo NT Graft (Zimmer) is a scaffold-free cartilage comprising manually minced cartilage tissue
pieces obtained from juvenile allograft donor joints. The tissue fragments are mixed intra-operatively
with fibrin glue before implantation in the prepared lesion. It is aimed to provide surgeons with an
early-intervention option for the repair of different anatomic defects of articular cartilage. This graft
can be applied to different articulations, such as knee, foot, ankle, elbow, shoulder or hip. Gel-One®
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Cross-linked Hyaluronate (Zimmer) is a sterile, transparent, viscoelastic hydrogel used for the
treatment of pain in OA of the knee. Patients treated with this hydrogel presented great pain relief
after 13 weeks of use. According to the product description available, side effects include joint
swelling, joint effusion and joint pain.

Cell-based commercially available implants for cartilage repair

Autologous Chondrocyte Implantation (ACI) is another method used for cartilage repair involving
the harvesting of normal chondrocytes from a minor weight-bearing area which is cultured and
expanded ex vivo and then re-implanted into the defect [24]. This technique appeared in the late 1900s
and was first described by Peterson et al. [14, 31]. Limitations of this procedure are related to high
costs of culture conditions, graft fixation methods and lower number of cells obtained, in particular
when cells must cover extensive defects, because of their proliferative limitation potential. Note that
the potential for cell division (number of possible duplications) further decreases with the patient age
[24]. In 1994, Brittberg et al. [32] performed ACI by injecting expanded chondrocytes into cartilage
defects covered with a sutured periosteal flap, which resulted in some cases of success (11 of the 15
femoral transplants and 1 of 7 patellar transplants were successful in the appearance of hyaline
cartilage). A commercially available implant based in this technique is Bio-Seed®-C (BioTissue
Technologies, Freiburg, Germany) which is an autologous three-dimensional (3D) chondrocyte graft
for knee cartilage defects. Cells are collected from a healthy area of the knee that is under less strain,
then cells are expanded in a laboratory (approximately 3 weeks), then they are seeded in a 3D matrix.
The graft provides a stable 3D environment to stimulate cells to assume their morphology and
function. Homminga et al. [33] used autologous strips of perichondrium to treat the chondral defect,
with fibrin glue acting as an adhesive.

Some problems related to ACI is donor site morbidity. Chondrocytes expanded in monolayer in
vitro tend to suffer a process called dedifferentiation and consequently there is fibrocartilage
formation at the defect site [2]. To overcome this drawback, the chondrocytes expansion is performed
in the presence of transforming growth factors (TGF-B1 or TGF-3) [24]. Despite some positive
results in the formation of hyaline cartilage, the use of ACI is still questionable due to predictability
and reliability of cartilage or fibrocartilage formation [12]. As a variation to ACI technique, stem
cells appear as a promising cell source for cartilage repair. These cells can be adult mesenchymal
stem cells (MSCs) from different origins: bone marrow (BM) [34-36], umbilical cord matrix (UCM)
[37-39], adipose tissue (AT) [40, 41] or embryonic stem cells (ESCs) [42, 43]. However, there are
also some limitations in the use of MSCs, such as donor variations (related to age, proliferation and
differentiation potentials), uncontrolled differentiation in fibrous tissue when MSC are implanted
directly, and potential immune responses when they are previously differentiated in chondrocytes.
The use of ESCs is still facing challenges in purity/differentiation efficiency, homogeneity, and
functionality of the cartilage tissue formation. One of the greatest challenges in this area of research
is to understand, control and develop an efficient and stable culture for differentiation to a particular
lineage.

Tissue Engineering-implants for cartilage repair

Cells harvested from donor tissues, including adult stem cells, can be expanded in culture and
associated with resorbable biomaterials from synthetic or biological origin for implementation in the
chondral defect. The advantage of incorporating materials combined with cells, is that the material
matrix can provide the initial structural support required and retain cells in the defective area. This
will allow ECM to be produced by cells, reconstructing the new tissue as the implanted material
degrades and provide room for the new tissue [12].

A material that can be used as an implant in TE must comply a number of requirements to promote
natural wound healing and tissue regeneration [44]. These materials should be biocompatible,
biodegradable, processable to shapes with appropriate porosity, pore size and pore interconnectivity.
Moreover, such materials should be able to support cell growth and proliferation, incorporate growth
factor and present appropriate mechanical properties during all the tissue regeneration process.
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Furthermore, the development of in situ polymerizable implants that can be injected arthroscopically
and function as cell delivery systems in the form of hydrogels are gaining importance in TE
applications. In this case, the ideal polymer should be in liquid/viscous from, should be sterilisable
without causing any chemical change, and have the capacity to incorporate biological matrix
components. After its injection, it should bond to the biological surface and be cured (i.e., crosslinked)
into a solid and porous structure (to allow cell adhesion, proliferation, migration, and ECM
components production) with proper mechanical properties to suit the application. During the curing
process, it is important to have in consideration that cells and the adjacent tissues should not be
damaged [45].

Hyalograft® C autograft is composed of cultured autologous chondrocytes seeded on a
hyaluronan-based scaffold (20 x 20 mm). It is used in cartilage injuries of the femoral condyle or
trochlea. Chondro-gide® (Geistlich Biomaterials, Wolhusen, Switzerland) consists of a bilayer of
porcine-origin collagen type I/III. It is available in three different sizes to be used by the surgeon
according to the lesion: 20 x 30, 30 x 40 and 40 x 50 mm. It involves surgical procedures, for the
induction of the native collagen, which will serve as a scaffold and provide the appropriate 3D
environment for ACI addition. MACI®(Verigen, Leverkusen, Germany) comprises the use of viable
autologous chondrocytes expanded ex vivo for several weeks until reach 10 million cells. Then, they
are seeded onto a porcine-derived Type I/III collagen membrane (ACI-Maix). It is indicated for the
repair of full-thickness cartilage defects of the knee (grade III and IV).

Conclusions

Cartilage related diseases are on the top list concerns of the World Health Organization, being the
prevention of articular cartilage degeneration a major health matter for which there are few effective
solutions. Accordingly, significant efforts are being developed worldwide in the fields of tissue
engineering and regenerative medicine, but full cartilage restoration remains a paramount challenge.
One of the major goals is to produce biological substitutes to restore, maintain or improve tissue
function, using biocompatible and biodegradable support structures, i.e., scaffolds, in conjunction
with human cells. By gathering tissue engineering and regenerative medicine, researchers have been
interested in developing alternative approaches for restoring joint functionality. For instance, the
creation of constructs with a structure and composition resembling native cartilage and yielding
similar mechanical behaviour. Despite the evolution of implants for cartilage tissue repair, there are
several requirements that still need to be fulfilled to obtain a successful hyaline cartilage formation.
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