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Preface

Joint injuries and the resultant articular cartilage defects are frequent occurrences
that an orthopedic surgeon/arthroscopist faces every day. Progressive wear and tear
of articular cartilage can lead to progressive cartilage tissue loss, further exposing
the bony ends, leaving them without protection. This final osteochondral defect
deteriorates latterly into the most common arthritis, a degenerative joint disease.
Unlike other self-repairing tissues, such as bone, cartilage has a low regenera-

tive capacity. As a consequence, once injured, cartilage is much more difficult to
self-heal. The field of articular cartilage tissue engineering, which aims to repair,
regenerate, and/or improve injured or diseased articular cartilage functionality, has
evoked intense interest and held great potential for improving articular cartilage
therapy over the last decade. This book provides an overall description of classic
and current articular cartilage repair and regeneration therapies and techniques,
conventional or operative. Also, it summarizes recent progress in cartilage tissue
engineering, including stem cells, growth factors, bioactive molecules, and bioma-
terial scaffolds used for cartilage regeneration. Finally, the technical and regulatory
challenges of articular cartilage tissue engineering and possible future directions
are discussed.
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Chapter1

Cartilage Tissue Engineering and
Regeneration

Francisco Sousa Segundo, Marcelo Jorge Cavalcanti de Sd
and Roberto Lopes de Souza

Abstract

Cartilaginous tissue is mainly present in the joints, and it consists predominantly
of type II collagen and glycoproteins, which promote functions of supporting
biomechanical forces generated during the ambulation. The cartilage has a very lim-
ited regenerating capacity, causing traumas or degenerative diseases in this region
difficult to solve. The current treatments for regeneration of the articular cartilages
may be conservative or surgical, but they are not very successful, since the dam-
aged tissue is replaced by fibrous tissue or fibrocartilage, with predominantly type
I collagen, which present inferior functions. Cellular therapies, biomaterials, and
tissue engineering to assist the healing process have been showing great potential.
For example, the in vitro chondrogenesis of mesenchymal stem cells (MSCs) is a
technique that stimulates undifferentiated cells to transform into chondrocytes,
creating a dense mass of aggregated MSCs and an environment with strong cell-cell
interactions.

Keywords: biomaterials, cell therapy, joint, tissue repair, regenerative medicine

1. Introduction

Joint diseases such as osteoarthritis can cause important lesions in the articular
cartilage; in humans, this pathology can affect a significant proportion of patients
over 60 years of age, causing a great negative impact on their quality of life. This
increased the search for an effective treatment the objective of several researches,
often seeking the cooperation of several areas of knowledge; however the difficulty
in repairing articular defects in an effective way is becoming a real challenge for
medicine [1].

The cartilaginous tissue present in the joints is a highly organized and special-
ized tissue, presenting several fundamental mechanical proprieties for the mainte-
nance of articular function [1].

The lesions caused in this tissue from trauma or degenerative diseases cause a
gradual damage to the tissue, leading to joint pain and consequent impairment in its
function, which are difficult to handle clinically [1].

Thus, cases of severe joint disease are usually treated surgically, either
through osteotomies and the application of autologous subchondral grafts, reduc-
ing the progression of the cartilage lesion and promoting return to joint function,
or, in more severe cases, complete articular replacement through prosthesis
implantation [2].

1 IntechOpen
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Due to the fact that these techniques may present unsatisfactory clinical results,
alternative treatments for repair of this type of injury are constant aims of research,
mainly in the area of regenerative medicine and tissue engineering, which are com-
monly working together for the development of different therapies [2].

With the development of regenerative techniques, such as the use of biomateri-
als and implantation of autologous cells or tissue, promising results emerged; it was
also noticed that the association of several technical modalities was indispensable
for obtaining satisfactory clinical recoveries [3].

2. Cartilage proprieties

The articular cartilage is formed basically of hyaline cartilage, being rich in type
II collagen fibers and glycoproteins; this tissue is present in the end of the long bones
and sesamoids with synovial articulation, as well as in the physeal line, which divides
the diaphysis and epiphysis and is responsible for part of the bone growth [4].

The healthy articular cartilage has a macroscopic aspect with shiny and whitish
color and smooth surface, is always bathed by the synovial fluid which is produced
by the synovial membranes, and is contained in the articular capsule. Its main
function is the cartilage nutrition and articular lubrication, and its translucent and
viscose consistency contributes to the sliding of the articular segments and reduc-
tion of the articular friction during the movement [5].

Histologically the articular cartilage is defined as a highly specialized tissue with
cells called chondrocytes, which produce collagen fibers, distributed in rows, in the
periphery of the tissue; these cells present in elliptical form with the largest axis
parallel to the tissue surface, in the center of the cartilage, and have a rounded shape
and can group together. Another component present in the cartilaginous tissue is
the amorphous substance which is composed of macromolecules of glycosamino-
glycans [6].

This tissue has little or no vascularization, and its nutritional supply comes almost
exclusively from the synovial fluid. This makes it difficult for cell migration and
proliferation in injured sites; due to this, treatments through microfractures, where a
surgical perforation is performed in the cartilaginous lesion aiming to cause hemor-
rhage and clot formation from the subchondral bone, are widely employed. Despite
being one of the most used techniques, clinical results are often unsatisfactory [7].

The cartilaginous tissue has almost no innervation, which favors its function
of capturing and distributing mechanical forces applied to it during movement,
without any painful reaction. Full-thickness lesions in the cartilage cause the sub-
chondral bone tissue lying just below the cartilage to be exposed, and the friction
generated during movement causes contact with the subchondral bone to cause a
debilitating pain for joint function [8].

The impairment of the normal function of a joint can negatively influence
several nearby structures, and the lack of adequate use of a limb with joint problems
leads to atrophy of muscle groups, which in addition to having clinical impacts on
patients’ quality of life can still make it impossible for some patients to work [8].

2.1 Cartilage lesions

Initially it was believed that osteoarthritis (OA) occurred due to wear and tear of
the articular surface; however, it is now understood that the development process of
such pathology has much more complex mechanisms [9].

The changes observed in the joints affected with OA are usually directly related
to the severity of the same, being observed formation of osteophytes, inflammation
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of articular and periarticular components, bone deformity, and degeneration of the
cartilaginous tissue, as shown in Figure 1 [11].

Several causes can lead to impairment of the normal function of articular
structures, including trauma and degenerative diseases, culminating mainly in
mechanical instabilities, which promote cartilage surface abrasion and progressive
degeneration [12]. This is due to the release of cellular communicators such as cyto-
kines; interleukin types 1, 4, 9, and 13; and tumor necrosis factor alpha (TNF-a), as
well as release of enzymes such as disintegrin, metalloproteinase thrombospondin-
like motifs, and collagenases; all this activity is carried out by chondrocytes, osteo-
blast, and synoviocytes, as shown in Figure 2 [14]. It is also believed that the innate
immune system may participate in the progression of OA, mainly by the activation
of the complement and alternative pathways [15].

After stimulation, the release of enzymes in the joint leads to degradation of
the cartilaginous matrix, causing chondrocyte hypertrophy, which loses the ability
to produce a new collagen matrix [16]. The proliferation of the subchondral bone
exceeds the intersection between the bone and cartilage, causing the formation of
osteophytes, subchondral cysts, and subchondral sclerosis; all of this process aims
to compensate for a mechanical instability in the joint and redistribute the forces
acting on it [17].

However, the continuous exposure of the tissue to mechanical stimuli leads to
the release of vascular endothelial growth factors by chondrocytes, which promote
intense neoangiogenesis and invasion of the joint tissues. Patients affected by angu-
lar deviations or instabilities that increase joint exposure to poor distribution of
mechanic forces have a much more aggressive progression of OA, with subchondral
bone damage associated with severe articular pain [18].

In these cases pain may be associated with the remodeling of the subchondral
bone, which is widely innervated, and the inflammatory process of the joint
structures may contribute to the aggravation of pain; in more chronic cases, the
joint membrane may become fibrosed, which compromises the performance of its

Figure1.

Macroscopic findings of rabbit articular cartilage at 1 week (a), 4 weeks (b), and 8 weeks (c) after collagenase
injection. Photomicrographs of vabbit articular cartilage at 1 week (d), 4 weeks (e), and 8 weeks (f) after
collagenase injection are also shown (Safranin O staining; magnification x 4); taken with permission [10].
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Figure 2.

Signaling cascades involved in osteoarthritis. Red arrows indicate the primary signaling protein that regulates
OA progression. The black arrows signify the activation of the proteins. The bars indicate inhibition of the
proteins; taken with permission [13].

normal functions, and analgesic treatment is of great importance and can be dif-
ficult if central or peripheral sensitization occurs [19].

The development of therapeutic modalities for the management of OA isa
constant interest of researchers; commonly experimental animal models are used
to investigate different treatment options, and among the most used animals are
guinea pigs, rabbits, rats, dogs, sheep, and horses, studying OA in different joints,
such as the temporomandibular, metacarpophalangeal, and the most frequently
used knee joint [20].

The development of experimental models for OA is of fundamental importance
for the understanding of the pathophysiology of the pathology, for example,
through experimental models in rats as shown in Figure 3; it was possible to observe
a much more complex relation between the histological morphology of the carti-
laginous tissue and the pain phenotypes. It can contribute significantly in under-
standing the mechanisms of cellular development and interaction in diseased joints
as well as in the targeting of patients’ analgesic therapy [21].

2.2 Tissue engineering

Complications related to the surgical treatment of microfractures have caused
the search for alternatives or associations to grow rapidly; one of the areas with
promising results is tissue engineering, which cultivates cells or tissues in vitro,
intended for implantation in injured sites [22]. Usually chondrocyte cells are
collected from the patient, in joints that are not submitted to biomechanical loads;
then the cells are cultured and multiplied in the laboratory, reaching amounts of 12
to 48 million cells, and then implanted in affected joints [23].

The main benefits of this technique are the low rate of rejection or complica-
tions due to foreign materials to the patient, since the base cells are collected by
biopsy and are autologous to the patient and the noninvasive nature and since the
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Figure 3.

Articular cartilage pathology 20 and 42 days after OA induction. Histological images of the tibial

plateau (A-D). Joints were sectioned in a frontal plane and stained with Safranin O/fast green staining and
corvesponding consecutive sections stained with H&E. (A) Saline-treated contvol showing smooth cartilage and
normal joint mavgin and chondrocyte morphology. (B-C) 1 mg and 0.1 mg glycolysis inhibitor monosodium
iodoacetate-injected vats at day 20 and (D) 0.1 mg glycolysis inhibitor monosodium iodoacetate-injected rat

at day 42 show degeneration of the cartilage. Proteoglycan loss (B-D) and chondrocyte cloning (B) are also
present in the arthritic cartilage. Scale bars = 200 pum. Images are of knees with median cartilage surface
integrity scores from each group; taken with permission [21].

collection and implantation are usually performed through arthroscopy, which
promotes greater comfort and better recovery for the tissue [24].

The main negative points observed in this technique are the need for two
interventions, a relatively long recovery time, between 6 and 12 months, which are
necessary for the tissue neoformation and its maturation, and the intrinsic com-
plexity of performing this procedure [25].

Clinical studies and follow-up of long-term cases have confirmed excellent clinical
and functional results of patients submitted to autologous chondrocyte grafting in
articular defects of up to 4 cm” [26]; positive results were also observed when associ-
ated with grafting technique with corrective osteotomy [27]; when compared with
the microfracture techniques, the autologous chondrocyte grafting obtained superior
results in joint defects of 3 cm? or greater, entertained, and when these two techniques
were used in minor defects, no difference was observed between the treatments [28].

The autogenous chondrocyte graft appears to have limitations, especially in
relation to patients with very large articular defects >15 cm” and with severe tissue
lesions; in these patients the graft technique is associated with a low survival rate
of the implanted tissue, and despite this, no clinical differences were observed with
patients whose grafts were successful [26].

In humans the autologous chondrocyte implant seems to have a more favorable result
when used in younger patients and with a joint disease in a period shorter than 12 months,
with a rate of return of high impact sports of up to 96% of patients treated [29].
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Despite promising long-term results, up to 10 years of follow-up, additional
characterizations of the newly formed tissue after autologous chondrocyte implan-
tation are required through imaging or arthroscopy [30].

An alternative to surgical implantation of tissue manufactured in vitro is the
intra-articular application of pluripotent cells, such as allogeneic or autologous
undifferentiated mesenchymal cells; these are derived from bone marrow, adipose
tissue, or the umbilical cord [31]. This technique has been used mainly for the
purpose of reducing joint pain and reducing the progression of tissue degeneration;
between 8 and 9 million autologous cells are administered per patient or 40 million
allogeneic cells per patient; administrations are performed in the affected joint and
promote stimulation of chondrogenesis [32].

Despite reports of positive effects, the application of undifferentiated mesen-
chymal cells to OA treatment is still controversial, and the mechanisms of action
of the use of this type of cells in a diseased cartilage are still not fully elucidated,
suggesting both direct effect on the recovery of tissue through cell differentiation
and indirect effect through the release of inducing factors and tissue growth, the
two actions being associated with beneficial effects on the joint [33].

2.3 Biomaterials

The advances in material engineering in association with medicine have enabled
new technologies to be developed to help treat various pathologies that were real
challenges. Among the technologies developed, the manufacture of materials with
various biological properties that could be implanted in different tissues was an event
that brought excellent results and opened up a wide spectrum of possibilities [34].

Biomaterials must possess certain characteristics to optimize their benefits,
for their use in the repair of cartilaginous tissue; besides being biocompatible and
providing cellular adhesion and proliferation, they must be bioactive, biomimetic,
biodegradable, and bioresponsive. These characteristics added to an adequate three-
dimensional arrangement favor the environmental stimulus for the production of
desirable cells, such as chondrocytes [35].

Among the materials that can be used in the manufacture of biomaterials are
polymers which may be either natural or synthetic. Natural polymers have a better
interaction with the implanted site, providing a more natural environment for
cellular development, supporting and guiding their differentiation between several
stages; however, one of its negative points is the low mechanical capacity when
compared with other biomaterials [36].

Synthetic polymers can have their mechanical characteristics of controlled
strength, stiffness, and degradation rate, making them quite versatile; since
their biological characteristics are not desirable due to their hydrophobic
properties, it is often necessary to add other materials that increase your cellular
interaction [37].

A collagen-based implant, developed with three layers, made with the combina-
tion of equine collagen, magnesium, and hydroxyapatite, showed a good result
in patients with large joint defects; however, the number of cases was small, sug-
gesting that more studies are required [38]. Polyglactin-based implants associated
with platelet-rich plasma and hyaluronic acid have shown promising results in the
treatment of joint injuries; however, larger studies are needed [39].

In addition to the regenerative properties of biomaterials, these can still be used
as controlled drug delivery systems, among which the most studied are micropar-
ticle implants manufactured from poly(lactic acid), poly(lactic-co-glycolic acid),
and polycaprolactone—these synthetic polymers are made up of particles measuring
above 1 pm [40].
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Studies using poly(lactic acid)-based microspheres as a controlled drug deliv-
ery system were able to obtain a drug release rate of 20 to 62% in 3 months when
applied in vivo; the biomaterial has shown bioactivity 2 months after intra-articular
application in rats, showing potential for pain control in patients with OA [41].

The same biodegradable synthetic polymers can be used to manufacture nanopar-
ticles, which have a size smaller than 1 um, which can also carry drugs with analgesic,
anti-inflammatory, or other biomaterials with regenerative properties [42].

When compared to the microparticles, the nanoparticles have a shorter action
time, being eliminated in a matter of days, as observed in the study applying
microparticles and nanoparticles based on chitosan, in rats with OA [43].

Another class of biomaterials is ceramics; these are widely used in the repair of
bone defects, due to their excellent properties of osteoconductivity and osteoinduc-
tivity; although they have lower mechanical characteristics than other materials,
their structure can be manipulated and associated with other products [44]. By asso-
ciating ceramics with type 2 bone morphogenetic protein, stimulation was observed
for subchondral bone growth, as well as for the cartilaginous tissue itself [45].

2.4 Conservative therapies

The drug treatment for patients with OA has as main target the control of joint
pain, which is the main reason for the patients to seek medical attention [46]. Often
clinical pain arises before radiographic changes, and its etiology is not fully under-
stood; however, the inflammatory signs produced by chondrocytes seem to play an
important role for joint pain [47].

The main medications used to control joint pain are nonsteroidal anti-
inflammatory drugs, opioids, or the combination of both; supplementation of
vitamins, hormones, and chondroprotective medications is also widely employed
[48]. Meloxicam and tramadol are drugs commonly used to control pain; however,
studies have shown that long-term use of these drugs can bring several side effects,
including headache, nausea, diarrhea, and urinary tract infection [49, 50].

Intra-articular administration of viscous substances can also be performed; basically
all products are based on hyaluronic acid, which is produced by fibroblasts and has the
function of lubricating the joint [51]. Its application showed superior results to the use
of placebo in the return to joint function and reduction of pain in patients with OA [52].

Rehabilitation is a fundamental element in the recovery of joint function; this
modality can be used alone or in association with other therapies. The main objec-
tive is that the cartilaginous tissue adapts through exercises that promote a regular
mechanical stimulus in the joint; this process is quite slow, since this tissue can take
up to 2 years to reach 75% of adaptation, contrasting muscle tissue which reaches a
total adaptation at 35 weeks [1].

Even with the development of several techniques and technologies for recover-
ing patients with joint disease, physical exercise is always present in therapeutic
protocols, showing that the continuous passive movement or range of motion
exercises practiced from the first day after surgical interventions is fundamental for
obtaining better results [53].

Studies show that the early use of controlled exercises in OA patients promotes
results superior to immobilization, contributing to decrease edema, early return to
physical activity, restore range of motion, articular stability, and improve patient
satisfaction with the therapeutic outcome [54].

2.5 Surgical techniques

Surgical interventions may be options for the treatment of OA, in cases in
which the patient has clinical signs, and the osteotomy technique and autologous

7
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osteochondral implantation (ACI) may provide a return to joint function and
minimize the progression of cartilaginous degeneration and may be associated
to other therapeutical modalities such as implantation of biomaterials or tis-
sues produced by engineering; in more chronic cases, the most commonly used
surgical technique is the total replacement of the joint by prostheses; however,
the long-term results of these interventions do not present acceptable clinical
solutions [55].

The microfracture technique aims to perforate the subchondral bone and
stimulate the migration of pluripotent cells from the bone marrow to the injured
site in the cartilaginous tissue; although it is considered a gold standard technique,
generally this procedure produces a fibrocartilaginous tissue, which has inferior
biomechanical properties when compared to the cartilaginous tissue [56].

The fragility of the fibrocartilaginous tissue produced by the microfracture
process causes this procedure to promote a limited recovery of the tissue, and the
neoformed tissue usually degenerates in 18 to 24 months after the procedure due to
its biomechanical characteristics [57], which compromises the long-term positive
results. Initially, a decrease in lesion progression is observed up to 5 years, after
which time treatment failure is expected [58].

Follow-up after treatment was of great importance, as was shown in studies
comparing microfracture and autologous graft of chondrocytes with a 5-year
follow-up; no significant clinical difference was observed between the groups,
and despite that, the samples collected through biopsy revealed that all cases of
failure after intervention and the obtained tissue had inferior quality to hyaline
cartilage [59].

The osteochondral autograft transplantation (OATS) consists of the collection
and implantation of an autogenous or allogeneic fragment of the bone and hyaline
cartilage for repair of the defect in a joint affected by OA; this technique presents
better results when used for the correction of minor defects; among its negative
points, one has the morbidity of the donor caused by the collection of the material
for implantation [60].

Approximately 60% of patients with OA will at some point require total joint
replacement or other salvage procedures such as arthrodesis and total joint replace-
ment to remove severely injured joint segments by prostheses; patients undergoing
arthrodesis have joint surface completely removed, and the implant segments are
stabilized with implants for fusion to occur [61].

In spite of the invasiveness of these procedures, patients generally adapt well
to the intervention, with significant pain remission and limb function returned;
however, these data seem to be related to short- to medium-term follow-up, and
their long-term efficacy is questioned [62].

3. Conclusions

The OA represents a complex and recurring problem in medicine, causing pain
and debilitation to patients, and its effective treatment is a real challenge.

Several therapies can be employed; however, their efficiency is variable, and it is
suggested that the association of more than one therapeutic modality is the best way
for a better recovery.
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Abstract

Regenerative cartilage therapy has great potential for the treatment of debilitat-
ing diseases such as osteoarthritis and rheumatoid arthritis. Recent advances in the
field of epigenetics have enabled us to understand more clearly the role of micro
RNAs, DNA methylations and histone modification in disease progression, as well
as its potential role in disease prevention. However, a thorough understanding of
the external dietary and environmental factors that could affect the epigenetic
events could be the key to unravelling novel therapeutic strategies for these diseases.
There is, therefore, a need for identifying certain dietary or environmental factors
that could change this downward epigenetics signalling cascade, stop or retard
cartilage degradation and promote cartilage regeneration.

Keywords: cartilage regeneration, DNA methylations, epigenetics, therapeutic
dietary supplements, DNMT inhibitors

1. Introduction

Articular cartilage is an aneural, avascular, alymphatic specialized fibrous con-
nective tissue which covers the articulating surface of synovial joints. This is charac-
terized by a small number of morphologically distinct populations of chondrocytes,
which are primarily responsible for production, organization and maintaining the
extensive network of an extracellular matrix. The balance between the hydration
of matrix proteoglycans (PGs) and the resistance offered by the extensive network
of the fibrous structure of the collagen provides the hydrodynamic load-bearing
properties of articular cartilage, which is critical for joint movements and smooth
transmission of mechanical compression across the joint. As articular cartilage is
originally derived from the hyaline cartilage template, it is also classified as perma-
nent hyaline cartilage. After the original phase of cartilage production, differentia-
tion and resorption and closure of growth plate cartilage at puberty, it remains as
a part of bone throughout the adult life. It is divided into four distinct horizontal
layers: the superficial, transitional, deep and calcified cartilage layers (Figure 1).

The thin superficial zone protects the deeper layers from shear stress and injury
and makes up 10-20% of articular cartilage thickness. This layer is characterized by
small flattened disc-shaped chondrocytes, comparatively low proteoglycan content
and densely packed layers of uniformly formed collagen fibres, which gives the
characteristic hyaline opacity to cartilage. This layer is in direct contact to synovial
fluids and is responsible for most of the tensile strength of the cartilage as well as
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Stratification of articular cartilage.

takes the direct brunt of inflammatory cytokines. It is well documented that the
chronic inflammation in joints in osteoarthritis (OA) patients is due to synovial
macrophages and high inflammatory cytokines that initiate the aggregenase, MMPs
and other destructive enzymes. Immediately below the superficial zone is the middle
or transitional layer which provides the functional bridge between the superficial
and deep layers. The middle layer comprises of 40-60% of the total cartilage volume.
In this layer, the chondrocytes attain a more rounded or spherical shape, the contents
of proteoglycans increase, and thicker collagen fibres provide an oblique transitional
network intermediate between the tangential superficial and radial deep layers. The
deep layer is characterized by relatively mature rounded chondrocytes arranged

in longitudinal columns, high proteoglycan contents, the largest diameter collagen
fibrils in a radial disposition and the lowest water concentration. This zone repre-
sents approximately 30% of the total cartilage volume. The calcified layer is charac-
terized by rounded hypertrophic chondrocytes surrounded by large clear lacunae.
This is the area where the chondrocytes reach their terminal hypertrophic stage and
the cartilage is ultimately being replaced by bone.

2. Molecular heterogeneity of articular cartilage

The extracellular phase of cartilage, and all connective tissues, consists of
collagen fibres and a polysaccharide-rich ground substance. The polysaccharide
constituents have been characterized as proteoglycans containing chains of chon-
droitin 4 sulphate, chondroitin 6 sulphate and keratin sulphate covalently linked to
a central core protein [1].

2.1Types of collagen present in cartilage
Articular cartilage consists of type II collagen as the major fibril-forming
collagen, accompanied by lesser quantities of minor collagen which provide the

tensile strength and help in maintaining the fine balance of the extracellular matrix.
However, little is known about the processing of these minor collagens and their
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role in the progression of cartilage degeneration and regeneration. Minor collagens
found in articular cartilage along with type II collagen are type VI, IX, X, XI, XII
and XIV.

Type VI collagen constitutes only 1-2% of the total collagen in adult articular
cartilage and it is mainly rich in the pere-cellular matrix and involved in the inte-
gration and attachment of chondrocytes [2]. In articular cartilage, chondrocytes
in the middle and deep layers are embedded in pere-cellular matrix enriched with
a high content of proteoglycans and hyaluronic acid. Increased levels of type VI
collagen are found in the experimental model of osteoarthritis (OA) and human
OA [3]. Higher levels of type VI collagen found in OA emphasizes its role as a bridge
between the extracellular matrix and the chondrocyte surface, thus influencing the
signalling pathways from the extracellular matrix into the cells [4].

Type IX collagen makes up 1-5% of the total collagen in adult articular cartilage
and 10% in foetal cartilage [5]. It is usually present in close association with type
II collagen found in growth plate cartilage and adult articular cartilage [6]. Type
IX collagen is extensively crosslinked to type II collagen through oxidation of lysyl
residue bonds forming a unique hetero-fibrillar structure [7]. Type IX collagen is
crucial for the maintenance of cartilage matrix and formation of a collagen fibril
meshwork. Decreased expression of type IX collagen in the cartilage was thought
to render the matrix more prone to mechanical forces and degradation, resulting in
the pathogenesis of OA [8].

Type X constitutes about 1% of the total collagen found in articular cartilage
[9]. It was revealed that 45% of the total collagen produced by the hypertrophic
chondrocytes is type X collagen [10]. Type X collagen, as produced exclusively
by hypertrophic chondrocytes, indicated its unique role in mineralization. The
hypertrophic chondrocytes synthesized a variety of proteins and enzymes which
help in the transition of extracellular matrix from cartilage to bone. Apart from
type X collagen, hypertrophic chondrocytes also synthesize a variety of matrix
metalloproteinases as well as alkaline phosphatase enzymes, which are not usually
secreted by the normal proliferating chondrocytes. As type X collagen has a direct
role in mineralization, it has been found to be expressed in human OA especially in
the vicinity of lesions, but not in the healthy human articular cartilage [11].

Type XI collagen constitutes 3-10 % the total adult articular and foetal cartilage,
respectively [2]. Type XI collagen is normally crosslinked to each other in cartilage,
this crosslinking results in the formation of mature type XI collagen with the help of
type II and type IX collagen. It has been shown that a mutation in type XI collagen
caused an increase in degradation of type II collagen in articular cartilage [12]. Lu
et al. observed that immunization of rats with homologous type XI collagen led
to chronic and relapsing arthritis with different genetics and joint pathology than
arthritis induced with homologous type II collagen [12]. The role of type XI collagen
in cartilage collagen fibril formation and assembly is not clear; type XI collagen may
regulate cartilage formation and it was the first collagen deposited by mesenchymal
stem cells undergoing chondrogenic differentiation [13]. Type XII shares structural
homologies with type IX and type XIV collagen [14]. Type XII collagen is implicated
in fibril formation, cell adhesion, fibrosis and osteogenesis, and in areas of high
mechanical stress, it may serve as a protector of tissue integrity [15]. Type XII
collagen is associated with articular cartilage and growth plate cartilage during rat
forelimb development and may be important for microenvironment that supports
the hyaline cartilage formation [16].

Type XIV collagen is a large nonfibrillar extracellular matrix protein structurally
similar to type XII collagen. In cartilage, a population of type XIV exists as chon-
droitin sulphate proteoglycans (PGs) as it is sensitive to chondroitinase ABC and
AC treatments [17]. Its association with other cartilage collagens such as type I, II,
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V and VI are reported, but it also interacts with heparin CD44 and cartilage oligo-
meric matrix protein [18]. It is found in areas of high mechanical stress similar to
type XII collagen, suggesting its role in fibrillogenesis and maintaining the integrity
and mechanical property of the tissue.

2.2 Types of PGs in different layers

Proteoglycans have the highest concentrations in the intermediate zone and
lowest in the superficial and deep zones. Small PGs comprise of less than 10% of
the total PG content in the cartilage matrix. Most are aggrecans (large PGs) with
approximately 150 GAG chains (chondroitin sulphate and keratin sulphate and both
O-linked and N-linked oligosaccharides attached) The GAGs are heterogeneously
distributed along the protein core, with CS-rich and KS-rich regions, respectively.
The protein core itself is heterogeneous with three globular regions. Aggrecan varies
significantly in length, molecular weight and composition with the amount of
KS-rich molecules and ratios of chondroitin 6-sulphate and chondroitin 4-sulphate
increasing throughout development and ageing. Most aggrecans in cartilage are
attached to a hyaluronic (HA) molecule via a globular (HABR) region; this binding
was stabilized by a link protein. Several hundred aggrecans are attached to a single
HA core molecule, the latter being a non-sulphated disaccharide chain up to 4 pm in
length. PGs are closely associated with collagen fibrils and are thought to be involved
in their structural organization and maintaining their compressive stiffness.

There is now conclusive evidence of the fact that OA is not simply due to wear
and tear and a result of ageing; but in numerous studies, it has been reported that
early onset of OA is due to activation of inflammatory response. These inflamma-
tory responses could be due to increased oxidative stress to the tissues, resulting
in initiation of catabolic enzymes and factor that actively breakdown the major
extracellular matrix components of cartilage, namely type II collagen, and the
proteoglycans and aggrecan.

3. Control of chondrogenesis

The commitment of mesenchymal cells to the chondrogenic lineage is the key
event in bone formation. Work over the past few decades, using both in vivo and
in vitro systems, has identified a number of signalling and transcription factors as
well as cell shape that regulates the progressive change in chondrocyte phenotype,
from their initial induction to their terminal fate. The disruption of these finely
tuned pathways for chondrocyte maturation can result in skeletal pathology. A
thorough knowledge of these signalling pathways would help us to identify the fac-
tors that maintain chondrocyte proliferation and differentiation. Some of the major
signalling pathways are described below.

3.1 Bone morphogenic protein signalling

Bone morphogenic proteins (BMPs) are identified as positive regulators of
chondrogenesis and endochondral ossification. BMPs are a member of the trans-
forming growth factor beta (TGp) superfamily that has wide-ranging biological
activity, ranging from cellular regulation of proliferation, apoptosis, differentiation
and migration [19, 20]. BMP signalling is mediated by their receptors BMPR1a,
BMPR1b and BMPR?, leading to the SMAD signalling pathway [19]. In cartilage, it
initiates cartilage synthesis and decreases the activity of catabolic cytokines such
asIL-1, IL-6, IL-8, MM1 and MM13 [21, 22]. Though there are several members of
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Bone morphogenic protein (BMP) growth factors, most promising among them in
the treatment of OA is BMP-7, which promotes the cartilage-specific extracellular
matrix proteins such as collagen II and VI, decorin, fibronectin and hyaluronate
(HA) by upregulation of hyaluronan synthase [23, 24]. In experiments when it was
applied to other types of cells in knee, BMP-7 has shown to increase Extracellular
matrix (ECM) in synovial and bone marrow-derived Mesenchymal Stem cell
(MSC), both alone and in combination with TGFp [25]. This profound anabolic
effect of BMP-7 is due to its regulatory properties of modulating other growth fac-
tors such as insulin-like growth factor 1(ILGF1 and fibroblast growth factor (FGF))
[26]. Despite having anabolic activity, BMP-7 has not shown to induce chondrocyte
hypertrophy or other changes in the chondrocyte phenotype, nor did BMP-7-
treated animal knee display any proliferation of fibroblast or osteocyte [25]. These
properties make it a promising therapy for OA.

3.2 Transforming growth factor (TGF) signalling pathway

TGFp is a cytokine secreted by many cells; it plays an important role in cell
proliferation, differentiation, development, apoptosis, tissue homeostasis and the
immune system. Signalling occurs through SMAD pathways. TGp1 is shown to be
involved in chondrocyte proliferation and remarkable reduction of catabolic activ-
ity of IL1 and TNF [27]. Studies have shown a significant enhancement of cartilage
repair with the application of TGF-f1 in scaffold applied to defect, and in human
MSC transfected with TGF-p1 gene via an adenovirus [28, 29]. Numerous human
trials are underway for the treatment of different stages of OA with the injections of
TGF-p1 in the knee, which showed TGF-p1 as a promising therapy.

3.3 Fibroblast growth factor signalling pathway

Fibroblast growth factor (FGF) family plays an important role in human embry-
onic development, cell growth, morphogenesis, tissue repair, tumour growth and
invasion. FGFs are heparin-binding proteins and interact with heparan sulphate
proteoglycans on the cell surface for signal transduction. Vincent et al. proposed
that in articular cartilage, the chondrocytes are surrounded by a pool of FGF-2. This
mediated the chondrocyte activation on cartilage loading and release of FGF-2 in
response to injury. They proposed that FGF-2 antagonizes the PG degradation by
IL-1 or other catabolic stimuli, thus it has an anti-catabolic chondroprotective role
[30]. However, the role of FGF-2 in the production of ECM is controversial and its
role as pro-catabolic or anti-catabolic is debatable. Furthermore, FGF-2 has been
shown to suppress type II collagen and PG synthesis and promote the expression
of aggregenase and TNF-a receptors [31, 32]. FGF-18 signalling through FGFR3
promotes chondrocyte proliferation at embryonic stages. When development is
complete, the same receptor signalling suppresses chondrocyte proliferation and
prevents chondrocyte differentiation hypertrophy [33, 34]. FGF-18 has also shown
to exhibit the ability to stimulate type II collagen and PG synthesis, which makes ita
promising therapy for OA.

3.4 Connective tissue growth factor

Connective tissue growth factor (CTGF) is an ECM-associated heparin-binding
protein, which plays an important role in cellular proliferation, migration, adhe-
sion, survival and synthesis of ECM proteins. CTGF has shown to play an impor-
tant role in skeletal tissue and initial chondrocyte proliferation and differentiation
in growth plate cartilage [35]. Nishida and colleagues demonstrated that local
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administration of recombinant CTGF gelatin hydrogel stimulated cartilage repair in
rat model [36]. Other studies showed that the bone marrow-derived mesenchymal
stem cells when transfected with CTGF provided hyaline-like cartilage regeneration
similar to normal cartilage in a rabbit model of focal articular cartilage defects [37].
However, further studies are needed to elucidate the critical role of CTGF for the
protection and regeneration of cartilage.

3.5 Insulin-like growth factor (IGF)

IGF-I and IGF-II both were reported to control the cartilage destruction [38].
IGF-I is a known anabolic factor for chondrocytes and thought to regulate the
skeletal development in the embryo [39]. Although IGF-I has been reported as
being involved in chondrocyte proliferation and maturation, its exact role in OA
has not been clearly known as it was found that the expression of IGF-I was upregu-
lated rather than downregulated in synovial fluids and in articular cartilage [40].
However, the role of IGF-II in combating inflammatory response in OA was found to
be more promising and ideal for cartilage regeneration. It has been reported that in
the presence of IL-1f, IGF-II significantly inhibited MMP expression and promoted
cartilage production in normal human chondrocytes. IGF-II has also shown to have a
similar effect on OA chondrocyte, which expresses high levels of IL-1f mRNA [41].
The role of IGF-II was reported to be more chondroprotective and maintaining the
extracellular matrix and preventing its destruction in adverse conditions.

4. Cell signalling in chondrogenesis

Gene expression changes during different stages of endochondral ossification.
The immature chondrocytes in the resting zone express the transcription factors
Sox 5, Sox6, Sox9 and the structural protein type II collagen and aggrecan. The
pre-hypertrophic zone is characterized by the presence of parathyroid receptor
1(PTH-1R) and Indian hedgehog expression (Ihh). The next stage goes into the
early hypertrophic zone, which is characterized by type X collagen and alkaline
phosphatase enzyme expression, and, subsequently, the reduced amount of type
II collagen and reduced expression of Sox5, Sox6 and Sox9 transcription factors.
Finally, the chondrocytes proceed to their final phase of a late hypertrophic stage,
which is characterized by the expression of vascular endothelial growth factor A
(VEGFA), matrix metalloproteinase 13(MM13) and osteopontin. These changes in
gene expression herald the cartilage ECM being replaced by bone.

Wnht signalling is important for many developmental processes. It has been
shown that activation of Wnt signalling promotes osteoblast differentiation but
inhibits chondrocyte differentiation of MSC [42, 43]. Wnt signalling acts through
p-catenin to promote chondrocyte hypertrophy and reports suggested that genetic
inactivation of B-catenin increased Sox9 expression both in the intramembranous
bone formation and endochondral ossification [44, 45]. It was also reported that
osteoblast precursor lacking B-catenin expression can develop into chondrocytes
[42]. Wnt signalling is also important for proper orientation of chondrocyte column
in growth plate cartilage.

Thh signalling is a key regulator of pre-hypertrophic and early hypertrophic chon-
drocytes. Thh signalling directly affects chondrocyte proliferation, premature chon-
drocyte hypertrophy and failure of osteoblast development and endochondral bone.

Runx2 and Runx3 are members of the Runx transcriptional factors family
important for chondrocyte hypertrophy. Several studies demonstrated that ectopic
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expression of Runx2 in immature chondrocytes leads to the expression of hypertro-
phic markers such as COLX a1, MM13 and VEGF [46-48].

As cartilage is an avascular tissue and its nutritional needs are met by surround-
ing synovial fluids, chondrocytes are adapted to survive in low oxygen levels and
they secrete hypoxia-inducible factor 1 (HIF-1) which insures its survival and
maintenance in low oxygen tension. Synthesis of type II collagen and aggrecan is
upregulated in low oxygen levels, and also, it is associated with the rounded chon-
drocytic morphology. In the presence of high oxygen tension, chondrocytes become
more spindle shaped. HF-1 also showed inhibition of type I collagen synthesis by
inhibiting its promoter activity [49].

5. Epigenetic control of chondrogenesis

In the growth of long bone formation, the chondrocyte passes through discrete
stages of proliferation, maturation, hypertrophy, calcification and apoptosis, so it
offers a very good model of cellular differentiation and ageing. The detailed under-
lying molecular mechanisms that drive these changes are still not fully known, but
epigenetic modifications are thought to play a pivotal role in the differentiation of
chondrocytes. Epigenetic changes include DNA methylation, histone modification
and microRNAs (miRNAs).

5.1 DNA methylation

DNA methylation involves the addition of a methyl group to a DNA at CpG
dinucleotide, to convert cytosine to 5-methylcytosine. CpG islands are usually
clustered near the promoter in about 30% of the gene. Methylation of these sequences
results in silencing of these genes, and vice versa, hypo-methylation results in expres-
sion of the respective genes. DNA methylation factors are established and modified
according to the environmental factors by three DNA methyltransferases (DNMT1,
DNMT3a and DNMT3b). Earlier studies using chick embryos indicate the possible
role of methylation in gene expression of type I and type II collagen in chondrocyte
differentiation and dedifferentiation [50]. In our studies on chick chondrocytes in
culture, we noticed a strong correlation of chondrocyte morphology to DNA methyla-
tion status as shown in Figure 2. The chondrocytes when treated with DNMT inhibi-
tor 5-aza-2deoxycytidine exhibit fibroblastic morphology and express type I and type
X collagen with an upregulation of alkaline phosphatase enzyme [51]. Two CpG sites
within the type X collagen promoter appear to be demethylated during MSC differ-
entiation into chondrocyte morphology [52]. Recently, it was demonstrated that Wnt
signalling caused both repressive chromatin mark (H3K27me3) and DNA methylation
over the SOX9 promoter and that Wnt-induced irreversible silencing of Sox9 gene
requires DNA methylation of this locus that is specifically countered by FGF signal-
ling [53]. FGF blocks the recruitment of DNMT?3a to the SOX-9 promoter by inducing
the interaction and phosphorylation of DNMT3a by extracellular kinases ERK land
ERK 2. Similarly, a number of studies indicated the control of Runx2 promoter activa-
tion by methylation. The number of MMP promoters show decreased methylation at
single CpG island in OA cartilage as compared to normal.

5.2 Histone modifications
Gene regulation is also controlled through the close packaging of eukary-

otic DNA into nucleosomes. Nucleosomes are thought to be repressive for
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Figure 2.

The effect of culture conditions on the morphology of chondrocytes: When chick chondrocytes from caudal
region sternum were grown in the presence of demethylation drug saza-2deoxyctydine (5azadC), (A) the
chondrocytes assume move flattened fibroblastic morphology and show no staining with alcian blue (stain
specific for sulphate PG). However, the control chondrocyte without any treatment showed extensive ECM
staining (B).

transcription; but through the post-translational modification of histones such as
acetylation, phosphorylation, methylation and ubiquitination, this inhibition can
be regulated.

Acetylation is mediated through acetyltransferase (HAT) and occurs on spe-
cific lysine residues on the N-terminal tails of histones, loosening the histones:
DNA interactions, thus employing the access of transcriptional factors to the
DNA. Deacetylation is of two types, one that requires Zn-catalysed deacetylation
(HDAC) and the sirtuin deacetylase that requires NAD+, and removes these acetyl
groups resulting in hypo-acetylation. Numerous transcriptional activators or
repressors recruit HDAC and HAT activity.

Histone methylation is important for the formation of active and inactive
genomic regions and is associated with transcription activation and silencing.
Methylation of histone tails of lysine and arginine residues is catalysed by histone
methyltransferase (HMT) and protein arginine methyltransferase (PRMT) which
can add one or more methyl groups to regulate transcription [54]. Although his-
tone methylation is more dynamic than DNA methylation, some specific histone
methylation is tightly regulated and maintained through DNA replication. HDAC
can block cytokine-induced PG release and cartilage resorption in cartilage explant
model indicating that HDAC activity is important for the catabolic activity of
chondrocytes [55, 56].

5.3 Micro RNA

MiRNA is a small 20-23 base pair-long cytoplasmic RNA that regulates
post-transcriptional gene expression through binding to target mRNA. This
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interaction of miRNA with the target mRNA results in degradation of mRNA,
thus suppression of translation. The first studied miRNA in cartilage was miR-
140, which was first identified as cartilage restricted in developing zebrafish
[57]. In humans, the expression of miR-140 increases during chondrogenesis
and is more abundant in articular cartilage, but its expression is reduced in OA
[58]. It has also been reported that the expression of miR-140 is regulated by the
cartilage-specific master transcriptional factor Sox-9 in zebrafish and mamma-

lian cells [59].

6. Epigenetics as a future therapy for cartilage regeneration

Articular cartilage has a relatively high incidence of damage due to several
factors such as injury, trauma and inflammation. The inflammatory markers could
induce a number of MMPs, which could degrade the ECM, as the cartilage has a
limited ability to repair and regenerate, resulting in a total loss of cartilage tissue.
The destruction and loss of articular cartilage is also central to the development of
OA. The research work over the past few decades confirms that epigenetics plays a
pivotal role in the phenotypic modulation that articular chondrocytes undergo dur-
ing OA. Epigenetics changes the normal chondrocytes to ‘altered’ chondrocytes that
overexpress the cartilage-degrading proteins or enzymes such as collagenases and
aggregenase and inflammatory mediators. This disruption in homeostatic balance
between the matrix production and ECM destruction results in the progression of
OA. There is a direct pathological loop that involves inflammation and epigenetic
modifications, which accelerates disease progression. Until now, no detailed global
methylation analysis has been performed in the pathogenesis of OA. Low pen-
etrance polymorphism in the population partly due to epigenetic modification is the
reason for limited data generation to aid in the identification of genes responsible
for the genetic susceptibility to OA. A number of inflammatory genes have been
identified which are controlled through epigenetics and are directly involved in the
pathogenesis of OA (Table1).

6.1 Future prospects in cartilage regeneration

MCS is becoming a more popular source of cells for cartilage regeneration due
to in vitro expansion without running the risk of losing their phenotype. However,
MSC tends to develop hypertrophic phenotype and further differentiation into the
endochondral bone formation. It is becoming more crucial to carefully examine the
detailed molecular and epigenetic events that lead the transformation of a chon-
drocyte to its terminally differentiated pathway. There is a growing need to develop
strategies to control chondrocyte hypertrophy and be able to arrest the chondrocyte
at one desirable phenotypic stage that helps to maintain the cartilage-specific ECM
as described in Figure 3. With the current epigenetic knowledge, it is possible to
identify a number of epigenetic factors as listed in Table 1 that can make cartilage
regeneration possible.

Other option in cartilage regeneration is the application of hydrogel through
injection or through arthroscopy. These hydrogels are capable of controlled release
of chondroinductive and chondroprotective drugs [60-62]. These cell-laden
hydrogels can be combined with other types of solid scaffolds such as collagen
sponge, decellularized cartilage as well as synthetic scaffolds of polyglycolic acid for
cartilage repair and clinical applications.
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Chondrocyte Marker Function gene Epigenetic References
stage regulation
Superficial Col2a1l Cartilage specific miRNA, Histone [1]
zone modification
Col6al Pere-cellular chondrocyte DNA methylation [2]
Col9al Cartilage specific DNA methylation [3]
ACAN Cartilage specific miRNA, Histone [4,5]
modification
HIF1a, HIF2« Chondrocyte viability miRNA [6]
Transitional IGFII Chondrocyte proliferation [7]1
and integrity
SOX-9 Chondrocyte DNA methylation,
differentiation miRNA, histone
methylation
T3 +PTH Cartilage tissue Histone modification [8,9]
regeneration
NFAT Cartilage matrix Histone methylation [10]
FGFR3 Chondrogenesis DNA methylation [10]
TGFp1-p3 Chondrocyte proliferation DNA methylation [11,12]
BMP-7 Cartilage specific ECM Histone [11,13]
modification, DNA
methylation
Deep/ Col10al Chondrocyte hypertrophy DNA methylation [14]
Calcifying Collal Bone formation DNA methylation [15]
Osteocalcin In calcification DNA methylation [16]
Osteopontin Bone formation DNA methylation [16]
ALPL Chondrocyte hypertrophy DNA methylation [17]
RUNX 2 Chondrocyte hypertrophy DNA methylation, [18,19]
miRNA
ADAM Cartilage remodelling DNA methylation, [10]
miRNA
IHH Cartilage hypertrophy DNA methylation [10]
TGFp2 Hypertrophy DNA methylation [20,21]
MMP13 Cartilage remodelling DNA methylation, [1]
histone modification,
miRNA
OA cartilage HDAC Up regulated in OA Histone modification [22]
IL-1B Inflammation DNA methylation, [23]
miRNA
TNFa Inflammatory mediator DNA methylation, [11]
miRNA, histone
modification
MMP3 Up regulated in OA DNA methylation [24]
MMP9 Up regulated in OA DNA methylation [24]
ADAMS4 Expressed in OA DNA methylation [24]
Table 1.

Major Epigenetic events remodelling the regeneration of Cartilage.
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Figure 3.

Thge role of epigenetics in cartilage degradation and regeneration. (a) Healthy articular cartilage with distinct
stratifications. (b) As a vesult of high inflammatory markers such as IL-1f and TNFa, cartilage degradation
takes place, with upregulation of a number of cartilage-degrading enzymes (e.g., HDAC, MMP3, MMP9, and
ADAMTS4). (c) The onset of OA, which can be reversed with the help of MSC therapy and their initiations as
shown in (d). The maintenance of healthy articular cartilage is achieved through a cascade of genes and their
products, such as IGFII, SOX5, SOX6, SOX9, NFAT, FGFR3 and TGFEp1-p2. They are all controlled through
epigenetics (Table 1). Future cartilage regeneration technique should involve the promotion of invasion and
migration of MCSs to the lesion area and through various epigenetic signalling undergoing chondrogenesis and
maintaining the cartilage.

7. Conclusion

In summary, although there has been progress made in identifying factors outlining
OA disease progression, a more detailed analysis of the factors surrounding the epi-
genetics should be conducted in order to reveal any potential therapies. The control of
chondrogenesis via bone morphogenic protein signalling, transforming growth signal-
ling, fibroblast growth factor signalling, connective tissue growth factor and insulin-
like growth factor all play important roles in chondrocyte formation and destruction.
This in addition to the fact that cellular mechanisms controlled by gene expression and
epigenetic changes including DNA methylation, histone modification, and microRNAs
can all help us gain an understanding of regenerative cartilage therapies.
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Chapter 3

Nonsurgical Strategies for the
Treatment of Temporomandibular
Joint Disorders
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Abstract

Temporomandibular disorders are common maxillofacial disturbs of different
etiologies (traumatic, inflammatory, degenerative, or congenital) that course with
pain and dysfunctions of the temporomandibular joint. The treatment of these
disorders includes systematically administered drugs (especially nonsteroid anti-
inflammatory drugs and corticoids), physical therapies, and minimally invasive
therapies that require intraarticular injections. These techniques are directed to
clean or drain the articular cavity, to deliver intraarticularly drugs, biologically
active compounds (as platelet-rich plasma), or to enhance lubrication (hyaluronic
acid). Moreover, minimally invasive strategies are used in regenerative medicine
for to deliver cells and stem cells, and nano- or micro-biomaterials. Surgery of
temporomandibular disorders is only used in grave diseases that require arthrodesis
or remotion of the temporomandibular joint. This review updates the nonsurgical
therapeutic strategies to treat temporomandibular disorders, focusing the attention
in the articular delivery or hyaluronic acid and platelet-rich plasma, two minimally
invasive widely used at present.

Keywords: temporomandibular disorders, minimally invasive therapies,
hyaluronic acid, platelet-rich plasma, regenerative medicine

1. Introduction: temporomandibular joint disorders

The temporomandibular joint (TM]J) is the only dynamic articulation of the
head and present unique anatomical, structural, and biochemical characteristics.
Up to 40-50% of the population suffers different pathologies of TMJ [1, 2] that
requires therapeutic interventions by different medical and paramedical specialists
and represents an increasing social and psychosocial impairment [3].

TM]J disorders (TMD) are a class of degenerative musculoskeletal conditions
associated with morphological and functional deformities, which clinically result in
pain and TMJ dysfunctions (impairment in mastication, speech, and facial expres-
sion) (see for a review [4]). Moreover, when TMD affect young subjects during
growth, it can cause asymmetry of the facial skeleton [5]. In agreement with the
above definition, TMD comprise a heterogeneous group of pathologies involving the
TM]J, the associated jaw muscles, or both [6]. Up to 40-50% of the population suffers
TMD [2], and up to 70% of them suffer TMD directly related to the articular disc [1].
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Figure 1.
Cone bean CT of the right adult TM] in normal conditions, osteoarthritis, posttraumatic, and hemifacial
microsomy. Images obtained from Instituto Asturiano de Odontolgia, Oviedo, Spain.

The etiology of TMD can be traumatic, inflammatory, and congenital [6].
However, the primary TMD are degenerative inflammatory or noninflam-
matory diseases, that is, osteoarthritis or arthrosis, respectively [6]. Typical
osteoarthritic changes include alterations in shape and size of TM] components
(flattened fossa, reduced articular eminence, decreased condylar volume, and
thickened disc), abrasion of articular cartilage, and thickening and remodeling
of the subchondral bone that leads to morphological deformity and dysfunction
(Figure 1) [4].

2. Brief summary of the anatomy and structure of the
temporomandibular joint

TM] is a bilateral diarthrodial joint formed by the condylar head of the mandible
and the glenoid fossa (or mandibular fossa) of the temporal bone, surrounded by
a fibrous capsule reinforced laterally (lateral temporomandibular ligament) and
two extracapsular ligaments (sphenomandibular and stylomandibular). Interposed
between the mandibular condyle and the temporal bone, there is an articular disc
of fibrocartilage attached partially to the bones and the capsule that incompletely
divides the TM]J into two chambers: upper or temporodisc chamber, and lower
chamber or disc-condylar chamber [7].

One differential characteristic of TM] is that the cartilage covering the articular
surfaces is not hyaline cartilage, as in other diarthrosis, but a fibrocartilaginous
tissue [8]. It can be regarded as a modified fibrous periosteum with an underly-
ing proliferative zone that differentiates into fibrocartilage [9]. In TM] articular
cartilage, from the surface to the bone, two different zones are considered: the

fibrous zone and the fibrocartilage zone, which can be subdivided into proliferative
and hypertrophic zones. The fibrous zone contains fibroblasts, and the extracellular
matrix (ECM) consists of type I collagen, type II collagen at residual levels, and
versican-like chondroitin sulfate-based proteoglycan. The cells of the fibrocartilage
zone are fibroblasts and chondrocytes, and the ECM is rich in type II collagen, but
also contains type I and type X collagen, and aggrecan (Figure 2 [10]).
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Figure 2.

Organization of the vat temporomandibulay joint. CHM: condylar head of the mandible and GFTB: glenoidal
fossa of temporal bone. FZ: fibvous zone, HZ: hypertrophic zone, and PZ: proliferative zone. The boxes contain
the cells and the main biochemical characteristics of the articular cartilage and the articular disc.

The fibrocartilage forming the articular disc consists of several populations of
cells: fibroblast-like and chondrocyte-like cells, 70 and 30%, respectively [11]. In
ECM, type I collagen predominates but other collagens (typesII, III, VI, IX, and
XII) are present [12, 13], and also contains glycosaminoglycans (Figure 2) [14].

Along the articular temporal surface, each mandibular condyle has a wide
motion range, consisting of both rotation and translation. TM] movements are
involved in facial expressions, talking, drinking, and eating [15, 16].

3. Treatment of TMD

The treatment of TMD varies according to the etiology and severity of the lesion
and can be divided into noninvasive, minimally invasive, and invasive, all of them
focused to alleviate the symptoms, and repair or replace the pathologic TMJ structures.

Invasive treatments that are always surgical are out of the scope of this chapter,
and represent the unique option for patients suffering severe TMD like traumatisms,
neoplasia, or developmental malformations. In most cases, it is necessary to perform
an arthrotomy to restoring joint tissues or replace TM]J with autogenous or alloplastic
material. In the TMD due to disc alterations, surgical repositioning, the removal
(discectomy [17]), or replacement [14, 18] have been used with variable efficacy.

The noninvasive treatments include drugs, occlusal orthodontics, physical
therapy, or acupuncture. The used drugs are analgesics, NSAIDs, anxiolytics,
muscle relaxants, and opioids, all administered systematically [19-21]. The occlusal
orthodontics and occlusal splint are widely used for the treatment of TMD, but their
effectiveness remains questionable. At present, there is no evidence for a cause-
effect relationship between orthodontic treatment and TMD, or that such treatment
might improve or prevent them [22]. Furthermore, there is insufficient evidence
either for or against the use of stabilization splint therapy for the treatment of the
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pain of TMD [23]. The same applies for the oral appliances that might reduce pain
and assist in maintaining stable function between jaw posture, muscle function,
and temporomandibular joint stability [24] although TMD can result as a side effect
from use those devices [25].

The physical therapies for TMD include different techniques like exercises,
neuromuscular stabilization, electrotherapy and transcutaneous electrical nerve
stimulation (TENS), low-intensity ultrasound, and low-level laser therapy. These
methods are easily applicable and have demonstrated efficiency in some cases of
TMD especially those of muscular origin.

Physiotherapy is commonly employed in the treatment of TMDs, but its relative
efficacy is unclear, and most methods (short-wave diathermy, megapulse, ultrasound,
and soft laser) have similar beneficial effects (range 70.4-77.7%) [25, 26]. In any case, a
mixed approach of therapies has impact on reducing pain, increasing range of motion,
but lacks a significant impact for functional improvement [27, 28]. The effect of low-
level laser therapy in patients with TMD seems to relieve pain and improves functional
outcomes [29] or dysfunctional TMJ [30]. And in comparing the effects of different
methods, low intensity ultrasound and traditional exercise therapy were more effec-
tive that laser therapy reduced TMJ pain and trismus after oncologic surgery [31].

Finally, acupuncture has also demonstrated to reduce symptoms associated with
TMD. Meta-analysis noted moderate evidence that acupuncture is effective to reduce
symptoms associated with TMD, and trials with adequate sample sizes are necessary
that address the long-term efficacy or effectiveness of acupuncture [32, 33].

As awhole, and despite limited evidence, physical therapy can be an effective
treatment option for TMD, with jaw exercise (79%), ultrasound (52%), manual
therapy (MT) (48%), acupuncture (41%), and laser therapy (15%) as the most
effective modalities for managing TMD [34].

The minimally invasive treatments include the therapies that require intraar-
ticular injections, arthrocentesis, or arthroscopy. They are used to clean or drain the
articular cavity, to deliver intraarticularly active substance like drugs (NSAIDs and
corticosteroids [35-37], biologically-active compounds (for example platelet-rich
plasma [38]), or enhance lubrication (hyaluronic acid (Figure 3) [35]). Current
clinical therapies using intraarticular injections are effective in pain relief at an
early stage of disease but fail to alleviate chronic pain.

uppsr chamber
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Figure 3.

Schematic vepresentation of the minimally invasive methods and the compounds delivered in TM]
intraarticularly. Modified of https://pocketdentistry.com/33-temporomandibular-joint-surgery-including-
arthroscopy/.
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Furthermore, minimally invasive strategies are now used in regenerative
medicine for treatment of TMD, to deliver cells and stem cells, nano- or micro-
biomaterials, carriers of drugs with controlled release [39-41]. Actually, it is also
of interest the delivery of therapeutic molecules through the use of nanoparticles-
(NP-BDS) and microparticles- (MP-BDS) based delivery system that can release
therapeutic molecules in a controlled or sustained manner and target specific cells
(chondrocytes and synoviocytes). The nano- and microparticles interact with cells
at the intra- and extracellular space depending on their size.

NP-BDS are solid or colloidal particles with sizes ranging from tens to hundreds
of nanometers, which are endocyted and enter into the cytoplasm cells where they
release small-sized biomolecules intracellularly [40, 41].

MP-BDS are synthetic or natural polymers spherically shaped with sizes rang-
ing from ten to hundreds of micrometers and are suitable to deliver large drugs or
biomolecules acting on the cell surface, thus extracellularly; they serve as vehicles
for corticoids and NSAIDs. In addition, microparticles can also release biomolecules
and deliver stem cells (see [41]).

4. Intraarticular delivery of hyaluronic acid

Hyaluronic acid or hyaluronan (HA) is a component of ECM and the body
fluids, including the synovial fluid that organizes proteoglycans and other pro-
teins on the cell membrane surface through noncovalent unions; in the fluids, it is
responsible for their rheological properties. Structurally, HA is a glycosaminoglycan
polymer formed by repeated sequence of D-glycuronic acid and N-acetyl-D-
glycosamine linked by means of alternant -1, p-1, 4, and 3 glycoside links. HA
plays a key role in the physiology of diarthrosis especially in the articular cartilage
as well as in the maintenance of synovial fluid viscosity, thus in viscoelasticity and
lubrication. It is synthesized by the synoviocytes and has a molecular weight of
about 6000-7000 kDa.

Most of the inflammatory and degenerative joint diseases course with increased
local concentrations of pro-inflammatory molecules and proteases that degrade HA
originating from small HA-fragments with a low-molecular weight. Consequently,
in those diseases, there is a reduction in the viscosity and lubrication properties of
the synovial fluid and a dramatic change in the biological receptor-mediated effects
of HA. Moreover, the resulting small fragments acting through different membrane
receptors can stimulate the inflammatory responses in the synovial membrane
and the lesions in the articular cartilage [42, 43]. Therefore, one of the therapeutic
strategies for the treatment of some joint diseases is to restore the rheological
properties of the synovial fluid [44] and the joint homeostasis [45] throughout the
intraarticular delivery of HA.

HA plays a key role in the pathogenesis of the degenerative and traumatic joint
diseases acting as a pro-inflammatory or anti-inflammatory molecule, stimulating
or inhibiting cellular migration, division, and differentiation [46]. The final effects
depend both on the state of the tissue (expression of HA receptors, phase of the cell
cycle, and signaling pathways) [47] and the characteristics of the HA (tridimen-
sional structure and the size of the HA molecule) [48-50].

The intraarticular administration of exogenous HA is called “viscosupplementa-
tion,” and it is focused to restore the rheological properties of the synovial fluid and to
block the generative processes. Until now, the effectiveness of intraarticular adminis-
tration of HA offers discordant results [51, 52]. Nevertheless, the meta-analysis
of treatments that used intraarticular HA and the European Society for Clinical and
Economic Aspects of Osteoarthritis recommends the use of intraarticular injections
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of HA in absence of response to conventional anti-inflammatory drugs, since it
improves the functionality of the joint and diminishes pain [53, 54].

The beneficial effects of viscosupplementation with HA in TMD have not been
probed satisfactory and are not more effective that of corticosteroids and NSAIDs
[35, 55, 56]. Also, although there was no significant difference between the effec-
tiveness HA and corticoids intraarticular injections, there was some evidence that
HA was better than placebo [57]. However, most studies report a decrease in pain
levels independently by the TMD [58]. On the other hand, it seems that HA regu-
lates various inflammatory mediators in osteoarthritis in the TMJ [59]. In any case,
at present, there is insufficient, consistent evidence to either support or refute the
use of HA for treating patients with TMD.

5.Intraarticular delivery of platelet-rich plasma

Platelet-rich plasma (PRP; blood plasma that has been enriched with platelets)
therapies have emerged as a potential approach to enhance tissue repair and regen-
eration, and have demonstrated to be a safe, resourceful, and effective treatment.
They are based on the delivery of growth factors and cytokines from anuclear
platelets that can stimulate the healing of various tissues as a consequence of activa-
tion of migratory and local cells [60, 61]. Nevertheless, because PRP is autologous,
the concentration of the PRP components differs according to the physiological
conditions and clinical diseases of patients [62].

The biological effects of PRP are largely attributed to the platelet secretome and
some plasma signaling proteins. In fact, the a-granules of platelets within PRP release
numerous growth factors and cytokines (TGF-a, TGF-f, HGF, IL-6, EGF, FGF-2, IGF-1,
VEGF, and interleukin ($1). Moreover, PRP contains proteases, biologically active
amines, and cell adhesion molecules such as fibrin, fibronectin, and vitronectin [60].
All those molecules are involved in repair and regeneration processes, including anti-
apoptosis, cell proliferation, differentiation, migration, angiogenesis, and the synthesis
of ECM in both normal and pathological conditions [63]. Cells within the joint add to
this milieu by secreting additional biologically active molecules in response to PRP.

PRP is currently used in patients with chronic joint pain caused by progressive
cartilage degeneration of the synovial joints. The anti-inflammatory effects are
carried out through its effects on nuclear factor kB signaling pathway (including
synoviocytes, macrophages, and chondrocytes), but also by reducing TNF-o and
IL-1p [64]. A systematic review and meta-analysis related to the clinical efficacy of
intraarticular PRP injection in patients with osteoarthritis have shown significant
clinical improvements [65, 66].

Recently, Kiitiik et al. [67] and Hegab et al. [68] reported that an intraarticular
PRP injection is an effective treatment for TMJ osteoarthritis through the regenera-
tion of fibrocartilage and cartilage, bone repair in the TMJ. Moreover, PRP has
long-term analgesic effects in most patients with painful TMJ [69, 70]. Nevertheless,
arandomized clinical trial in patients with TM] osteoarthritis suggests that arthro-
centesis plus PRP injections is not superior to arthrocentesis alone or combined
with HA injection, and PRP does not add any significant improvement to clinical
outcomes after surgery in patients with advanced internal derangement of the TMJ
[71, 72]. Thus, PRP injection should not be considered as a first-line treatment for
TMD, and arthrocentesis plus HA injection would appear to be more acceptable [73].
Nevertheless, other authors observed that PRP performed well than HA in the treat-
ment of TMJ osteoarthritis in terms of pain reduction for the treatment of reducible
disc displacement of the TMJ [68, 72, 74]. Future studies will focus on the synergistic
actions of HA and PRP in the treatment of TM]J osteoarthritis as in other joints.
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6. Tissue engineering

In recent past years, detailed and exhaustive reviews have been published cover-
ing all the relevant data about the experimental [75], technical aspects, and indica-
tions of tissue engineering in TMJ [76-81]. Therefore, this section only summarizes
the most relevant aspects of tissue engineering of TM] using minimally invasive
techniques. In the last two decades, new studies have contributed to understand
what are the appropriate scaffolds, cells and biological for TMJ diseases, and all
these advancements are based on the perfectly known structures of the different
joint constituents.

Traditionally, the principal elements of tissue engineering-based regenerative
strategies are scaffolds, cells, and biological stimuli. Those used in TM]J are sum-
marized in Table 1. Although through invasive methods all strategies are possible
to regenerate TM] components when minimally invasive techniques are used, two
methods are possible in cartilage and bone engineering: iz situ tissue engineering
incorporating an acellular scaffold matrix that attract and fix local cells thus guid-
ing the process of regeneration and ex vivo cell seeding on the scaffold that initiates
and regulates the regenerative mechanisms [101]. On the other hand, to induce
more rapid ECM synthesis, scaffolds can be embedded with growth factors. Also,

Tissue References

Condylar cartilage

Scaffolds Hyaluronic acid hydrogels [82]
Agarose (83]
Poly-vinyl alcohol [84]
Poly-l-lactic-coglycolic acid [85]

Cells Chondrocytes [86, 87]
Synovial stem cells [88, 89]
Bone marrow mesenchymal stem cells [88,90]
Adipose stem cells [91]
Tooth-derived stem cells [92]

Articular disc

Scaffolds Polyglycerol sebacate [93]
Poly-glycolic acid [94, 95]
Poly-l-lactic acid [77,96]
Poly(glycerol sebacate) [93]
Polycaprolactone [97]
Polytetrafluorethylene monofilaments + poly-l-lactic acid [98]
monofilaments + polyamide monofilaments + natural bone
Chitosan [99]
Alginate hydrogels [94]
Decellularized ECM [100]

Cells Dermal fibroblasts [95]
Synovial stem cells [88]

Table1.
Scaffolds and cells used in TM]J tissue engineering.

39


http://dx.doi.org/10.5772/intechopen.85186

Cartilage Tissue Engineering and Regenevation Techniques

intraarticular injection of cells or local delivery of biologically active molecules can
be a strategy, but these cannot be regarded properly as tissue engineering.

Scaffolds serve as a supportive structure to the engineered tissues. As a rule, the
used scaffolds must promote the differentiation of cells into chondrocytes and stimu-
late the synthesis of cartilaginous ECM. Both natural and synthetic scaffolds have
been experimented for engineering the TMJ (Table 1). Nevertheless, the most suitable
approach should be reconstructed for both full articulating surfaces by stabilizing
scaffolds on the articular surfaces to be regenerated and autologous chondrocytes
within the scaffold. But in the case of TM], the reconstruction of the disc is also impor-
tant. Nevertheless, as the replacement of the articular disc does not seem to be feasible
at the current state of tissue engineering, lining the articular fossa with resistant
engineered cartilage tissue would be an alternative in patients after discectomy [78].

Diverse cells have been used in TM] tissue engineering (see Table 1) within
different scaffolds. The local delivery of mesenchymal stem cells (MSCs) within
TM]J has proved to have beneficial effects on TM]J degenerative diseases [79].
Furthermore, another strategy would be stimulating the resident mesenchymal
stem cells present in the synovial layer [102] and synovial fluid of TMJ [103]. MSCs
are able to secrete bioactive molecules, such as growth factors, cytokines, and
chemokines, which exert their biological role under injury conditions [104].

Growth factors help tissue regeneration promoting the differentiation and
proliferation of cells and supporting ECM synthesis and specialization. Thus, the
incorporation of growth factors to the scaffolds, the direct intraarticular delivery of
growth factors, or stimulating the exogenous or resident cells to secrete and release
growth factor can result in an improvement of tissue regeneration. Various tech-
nologies for incorporation of growth factors into scaffolds are possible. At present,
the three key growth factors for TM] regeneration are bFGF, IGF-1, and TGF-p1
[105]. However, fibrochondrocytes from mandibular condyle are less responsive to
IGF-1 than hyaline chondrocytes [86]. TGF-f1 stimlates cell proliferation, and on
the production of ECM in TM] disc implants [106], and TGF-p1 and IGF-1 acting
together promote cellular proliferation and secretion of type I collagen and glycos-
aminoglycans [107]. In culture, bFGF increased the proliferation of fibrochondro-
cytes from mandibular condyle more than TGF-p1 and IGF-1 [108]. Finally, PDGF
significantly increases the proliferation rate of the TMJ-disc-derived cells, collagen,
and hyaluronic acid synthesis in engineered TMJ disc [109].

Another source of bioactive molecules to be delivered into TM] is the MSC-
conditioned medium collectively known as the MSC secretome. It contains trophic
factors and various MSC-based clinical trials that have revealed that transplanted
MSCs exert their biological functions through trophic modulations rather than
differentiation potential [110]. Similar properties have the secretome of the peri-
odontal ligament-derived MSCs [111]. Finally, exosomes, cell-secreted nano-sized
vesicles covered by the bilipid membrane, containing a myriad of regulatory
components including microRNAs (miRNAs), mRNAs, and proteins [112], could be
in the future a reliable possibility to stimulate TMJ regeneration.
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Chapter 4

The Potential Effect of Medicinal
Plants for Cartilage Regeneration

Franca Nneka Alaribe, Mapula Razwinani, Makwese Maepa
and Keolebogile Shirley Caroline Motaung

Abstract

Any trauma to a joint such as sports injury can lead to osteoarthritis especially
injuries that include torn cartilage, dislocated joints and ligaments. In sports injury
specifically, most of the ointments in the market are only applied after physical
activity. Repair of the bone and cartilage continues to be a challenge. Autologous
and allografts are the gold standard for the treatment of the bone and cartilage.
They have an invasive, open surgical procedure that requires the tissue to be
harvested from an alternative site within the patient. South Africa is rich in native
flora that is currently tapped as medicine by traditional healers. However, little is
known about the natural products of our native flora and their potential to serve as
aremedy for sports injuries, fracture healing and osteoarthritis. The grand purpose
of the project is to explore medicinal plants of South Africa as a potential source for
bone and tissue engineering of articular cartilage.

Keywords: tissue engineering, anti-inflammatory, osteoarthritis, sports injury,
medicinal plants

1. Introduction

Generally, with the extensive screening of plants used in traditional medicine,
evidence of their rational use in treating infections, diseases, inflammation and
other disorders has been provided [1-3]. Herbal extracts have extensively health
benefits, and indigenous medicinal plants have been used traditionally as a major
source of drugs for the treatment of various illnesses, including osteoarthritis (OA),
asthma, cancer, heart disease, tuberculosis, swollen ankles and hypertension [4-6].
Extracted compounds of medicinal plants are usually used as inputs in toxicology,
phytochemicals, pharmaceuticals and other chemical industries [3-5, 7-9]. Stem
cell therapies involving cartilage regeneration and several current 3D bioprinting
processes involve the use of synthetic and natural biological molecules such as
growth factors to improve their proliferation and differentiation [9-11]. There is an
ongoing search in the science community for alternatives of these growth factors
and the existing synthetic materials, due to reports on their numerous negative
effects and complete failure in cartilage regeneration [3, 12-14]. Several medicinal
plant extracts have been suggested to stimulate adult stem cell proliferation and
thus regeneration of damaged or diseased tissues. Many Chinese herbs have been
found to exert adipogenic, osteogenic and chondrogenic effects on human mes-
enchymal stem cells (hMSCs). Dried root of Drynaria fortunei contains flavonoid
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and triterpenoid found to promote increased bone cell viability, intracellular total
protein as well as alkaline and acid phosphates. Naringin, the major component
of Rhizoma drynariae extract, enhanced the proliferation of BM-derived hMSCs
by regulating p-catenin and AMP-activated protein kinase (AMPK) [15-17].
Foeniculum vulgare is traditionally used in the estrogenic activity to enhance milk
secretion, in birth facilitation and for the alleviation of dysmenorrhea. Foeniculum
vulgare extract has been found to promote the proliferation and differentiation of
BM-derived hMSC into osteoblasts. Additionally, an ethanol extract of Ferula gum-
mosa (an Iranian traditional medicine) was observed to enhance proliferation and
differentiation of BM-derived hMSCs into osteocytes. [18]. Studies in this section
elaborate on the possible mechanisms and beneficial effects of herbal remedies in
the engineering of articular cartilage and regenerative medicine.

1.1Role of medicinal plants in chondrocytes

In South Africa, numerous plants used traditionally have been employed in
tissue engineering of articular cartilage. Studies have observed medicinal plants
such as Pleurostylia capensis, Pterocarpus angolensis and Eucomis autumnalis, hav-
ing resveratrol playing proliferation and differentiation roles in tissue engineer-
ing of articular cartilage. High regulation of collagen type II has been observed
chondrocytes treated with resveratrol [19]. This makes resveratrol potentially
enhancing chondrocyte viability which can be applied in 3D bioprinting of cartilage
constructs [20]. Recent publications show that bark and root water extracts of
Pterocarpus angolensis plants in the stifle joints from the 3-month-old pig affect the
accumulation of collagen type II in porcine articular cartilage in the middle zone.
Cell culture experiments were designed to investigate the role of the bark and root
water extracts of P, angolensis to induce the expression of collagen type II protein
in porcine articular chondrocytes. Monolayer cells were treated with 15, 30 and
50 pg/ml of P. angolensis extract and hydrogen peroxide (2 pg/ml) for 4 days, and
the untreated chondrocytes were used as controls. The results showed no significant
difference in the cell index between the controls and chondrocytes that had been
treated with the plant extracts at 15 and 30 pg/ml. A significant increase in the
expression of collagen type II protein by the chondrocytes was observed and found
to be optimal at a concentration of 30 pg/ml. There was an increase in the produc-
tion of proteoglycans. However, the plant extracts at a 50 pg/ml induced apoptosis
in the middle zone chondrocytes. In conclusion the findings of this study are of
great importance in understanding the mechanisms through which P, angolensis
enables the healing of breached tissue [21]. In our laboratory, an (unpublished)
in vitro study has observed the enhancement of proliferation and osteogenic
differentiation (by increasing alkaline phosphate activity) of C2C12 myoblast cells
treated with Pleurostylia capensis crude extract. Furthermore, proliferation and
lineage differentiation of P. angolensis and E. autumnalis in porcine adipose-derived
mesenchymal stem cells (pADMSCs) have also been recorded in our work (Figure
not shown). However, the potential use of medicinal plants with tissue engineer-
ing methods to treat the cartilage and bone is exciting, yet not fully realized, and is
likely to be a future treatment strategy.

1.2 Medicinal plant extract in scaffolds
Signals, morphogens responding stem cells and scaffolds that are biomimetic of
the extracellular matrix are the three paramount requirements in regenerative medi-

cine [22, 23]. Currently, empirical formulations, medicinal plants and their bioactive
compounds are being merged with polymers that can be used in tissue regeneration.
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Many studies have tried to incorporate medicinal plants in the fabrication of differ-
ent scaffolds for wound healing, bone fracture and cartilage regeneration.

Herbal plants have the potential in tissue engineering and regenerative medicine
due to their minimal host inflammatory response, high level of tenability and
the ability to progressively degenerate into non-cytotoxic components, which are
either reabsorbed or removed from the biological system [24]. Recently, studies
have shown that scaffolds treated with Cissus quadrangularis extract (known as
Asthisandhani in Indian traditional medicine) exhibited significant differences
with regard to hMSC proliferation, attachment and enhanced osteoblast differen-
tiation properties compared with scaffolds not treated with the extract [25]. Young
et al. [26] also incorporated Terminalia bellirica extract in a hydrogel composition
for use in stem cell therapy. This extract was found to result in significantly higher
rates of hMSC proliferation and cell attachment.

Similarly, we have evaluated natural polymer (chitosan and alginate) scaffolds
incorporated with E autumnalis and P. angolensis extracts as done in [25] on pADM-
SCs for lineage differentiation. The attachment capacity was evaluated by incubating
pADMSCs with herbal and non-herbal scaffold at different concentrations of 1, 3
and 5 mg/ml. The samples were further stained with 4',6-diamidino-2-phenylindole
and calcein green after 72 h according to the manufacturer’s instructions. The pAD-
MSCs incubated with herbal scaffolds showed significant differences with regard to
proliferation and cell attachment compared to pADMSCs incubated with non-herbal
scaffolds (Figure 1). A higher number of cells were obviously present and attached
to the herbal scaffolds in DAPI staining (Figure 1d and e) than in non-herbal
scaffold (Figure 1f). A similar condition was also observed in the calcein staining
with herbal scaffold enhancing cell proliferation and attachment (Figure 1g and h)
compared to in the non-herbal scaffold (Figure 1i).

The chondrogenic differentiation capacity of the herbal scaffolds was also
evaluated using toluidine blue staining after 21 days in culture (Figure 2). Herbal
scaffolds were found to enhance formation of chondrocytes (Figure 2a and ¢) com-
pared to non-herbal scaffolds (Figure 2e). Herbal scaffolds also showed significant
chondrogenic enhancement compared to the controls (Figure 2b, d and f).

Additionally, our anti-inflammatory assay for days 7, 14 and 21 using an inter-
leukin 6 (IL-6) Elisa kit according to the manufacturer’s instructions confirmed
the anti-inflammatory nature of E. autumnalis and P. angolensis. Inflammation was
significantly higher (P < 0.01) in cells cultured with interleukin 6 and non-herbal
scaffolds than in herbal scaffolds. The herbal scaffolds suppressed the expression of
IL-6 in the cultured pADMSCs.

The degradation of mineral deposition during the in vitro regeneration pro-
cess in tissue engineering is very important. Hence, we tried to assess the in vitro
degradation capacity of our scaffolds using scanning electron microscope (SEM).

It was observed that our herbal scaffolds showed significantly higher and gradual
releasing of materials into the culture environment than our non-herbal scaffolds.
The in vitro mineral deposition was confirmed using Fourier transform infrared
spectrometer (FT-IR) spectrum (Figure 3a and b) on day 14 of incubation with
pADMSCs in culture. The FT-IR data for the herbal scaffolds (Figure 3a) has an
open-chain bond ==C—N==at peaks 1600.8 and 1416.4 which were reduced. The
1072.4 and 1029.8 peaks were longer and more pronounced. The peak bands after
824.15 that are assumed to be vibrations of P==O==H from Ca; (PO,), seems to be
extended to peak 450. In the case of the non-herbal scaffolds (Figure 3b), peak
bands at 1600.8 and 1416.4 were longer and seen at 1593.7 and 1420, respectively. At
1072.4 it is almost absent and the peak band at 1015.7 is reduced.

The FT-IR analysis showed certain peaks which are in the same functional
groups as alkyl carbonate, organic sulphate and phosphate ions [27, 28].
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Figure 1.

Im%nunoﬂuorescence staining of scaffolds (3 mg/ml) cultured for 72 h in adipose-derived porcine mesenchymal
stem cells. (a—c) Images recovded under white field, (d—f) DAPI stain, (g—i) calcein stain, (a, d, g) Eucomis
autumnalis scaffold, (b, e, h) Pterocarpus angolensis scaffold, and (c, f, i) cells cultured in non-herbal scaffold.
Scale bar, 50 pym; magnification, 10x.

Furthermore, the presence of calcium, phosphate and carbonate compounds
highlights the important relationship between intracellular calcium phosphate in
osteoblasts and their role in mineralizing the extracellular matrix [29]. The long
sharp peak at 1017.2 cm™" also corresponds to silicate (Si) ions. Silicate and Cu ions
are usually encountered in the presence of a hydrated surface layer of both bone
crystal and synthetic apatite crystals, which contain varying concentrations of a
wide variety of mineral ions that play important roles during bone and cartilage
regeneration [30].

1.3 Medicinal plant extracts in wound healing

The skin is susceptible to injury and is the body tissue most exposed to damage.
Wound healing is a normal biological process involving proliferation and rediffer-
entiation of fibroblasts and keratinocytes [31, 32]. Significant advances have been
made in the past years in wound healing so as to bring solutions for the treatment of
chronic wounds and speeding up of acute healing. Several recent studies have found
plants to be significant in controlling wound healing [33, 34].

Scrophularia striata, a well-known plant in Iranian traditional medicine, has
anti-oxidative and anti-inflammatory properties. It is traditionally employed
in wound healing due to these mentioned properties. Ghashghaii et al. [35]
evaluated the wound healing potential of S. striata on cutaneous wounds in rats.
Data from the study showed that rats treated with S. striata showed a significant
decrease in the wound area, with a decrease in the number of lymphocytes,
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Figure 2.

Chondrogenic evaluation of the three experimental groups of the scaffold (3 mg/ml) with p ADMSCs
micro-mass pellet stained with toluidine blue at day 21 of treatment. (a) E. autumnalis herbal scaffold,
(b) transforming growth factor (TGF)-beta 1 10 ng/ml positive control, (c) P. angolensis scaffold, (d) bone
morphogenetic protein-2 (BMP-2, 10 ng/ml), (e) non-herbal scaffold and (f) negative control, pADMSCs
without treatment. Scale bar, 100 um; magnification, 10x.

enhanced number of fibroblasts and epithelial formation that resulted to early
maturity of the collagen fibres compared to other groups. The study generally
showed that application of S. striata on wounds resulted in substantial contrac-
tion and faster wound healing, which makes S. striata a potential subject for the
treatment of wounds in animals and human beings.

Additionally, Anogeissus leiocarpus, a Ghanaian traditional plant, has been
evaluated for wound healing activities in albino Wistar rats. A study of the wound
healing effect of A. leiocarpus extract gave an interesting result. The plant formula-
tion showed a progressive decrease in wound area with time [36, 37]. At day 15, the
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Figure 3.

The FT-IR spectrum of the scaffolds in culture with p ADMSC cells at day 14 to confirm biomineralization.
The analysis was done using the KBr method in the range of 400-4000 cm™. (a) Herbal scaffold and

(b) non-herbal scaffold.

mixture containing 100 mg/ml aqueous extract and 10% w/w powdered ointment
of A. leiocarpus showed 100% healing similar to the standard antibiotic (2% w/w
penicillin).

Furthermore, a study has used Moringa extract incorporated with nanofi-
brous polyacrylonitrile for wound healing. Data from the study showed that
Moringa influenced the healing properties of the material. At days 1, 4 and 7 of
the wound dressing experiment, the percentage wound closure of the rat was
the highest for the nanofiber containing 0.5 g of Moringa leaf extract (35, 87 and
95%, respectively) compared to the positive control medical gauze (29, 75 and
93%, respectively) [38].

Similarly, our study also evaluated the wound healing capacity of E. autumnalis
and P, angolensis using the subcutaneous porcine adipose-derived stem cells up to
72 h, as done in [39, 40] with a slight modification. Percentage wound healing closure
was calculated using the equation: initial area of wound—nth day area of wound/
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Figure 4.

In%itra wound closure appearance of the adipose subcutaneous cells after treatment with herbal and non-
herbal scaffold media at 5 mg/ml. (A) o h (a, c, e, gand i) and 72 h (b, d, f, h and j). (a-b) Scaffold with

E. autummalis extract; (c—d) scaffold with P. angolensis extract; (e—f) negative control, scaffold without
extract; (g—h) positive control, TGF 10 ng/ml; and (i—j) positive control, BMP-2 10 ng/ml. Scale bar, 100 pum;
magnification, 10x. (B) Wound healing percentage (%) at o, 24, 48 and 72 h of treatment with 1, 3 and 5 mg/ml
of E. autumnalis and P. angolensis extract scaffold media. The data are expressed as mean + standard
deviation from six independent experiments, ™ (p < 0.01) and * (p < 0.05).
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initial area of wound x 100. Data from our in vitro study (Figure 4) showed that the
herbal extracts influenced the in vitro healing capacity of the cellulose/alginate poly-
mer scaffolds. The healing capacity was found to be significantly higher (P < 0.01) in
P, angolensis (Figure 4A (a-b), B Pa3 and Pa5) at 24 and 72 h, respectively, compared
with the non-herbal scaffold (Figure 4A (e—f), B So3 and S05). The E. autumnalis
extract performed well and was statistically significant (Figure 4A (c-d), B Eal

(P < 0.01) and Ea5 (P < 0.05)) at 72 h, respectively, but was low compared to the
positive controls (Figure 4A (g—j), B TGF (P < 0.01) and BMP-2, respectively). Our
data so far depicted that herbal extracts improved the wound healing capacity with
the incorporated natural biopolymers.

2. Conclusion

Numerous polymeric constructs have been used in combination with growth
factors for engineering and regeneration of tissues. This combination of polymer
and growth factors for tissue repair depends largely on using biodegradable materi-
als that can stimulate specific cellular responses at a molecular level which should be
suitable, simple and cost-effective. Our data in this section offers pharmacological
evidence on the potential use of the mentioned plant extracts in bone fracture,
cartilage regeneration and wound treatment. In fact, medicinal plants found to have
anti-inflammatory properties may partake in host modulatory therapy for various
inflammatory diseases as proposed in [3, 39].

We would like to state that the herbs and all the substances in this study are for
cartilage defects of grades 1, 2 and 3 according to outerbridge scale. Therefore, if
congenital or after trauma large cartilage case is presented, then operative treatment
is advised.
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Chapter 5

Reconstruction with Joint
Preservation

Lourengo Galizia Heitzmann

Abstract

The joint injury is a common disorder. Some techniques have been employed to
repair the joint or regenerate the cartilage defects with different degrees of success.
Four commonly performed techniques to preserve the joint included osteotomies,
bone marrow stimulation, cartilage repair, and cartilage regeneration.

Keywords: cartilage, articular/injuries, cartilage, articular/surgery,
chondrocytes/transplantation, periosteum/transplantation, treatment outcome

1. Introduction

Musculoskeletal injuries that disrupt the structure and function of diarthrodial
joints can cause permanent biomechanical alterations and lead to a more severe,
chronic condition. Despite advancements that have been made of restore tissue
function and delay the need for joint replacement, there are currently no disease-
modifying therapies for osteoarthritis (OA). To reduce the risk of OA, innovative
preventive medicine approaches have been developed over the last decade to treat
the underlying pathology.

The lesions of the articular cartilage are a common disorder that with the aging
of the population its prevalence is increasing. More than 500,000 procedures are
performed for the treatment of articular cartilage-related injuries, and many of
these procedures are repeated in the same patients. This demonstrates the ineffec-
tiveness of this isolated procedure [1].

Hunter [2] noted that the cartilage, “once destroyed, is not repaired.” Fact that
keeps current. Some studies have shown an incidence of cartilage lesions greater
than 65% in routine arthroscopy [3-6]. No procedure nowadays is reliable for the
regeneration of articular cartilage. This is due to the complexity of its structure
and functional properties, such as minimizing friction and increasing the contact
surface area to decrease wear under load.

Cartilage lesions (9 mm or greater) have been reported to be biomechanically
unstable with a high propensity of progression to degenerative osteoarthritis [7, 8].
The main characteristics of the clinical presentation are pain, loss of movement,
and alteration of function. Various surgical procedure options can be used for treat-
ment; this will depend on the location, size, and stage [9, 10].

Articular cartilage is composed of chondrocytes (5-10%), water (65-80%), col-
lagen, smaller glycoproteins such as fibronectin and oligomeric cartilage proteins,
and large negatively charged hydrophilic proteoglycans (aggrecan, hyaluronan).
Four distinct zones are described microscopically.
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The superficial zone protects the deeper layers of shear stresses and composes
approximately 10-20% of the thickness of the articular cartilage. The main collagen
fibers found are type IT and IX with a high number of flat chondrocytes. It is the layer
that protects and maintains the integrity of the deeper layers, is in direct contact with
the synovial fluid, and is responsible for most of the traction properties of the cartilage,
which allows it to resist the pure, elastic, and compressive forces imposed by the joint.

The intermediate (transitional) zone provides an anatomic and functional
bridge between the superficial and deep zones, accounts for 40-60% of the total
cartilage volume, and contains thicker collagen proteoglycans and fibrils. Collagen
is organized obliquely, and the chondrocytes are spherical and low density. The
compressive forces mainly exhibit resistance.

The deep zone is responsible for providing greater resistance to the compressive
forces, since the collagen fibrils are arranged perpendicular to the articular surface.
The deep zone contains collagen fibrils of larger diameter in radial arrangement,
higher content of proteoglycans, and lower concentration of water. Chondrocytes are
typically arranged in columnar orientation, parallel to collagen fibers, and perpendicu-
lar to the joint line. It represents approximately 30% of the articular cartilage volume.

The calcified layer plays an integral role in the attachment of the cartilage to the
bone, anchoring the collagen fibers from the deep zone to the subchondral bone.
There are few cells and the chondrocytes are hypertrophic [9, 11-13].

Several factors are part of the etiology of the chondral or osteochondral lesion;
among them are metabolic, such as obesity, alcohol abuse, and diabetes, as well as
mechanical factors such as trauma, joint misalignment, and instability [12, 13].

Osteochondral lesions heal by formation of fibrocartilage secondary to the
initial inflammatory response. Although mesenchymal cells produce collagen type
I and II, the repair is mostly fibrocartilaginous in nature. The orderly structural
organization of normal hyaline cartilage is lacking and results in early degradation
and fragmentation. However, pure chondral lesions are painless and poorly repaired
due to lack of vascularity [9, 14].

Surgical and nonoperative procedures are employed in the treatment of cartilage
lesions. The main objective goal is to reduce pain and restore function. Nonsurgical
treatments include physical therapy, activity modification, braces and orthoses,
weight loss, steroid injections, chondroitin sulfate, and viscosupplementation with
hyaluronic preparations [15-20]. The operative treatment aims to improve joint func-
tion and congruence as well as prevent osteoarthritic damage in intact areas of car-
tilage. It may be divided into three techniques commonly performed to preserve the
joint including bone marrow stimulation, cartilage repair, and cartilage regeneration.

2. Bone marrow stimulation (BMS) techniques
2.1 Drilling/microfracture/abrasion techniques

Burmann in 1931, Haggart in 1940, and Magnuson in 1941 described joint
debridement techniques for the treatment of osteoarthritis. Pridie in 1958 intro-
duced the technique of perforation of the subchondral tissue exposing the vascu-
larization of bone marrow, and later Ficat in 1979 described the spongialization, a
resection of the entire subchondral bone plate chondromalacia patellae, with good
to excellent results. Steadman suggested that specially designed awls are used to
make multiple perforations or “microfractures,” into the subchondral bone plate
[21-30]. The perforations are made as close together as necessary, but not so close
that one breaks into another. Consequently, the microfracture holes are approxi-
mately 3-4 mm apart (or three to four holes per square centimeter) [31, 32].
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Chondroplasty by abrasion depends on the mechanical stimulation, like burrs,
of the joint defect, without penetration of the subchondral bone. Exposure of small
blood vessels generates formation in a clot attached to the surface. Fibrous tissue
metaplasia occurs for fibrocartilage.

Multiple perforations have the benefit of causing less thermal damage than
chondroplasty by abrasion and also leave the subchondral surface more rugged,
allowing better adhesion of the blood clots. The penetration of the subchondral
bone stimulates the local release of growth factors from the underlying bone. These
factors attract and aid the differentiation of mesenchymal stem cells from the bone
marrow in chondrocyte-like cells [33, 34].

Patients require a period of 6-8 weeks of non-weight-bearing to allow matura-
tion of the fibrocartilage. Also, according to some authors, continuous passive
motion for pain control and better function may be necessary [35].

For better results, some important factors include a body mass index below
30 kg/m”, age under 40 years, defect less than 4 cm”, volume of repaired cartilage
(defective filling) greater than 66%, and symptoms less than 12 months [35].

The repair tissue may be able to fill the defect, but it lacks the normal histological
or biomechanical properties of hyaline cartilage. Therefore, it has a stability inferior
to the compressive and shear forces and tends to deteriorate with the time [35-39].

However, in their 2017 study, Frehner et al. concluded that treatment of osteo-
chondral lesion by microfracture cannot be seen as an evidence-based procedure [39].

3. Cartilage replacement techniques
3.1 Chondrocyte autograft transfer and mosaicplasty

The description of the technique using osteochondral autografts for the treat-
ment of joint defects was firstly studied by Pap and Krompecher [40]. Later,
Wagner and Muller in Germany used the posterior part of the femoral condyle as an
osteochondral autograft [41, 42]. Motions came in the 1990s by Matsusue in Japan
and Hangody and colleagues in Hungary [43, 44].

The osteochondral plugs are harvested from non-weight-bearing areas and
are transplanted into a small osteochondral defect. A larger lesion is filled in with
multiple cylinders; it is also possible to transfer the posterior femoral condyle.
Due to multiple cylinders, the gaps between the plugs produce an irregular
articular surface.

The main indications for mosaicplasty include the chondral or focal osteochon-
dral lesion in a stable knee, with lesions smaller than 22 mm in diameter and no
more than 10 mm in depth.

The main benefits of this technique are that it is a single-stage procedure and
there is rapid subchondral bone healing with restoration of native type II hyaline
cartilage at the articular surface.

In a series by Hangody et al. with 57 patients and follow-up of more than 3 years,
reported 91% good to excellent results with a mosaicplasty [45]. Gudasetal. ina
prospective randomized study showed better clinical-functional and MRI results
after 3 years for osteochondral transplants than for microfracture surgery [46].

Most of the studies showed good to excellent results in the short and long term,
with a greater return to athletic activity when compared to microfracture [47-54].

Major complications of the osteochondral graft include donor site morbidity
such as patellofemoral arthritis, fibrocartilage hypertrophy of the donor area,
and unsatisfactory filling of the cartilage defect (especially with grafts > 8 mm in
diameter) [49, 52, 54-56].

65


http://dx.doi.org/10.5772/intechopen.84354

Cartilage Tissue Engineering and Regenevation Techniques

3.2 Osteoperiosteal graft

Another option we have for the treatment of osteochondral lesions is the
mosaicplasty technique with bone-periosteum graft of the iliac crest. Its two
advantages compared to the conventional technique include the absence of
joint morbidity from the donor site defect [54] and that the periosteum (with
its pluripotent stem cells) has the potential to differentiate into fibrocartilage
[56-63].

3.2.1 Reconstruction with periosteal-cortical gvaft of the tibial lateral plateau:
clinical outcome with an 18-month follow-up case

A 63-year-old woman presented with a bicondylar fracture of the right tibial
plateau with extension to the diaphysis. She underwent surgical treatment 40 days
after the fracture. It presented great destruction of the lateral articular surface,
being reconstructed with the use of periosteal cortical graft of the external iliac
board, suture of lateral meniscus, and reinsertion. Fixation of the graft with
Kirschner wire and cortical screw is associated with lateral support plate and medial
locked plate (Figures 1-4).

3.2.2 Cartilage regeneration techniques
3.2.2.1 Osteochondral allograft case 1

A 45-year-old male presented to us with 1 year of posteromedial right ankle
pain. He reported pain related to physical activities, with a history of previous
trauma, swelling of the joint, no feeling of instability, or joint blockage. Physical
examination showed diffuse tenderness of the joint during maximal flexion and
areas sensitive to touch in the medial tibiotalar joint line with negative ankle stabil-
ity test (Figures 5 and 6).

The patient did not show good evolution with nonoperative treatment; a mosa-
icplasty with medial malleolus osteotomy was indicated (Figures 7-11).

The patient progressed well and returned the physical activities, including run-
ning without pain in the 6 month postoperatively.

Figure 1.
Image arrival to the service.
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Figure 2.
Immediate postoperative.

Figure 3.
An 18th month of evolution.

Figure 4.
Final result.
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Figure .
Osteochondral lesion with cystic formation in the domus talar medialis measuring 1.0 x 0.7 x 0.7 cm,
surrounded by area of bone edema. Stage V by Berndt ¢ Harty.

Figure 6.
Osteochondral lesion contained in zone 7 of Raikin.

Figure 7.
A osteochondral lesion on the talar medial shoulder after osteotomy of the medial malleolus.
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Figure 8.
Intraoperative image of cartilage defect removal.

Figure 9.
Removal of the cylinder from the lateral superior region of the femoval trochlea (donor area).

Figure 10.
Osteochondral cylinders inserted perpendicularly to the receiving surface.
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Figure 11.
Postoperative radiography.

4. Cartilage regeneration techniques
4.1 Autologous chondrocyte implantation (ACI)

The technique initially described by Brittberg in 1994 nowadays is the most
used for cartilage regeneration [60]. ACI is a two-stage procedure; arthroscopy is
initially performed to evaluate the lesion, and three to four CA chondral biopsies
are taken from non-weight-bearing surfaces of the joint (intercondylar notch,
peripheral edges of the femoral condyles). The sample is then sent to the labora-
tory, where chondrocytes are isolated with an enzymatic process. The chondrocytes
are then cultured for 3-4 weeks until the volume increases by 30 times for implan-
tation (12 million chondrocytes approx.). Usually, after 6 weeks of the initial
surgery, the second procedure is performed [59-66].

4.1.1 First generation

Access with medial or lateral patellar arthrotomy is performed in association
with defect debridement. A periosteal flap is removed from the proximal region
of the tibia or medial femoral condyle. The flap is then attached to the defect
(with its cambium layer facing the bone) on all sides, except at the top. The
cultured chondrocytes are then injected under the flap, and, finally, the flap is
then attached superiorly as well. The fibrin glue can be used to seal the edges of
the flap [60].

70



Reconstruction with Joint Preservation
DOI: http://dx.doi.org/10.5772/intechopen.84354

4.1.2 Second generation

Due to complications arising from calcifications, the periosteum was replaced by
a reabsorbable collagen membrane [66].

4.1.3 Third generation

The modification is the cultivation of the articular cells directly on a surface of a
membrane-like MACI or cells grown within a scaffold [67].

4.1.4 Surgical technique

This procedure is a two-stage technique in which an arthroscopic approach is
performed to evaluate the lesion and second used to harvest a sample of normal
articular cartilage from a non-weight-bearing region of the knee. Chondrocytes
are then isolated, cultured, and seeded onto a hyaluronan-based scaffold or
collagen. The chondrocytes are then cultured for 3—4 weeks until the volume
increases by 30 times for implantation, the second stage of the procedure
arthrotomy to implant the scaffold in the lesion site. The chondral defect is
prepared and is then used to shape the scaffold, which is pressed into the lesion
site and secured with a thin layer of fibrin glue. The graft is assessed for stability
before the wound is closed.

The best postoperative rehabilitation protocols are those of 6 weeks, starting the
first 2 weeks with a partial load of 20% of body weight, followed by a progressive
increase to a full load at 6 weeks postoperatively [67-73].

5. Conclusion

The articulations in their particularities refine the movement and enable a series
of domains and skills of great importance for the development of human activities.

Thus, there is a growing interest in achieving more promising techniques in joint
maintenance through cartilage repair. Some more modern techniques, involving the
development and application of stem cells or the use of vectors to carry chondro-
cytes to the target lesion, still lack more consistent evidence in the long term that
can justify their costs. Techniques that employ older, established concepts, such as
microfracture and abrasion arthroplasties, are more accessible but fail to maintain
their initial results over the years.

In this way, the development of a less invasive technique, aimed at preserv-
ing joint functions and minimizing symptoms, with sustainable durability and
feasible cost, continues to guide the search for innovations in the arid terrain of
joint preservation.
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Chapter 6

Current Tissue Engineering
Approaches for Cartilage
Regeneration

He Huang, Hongyao Xu and Jianying Zhang

Abstract

Cartilage is one of the critical tissues existed in human and animal bodies.
Unlike most tissues, cartilage does not have blood vessels, nerves, and lymphat-
ics. Most cartilage tissues in vivo are subjected to large mechanical loads, and its
principal function is to provide a smooth and lubricated surface to facilitate the
transmission of mechanical loads with a low frictional coefficient. As a result,
cartilage tissues are easily injured. Cartilage defects are frequently caused by
trauma, aging, congenital diseases (osteochondritis), and many more factors such
as endocrine pathologies and cancer. The damaged cartilage has a limited capacity
for healing and repairing. Thus, restoration of normal structure and function to
damaged cartilage is one of the most challenging areas in orthopedic research and
sports medicine. Tissue engineering provides a prospective alternative strategy
by seeding chondrogenic cells into or onto biocompatible scaffolds to produce
engineer cartilage for damaged cartilage repair. This book chapter has summarized
recent progress in cartilage tissue engineering including stem cells, growth factors,
bioactive molecules, and biomaterial scaffolds used for cartilage regeneration. The
procedures for some new approaches have also been described.

Keywords: chondrogenesis, cartilage tissue engineering, stem cells, growth factors,
platelet-rich plasma, bioactive molecules, biomaterial scaffold

1. Introduction

Cartilage is one of the critical tissues existed in human and animal bodies, such
as rib cage, ear, nose, bronchial tubes, intervertebral discs, meniscus, and the joints
between bones [1]. Cartilage injuries are the most common diseases. According to
National Health Interview Survey (NHIS), in 2010-2012, about 52.5 million adults
in the USA had doctor-diagnosed arthritis, and by 2040, the number of US adults
with doctor-diagnosed arthritis is projected to increase 49% to 78.4 million. That
means about 25.9% of all adults have arthritis [2, 3]. Degeneration of the interverte-
bral disc, a fibrocartilaginous joint residing between adjacent vertebrae in the ver-
tebral column, is the most frequent cause of low back pain and another significant
cartilage-related disease [4]. The overall cost of chronic low back pain exceeds the
combined costs of stroke, respiratory infection, diabetes, coronary artery disease,
and rheumatoid disease [5]. However, the damaged cartilage has little ability for
repairing itself due to the lack of blood supply, nerves, and lymphangion [1], and
the effective therapeutic treatments for cartilage regeneration are very few.
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Tissue engineering is an interdisciplinary field that applies the principles of engi-
neering and the life sciences toward the development of biological substitutes that
restore, maintain, or improve tissue function [6]. Stem cells, scaffold, and biologic
active molecules are three key components in tissue engineering [7]. Successful
tissue engineering relies on multiple factors including obtaining appropriate cells
for implantation, directing the development of those cells on an appropriate dif-
ferentiated pathway using growth factors and/or cytokines, supporting the growing
cells on a three-dimensional matrix, and having that matrix remains in the injured
tissue area, at least until healing is completed [6, 8]. This book chapter highlights the
recent developments of tissue engineering approaches including stem cells, biomate-
rials, bioactive compounds, and reagents used for cartilage regeneration and repair.

2. Stem cells used for cartilage regeneration

Stem cells have multidifferentiation potential, which can differentiate into dis-
tinctive end-stage cell types including bone, cartilage, muscle, bone marrow stroma,
tendon/ligament, fat, dermis, and other connective tissues [9]. There are many cell
types that have been manipulated iz vitro and subsequently implanted to repopulate
a cartilage defect. It must be ensured that the implanted cells are immunoprivileged
or provide immunosuppressive agents to avoid rejection by the host immune system.

2.1 Autologous chondrocytes

Autologous chondrocytes were first used for the treatment of cartilage defects of
the patients by a Swedish group in 1994 [10]. This approach needs a slice of healthy
articular cartilage obtained arthroscopically from proximal part of the medical fem-
oral condyle of the affected knee joint during the first operation [11]. The chondro-
cytes were isolated from this healthy articular cartilage and cultured for 2-3 weeks
to prepare enough cells (about 5 x 10°) for damaged cartilage repair [11]. The clinical
studies have shown that the treatment of autologous chondrocytes prompts pain
reduction, improves quality of life, and delays the need of joint replacement in many
cases [12-14]. Despite the encouraging clinical results, there are still limitations to
the use of autologous chondrocyte transplantation. The conventional technique is
accompanied with periosteum harvest and fixation over the cartilage defects via
large skin incisions. Autologous chondrocytes were injected underneath the perios-
teal flap. Hypertrophy of the periosteum with high rate of revision arthroscopies and
the risk of transplant failure of up to 20% are major drawbacks of the conventional
autologous chondrocyte transplantation [14]. Moreover, the complexity and the cost
of the two surgical procedures, the biological response of the periosteal flap, and the
de-differentiation and consequent capacity loss associated with i vitro expansion of
isolated chondrocytes are also the limitations [15].

2.2 Bone marrow-derived mesenchymal stem cells (BMSCs)

Mesenchymal stem cells (MSCs) are multipotent stromal cells first identified and
described in 1966 by Alexander Fridenstein [16, 17]. Adult MSCs were originally
isolated from bone marrow in 1999 by Pittenger and his colleagues [18]. Subsequent
studies have demonstrated that MSCs present in various parts of the body including
bone marrow (BM), peripheral blood, umbilical cord blood, fatty tissues, skeletal
and cardiac muscles, Wharton’ Jelly of umbilical cord, facet joints, interspinous
ligaments, and ligamentum flavum [19-23]. Many studies have shown that MSCs
can migrate to injury sites, induce peripheral tolerance, and inhibit the release of
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proinflammatory cytokines. It has been demonstrated that MSCs can also promote
tissue repair and survival of damaged cells [24]. However, it is not clear which adult
tissue-derived MSCs should be used as a good source for cartilage repair.
Autologous bone marrow mesenchymal stem cell (BMSCs) transplantation was
first used for the repair of full-thickness articular cartilage defects in human patel-
lae by a Japanese group [25]. BMSCs were aspirated from iliac crest and the nucle-
ated cells were cultured. Adherent cells were subsequently collected, embedded in a
collagen gel, transplanted into the articular cartilage defect in patellae, and covered
with autologous periosteum. Six months after transplantation, clinical symptoms
(pain and walking disability) were improved and the improvement was persisted
for 9 years post-transplantation [26]. Sixteen years after transplantation, no clinical
problem has been reported. Human autologous BMSCs have been used successfully
to treat articular cartilage defects. Twelve months after BMSC transplantation,
magnetic resonance imaging (MRI) revealed complete defect fill and complete
surface congruity with native cartilage [27]. Currently, autologous BMSC trans-
plantation has been widely used for cartilage repair [26, 28, 29]. Although BMSC
treatment did not require any cell expansion or manipulation, reducing costs, and
risks involved, the quantity of bone marrow cells was somewhat unsatisfactory [16].

2.3 Adipose-derived stem cells (ADSCs)

Among MSCs, adipose-derived stem cells (ADSCs) have been recognized as an
appropriate cell type with chondrogenic potential and high proliferation capacity
[30, 31]. Approximately 400,000 liposuction surgeries are performed in the USA
each year, and these procedures yield anywhere from 100 ml to 3 liters of lipoaspi-
rate tissue [32]. This material is routinely discarded. It is well known that adipocytes
are developed from mesenchymal cells via a complex cascade of transcriptional and
non-transcriptional events that occur throughout the human life. Thus, adipose
tissue is a good stem cell source.

The initial methods to isolate cells from adipose tissue were developed by
Rodbell and colleagues [33]. They isolated adipose-derived stromal cells from rat
fat pads by four steps. Step 1: Adipose tissue was minced into small pieces. Step 2:
The adipose tissue pieces were digested with collagenase. Step 3: The cell pellet was
obtained by centrifuge. Step 4: The cell pellet was cultured for future use. This pro-
tocol has been widely used for the isolation of adipose-derived stem cells (ADSCs)
from human adipose tissues with some modifications [34, 35].

The adipose tissue can be collected by needle biopsy or liposuction aspiration.
The collected adipose tissues should be washed with 5% penicillin/streptomycin
(P/S)-containing phosphate-buffered saline (PBS) twice, and then the tissue
samples should be put in a sterile tissue culture plate and cut into small pieces. The
minced tissues are digested with 0.075% collagenase at 37°C for 30 min; the colla-
genase is removed by centrifuging the digested solution (adipose tissue and collage-
nase mixture) at 1200 g for 10 min; the adipose-derived stem cells-containing pellet
is then resuspended with culture medium (alpha-MEM, Mediatech, Herndon, VA)
supplemented with 20% of fetal bovine serum (FBS), 1% L-glutamine (Mediatech,
Herndon, VA), and 1% penicillin/streptomycin (Mediatech, Herndon, VA). The
cell suspension is filtered through 70-pm cell strainer and cultured in a humidified
tissue culture incubator at 37°C with 5% CO,. The medium is changed every second
day until the cells reach 80-90% confluence. It is important that the adipose tissue
should be treated within 24 hours, and the cells isolated from about 500 mg of
adipose tissue should be added into one well of 12-well plates.

Adipose-derived stem cells (ADSCs) are readily accessible with no morbidity
and display the capability to differentiate into several cell lineages, including the
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spontaneous chondrogenic differentiation [30]. Compared with bone marrow-
derived MSCs, adipose-derived MSCs from lipoaspirates are acquired using a less
invasive procedure and are in large amounts [36]. ADSCs have been used for the
repair of articular cartilage defect in nonweight-bearing areas [37].

2.4 Synovial-derived stem cells (SDSCs)

Synovial-derived MSCs have been isolated from human synovial fluid and
synovium of the knee and the hip using the following protocols [38, 39]. The syno-
vial tissue samples (wet weight 10-50 mg) were obtained aseptically from the joints
and rinsed twice with Hanks’ balanced salt solution (HBSS; Life Technologies,
Carlsbad, CA) supplemented with antibiotic-antimycotic solution (100 units/

ml penicillin, 100 pg/ml streptomycin, and 0.25 pg/ml amphotericin B; Life
Technologies; Carlsbad, CA). The washed tissues were minced into small pieces and
digested with 0.5 ml of 0.2% collagenase (Life Technologies, Carlsbad, CA) in high-
glucose Dulbecco’s Modified Eagle’s Medium (DMEM,; Life Technologies, Carlsbad,
CA) at 37°C for 1 hour. The digested solution were removed by centrifugation at
1500 g for 10 min; the SDSCs-containing pellet was resuspended in growth medium
(high-glucose DMEM supplemented with 10% FBS and 100 units/ml penicillin,

100 pg/ml streptomycin) and cultured in a humidified tissue culture incubator at
37°C with 5% CO,. The medium was first changed at day 7 and changed every 3 days
until the cells reach 80-90% confluence. It is important that the synovial tissue
should be treated within 24 hours.

SDSCs obtained by above procedures have a higher proliferative capacity and
chondrogenic potential than the MSCs derived from other sources [39, 40]. A
small synovial tissue biopsy is an easily accessible source of autologous MSCs in
the context of an explorative or therapeutic arthroscopy. These cells can be subse-
quently used for the regeneration of damaged cartilage. Autologous chondrocyte
transplantation used for cartilage defect repair is limited by the availability of
cells, particularly in elderly individuals, and by the well-known dedifferentiation
events associated with chondrocyte expansion [39, 41]. Furthermore, SDSCs can be
harvested relatively in a minimally invasive manner from synovial fluid and retain
a particularly high capacity for chondrogenic differentiation and proliferation com-
pared with MSCs obtained from other tissues, such as bone marrow or cartilage,
those have second injury on healthy tissues. SDSCs may be an optimal alternative
source of chondrogenic cells for cartilage defect repair.

A recent research has shown that xenogenic implantation of equine SDSCs into
rat cartilage defect area leads to articular cartilage regeneration [42]. Horse joints
are anatomically equivalent to the human knee and ankle; as a result, horses are
widely used as large animal preclinical models for cartilage repair studies. However,
large animal studies pose logistical and financial challenges, and small animal
rodent models are cost-effective and have proven to be useful for proof-of-concept
studies. There was no any immune response to the equine cells in the treated rat
knees [42]. This result was also confirmed by a xenogenic transplantation of human
MSCs in a critical size defect of the sheep tibia for bone regeneration [43]. Another
xenogenic transplantation study has shown that human MSCs can enhance dam-
aged pig intervertebral disc regeneration [44].

3. Growth factors used for cartilage regeneration

Growth factors play an important role in cartilage regeneration. Although
some growth factors used in cartilage repair have been well documented [45], it is
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necessary to summarize the most important chondrogenic differentiation-related
growth factors in this chapter.

3.1 Transforming growth factor-beta family (TGF-p)

In cartilage repair, the four most thoroughly investigated members of TGF-f
superfamily are TGF-f1, TGF-p3, bone morphogenetic protein-2 (BMP-2),
and bone morphogenetic protein-7 (BMP-7) [45, 46]. It has been reported that
TGF-beta 1 stimulates chondrocyte synthetic activity and decreases the catabolic
activity of IL-1 [47]. TGF-p3 has been used to simulate extracellular matrix
(ECM) synthesis in rabbit cartilage injury [48]. Bone morphogenetic proteins
(BMPs) play an important role in the development of bone and cartilage. They
are involved in the hedgehog pathway, TGF beta signaling pathway, and in
cytokine-cytokine receptor interaction. Animal studies have shown that BMP-2
enhanced cartilage matrix production and blocked the IL-1-induced cartilage
degeneration [49].

BMP-7 is another gold standard growth factor for cartilage repair [50]. It has
been reported that BMP-7 inhibits cell proliferation but stimulates ECM synthesis in
both SDSCs and BMSCs [51, 52].

3.2 Insulin-like growth factor-I (IGF-I)

IGF-1is a multifunctional growth factor. The studies have found that IGF-1 play
an important role in maintaining articular cartilage integrity. IGF-I deficiency has
led to the development of articular lesions [53]. IGF-1 can not only enhance the
synthesis of proteoglycans and upregulate the gene expression of collagen II but
also can reduce the degradation of extracellular matrixes by decreasing the produc-
tion of matrix metallopetidase-13 (MMP-13) [54-56]. The research has shown that
IGF-1 exerts these functions in a dose-dependent manner [57]. Low dose of IGF-1
has a beneficial effect on bone remodeling by increasing bone formation markers in
serum [58]. Higher IGF-1 levels in osteoarthritis (OA) osteoblasts could be corre-
lated with bone sclerosis [59].

3.3 Fibroblast growth factor (FGF)

There are two FGF members used in cartilage regeneration. One of them is
called as basic FGF (bFGF) or FGF-2, and the other one is called as FGF-18. FGF-2
increases anabolic material levels and decreases aggrecanase levels in cartilage. In
vivo study has indicated that bFGF can promote cartilage repair [60]. However,
some study indicated that the concentration of FGF-2 in synovial fluid samples of
OA patients is approximately twice that of normal healthy knee joints [61]. Further
studies found that FGF-2 promoted the repair of partial thickness defects of articu-
lar cartilage in immature rabbits but not in mature rabbits [62].

A rat model study has shown that FGF-18 stimulates chondrogenesis and cartilage
repair in a concentration-dependent manner [63]. More studies have demonstrated
that FGF-18 may present a therapeutic agent for osteoarthritis [64, 65]. A recombi-
nant form of human FGF-18 has been used for cartilage injury treatment [66].

3.4 Platelet-rich plasma (PRP)
Platelets play a fundamental role in hemostasis and are a natural source

of growth factors. More than 30 growth factors have been identified in PRP;
among them, the following six growth factors play an important role in cartilage
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Figure 1.
Scheme of preparation of P-PRP and L-PRP from whole blood using five steps.

regeneration. They are TGF-p1, platelet-derived growth factor (PDGF), fibroblast
growth factor (FGF), insulin-like growth factor 1 (IGF-1), epidermal growth factor
(EGF), and vascular endothelial growth factor (VEGF) [67, 68].

The concentration of platelet in PRP used for cartilage repair should be two to
three times higher than that of baseline [69]. PRP can be prepared by the follow-
ing five procedures (Figure 1). Step 1: blood (9 parts) is added into 3.8% sodium
citrate solution (1 part) in a centrifuge tube and centrifuged at 500 g for 5 min to
obtain three layers. Step 2: The supernatant at the top layer is transferred into a new
tube, which is called as platelets-containing plasma, and the middle layer is trans-
ferred into another new tube, which is called leukocytes-containing plasma. Step
3: The platelets-containing plasma is centrifuged at 2000 g for 5 min to separate
platelet-poor plasma (PPP) from the platelet pellet. Step 4: The platelet pellet is
resuspended with appropriate amount of PPP to make pure PRP (P-PRP). Step 5:
The leukocytes-containing plasma is mixed with platelet pellet and resuspended
with appropriate amount of PPP to make leukocytes-containing PRP (L-PRP). Both
P-PRP and L-PRP can be used for cartilage tissue engineering [70].

4. Bioactive molecules used for cartilage tissue engineering
Bioactive molecules used in cartilage tissue engineering include two kinds of
materials: one is small molecular weight bioactive compound and the other one is

high molecular weight materials including some nature biomaterials and synthetic
polymers. Both of them play critical role in cartilage tissue engineering.

4.1 Kartogenin (KGN)

Kartogenin (KGN), a small heterocyclic molecule, has been discovered
to enhance chondrogenic differentiation of human MSCs by regulating the
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CBFbeta-RUNX1 transcriptional program [71, 72]. Animal studies have shown that
KGN can promote rabbit meniscus regeneration [73] and wounded rat enthesis
repair [70, 74]. In vitro and ex vivo experiments showed that KGN can reduce
nucleus pulposus cell degeneration induced by interleukin-1beta (IL-1p) and tumor
necrosis factor-alpha [75]. More recent studies indicated that KGN inhibited pain
behavior, chondrocyte inflammation, and attenuated osteoarthritis progression in
mice [76]; enhanced collagen organization and mechanical strength of the repaired
enthesis of mouse rotator cuff [77]; and induced chondrogenic differentiation of
dental pulp stem cells [78].

These findings invigorate research into small-molecule therapy and regenera-
tive medicine for cartilage diseases. It also provides new insights into the control of
chondrogenesis that may ultimately lead to a stem cell-based therapy for osteoar-
thritis (OA). KGN and other structurally related small molecules that can promote
selective differentiation of MSCs into chondrocytes may prove to be extremely
useful for improving the outcome of cell-based therapy by stimulating endogenous
mechanisms for repair of damaged cartilage, thus enhancing the joint’s intrinsic
capacity for cartilage regeneration [79].

4.2 Simvastatin

Simvastatin is a kind of HMG-CoA reductase inhibitor, which is widely used
therapeutically to reduce morbidity and mortality in patients with hyperlipid-
emic cardiovascular disease [80]. In addition to lowing low-density lipoprotein
(LDL) cholesterol, statins have broad-range pleiotropic effects, including anti-
inflammatory effects, which could exert an effect on synovium and cartilage [81].
Animal studies found that simvastatin markedly inhibited not only developing
but also established collagen-induced arthritis [82]. Simvastatin inhibited the
IL-6 and TNF-a production of human chondrocytes and cartilage explants in a
concentration-dependent manner. Higher concentrations of simvastatin decreased
nitric oxide (NO) production in both of human chondrocytes and cartilage explants
[83]. Statin treatment has also been shown to positively regulate components of the
extracellular matrix in a rabbit OA model [84]. More studies have shown that local
application of simvastatin enhanced tendon-bone interface healing in rabbits [85].
These studies have shown that the effect of simvastatin on articular chondrocytes
may provide novel insight regarding the role of cholesterol homeostasis and signal-
ing during cartilage development.

4.3 Biomaterial scaffolds for cartilage tissue engineering

Biomaterial scaffolds play an important role in cartilage tissue engineering,
which act as a carrier to deliver the cells and bioactive molecules to the damaged
tissue areas and also work as a template for tissue regeneration, to guide the growth
of new tissue.

There are two groups of biomaterial scaffolds used for cartilage tissue engineering.
They are synthetic polymers and natural polymers. Commonly used natural materials
in cartilage repair are agarose, alginate, chitosan, collagen, fibrin, and hyaluronan.

Agarose is a galactose polymer, which is suitable for cell encapsulation, espe-
cially for chondrocytes. When the ADSCs were cultured in agarose, they were
differentiated into chondrocytes as evidenced by upregulation of the production of
glycosaminoglycan (GAG) [86]. Moreover, dynamically loaded cell-seeded agarose
hydrogel provided better graft tissues in a repair model of full thickness defects in
rabbit joint cartilage [87]. PRP combined with agarose as a bioactive scaffold has
shown to enhance cartilage repair [88].
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Another extensively studied natural scaffold used for cartilage tissue engineering
is alginate, which is a polysaccharide extracted from brown algae. Generally, alginate
is hydrophilic and water-soluble, thickening in neutral conditions, which is of great
importance for in situ hydrogel formation [89]. The good gelling properties of algi-
nate-based scaffolds allowed them to be used as an injectable scaffold for the damaged
cartilage repair. Human dental pulp stem cells were cultured in 3% alginate hydrogel
and implanted in a rabbit damaged cartilage area. Three months after surgery, signifi-
cant cartilage regeneration was observed [90]. More studies have been done by mixing
the cells or/and growth factors with alginate solution to form gel microspheres in an
isotonic CaCl, solution (Figure 2). The findings have shown that the cells are distrib-
uted homogeneously inside the gel microspheres. Those cell-containing alginate beads
can be used as chondrogenesis-promoting scaffolds for cartilage regeneration [91, 92].

Chitosan is another natural polysaccharide extracted from crustacean shells,
particularly from shrimps and crabs. Chitosan contains glucosamine and hyaluronic
acid (HA), which are basic components of the native cartilage. Therefore, chitosan
is widely used for cartilage tissue engineering. The recent studies have shown that
chitosan-hyaluronic acid hydrogel promoted wounded cartilage healing in a rabbit
model [93, 94].

Collagen is a main component of the extracellular matrix (ECM) of chondro-
cytes. Collagen gel has been widely used as substrates for articular cartilage sub-
stitutes [95, 96]. Injectable type II collagen gel has been used to treat full-thickness
articular cartilage defects [97]. Clinical study has demonstrated that collagen gel
can be used to replace cartilage and subchondral bone [98].

Fibrin hydrogels used for articular cartilage repair has been well documented by
areview paper [99]. It has been reported that chondrocytes survived in the fibrin gel
and enhanced their synthetic activity as evidenced by the increase of the production
of GAG and collagen type II [100]. Human fibrin hydrogels have been approved by
the Food and Drug Administration (FDA) for cartilage tissue engineering [101].

Hyaluronan is a main component of native cartilage. Similarly to the other native
biomaterial scaffold, hyaluronan is the most widely used scaffold for cartilage
tissue engineering. The studies have shown that hyaluronan upregulated collagen
IT expression and downregulated collagen I expression in human MSCs when they
were cultured in hyaluronan gel [102].

Although bioactive natural scaffolds have very good biocompatibilities, their
mechanical properties still need to be improved. In addition to natural bioactive
scaffolds, synthetic materials provide good mechanical properties suitable for carti-
lage tissue engineering. These synthetic polymers are either used alone or combined
with natural biomaterials for cartilage research.

Figure 2.

The intermolecular network of alginate molecules is formed in calcium chloride solution. Alginate can be
dissolved with sodium chlovide (left image), but cross-linked each other in calcium ions-containing solution to
form hydrogel (vight image).
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The most famous synthetic polymers for cartilage regeneration are polylactic
acid (PLA), polyglycolic acid (PGA), and their copolymer polylactic-co-glycolic acid
(PLGA). These polymers have a beneficial range of mechanical characteristics and
high biocompatibility. Owing to the fact that PLA-PGA polymers have been success-
fully used in the clinics including sutures, screws, and pins [103-105], they are also
used for articular cartilage defect repair in rabbits [106] and meniscal lesion repair in
dogs [107]. Currently, two PLA-based scaffolds have been clinically used for carti-
lage repair: one is BioSeed ®-C and the other one is TRUFIT CB™. The PLA-based
polymer scaffolds have shown significant improvement in patient outcomes for the
treatment of post-traumatic OA and focal degenerative cartilage defects [108, 109].

Polyethylene glycol (PEG), a nontoxic synthetic polymer, is widely used with
other natural materials to enhance their mechanical strength for cartilage tissue
engineering. The studies have indicated that PEG-based hydrogel can promote
chondrogenic differentiation of MSCs i vitro and in vivo [110, 111]. Injectable
hydrogels used for cartilage tissue engineering have been well summarized by sev-
eral review papers [112]. PEG-HA scaffold-treated patients achieved significantly
higher levels of tissue fill in cartilage defects [113].

5. New surgical techniques for cartilage regeneration

Surgical techniques are more important for cartilage repair. In any cartilage
repair techniques, the preparation of the defect bed to receive the implant is
essential [114]. In order to promote cartilage regeneration, several new surgical
techniques have been developed.

5.1 Arthroscopic surgery

Arthroscopic surgery is a common orthopedic procedure that is used in the diag-
nosis and treatment of problems inside a joint. Generally, the cartilage defect is mea-
sured with an arthroscopic graded probe, and the size and the shape of the defect
are templated using sterile paper or aluminum that is subsequently used to prepare
the graft if it is not an injectable gel form [114]. Besides the defect preparation
and measurement, most operations can be done under an arthroscopy. Currently,
arthroscopic surgery has been widely used for various damaged cartilage treatments
such as degenerative meniscal tear [115] and osteoarthritis of the knee [116].

5.2 Open surgery

Open surgery is used for some arthroscopically inaccessible cartilage defects
such as patella, trochlea, posterior femoral condyle, and some scaffolds that can-
not be implanted arthroscopically [114]. This technique has been widely used in
cartilage tissue engineering for animal surgery and clinical practice.

5.3 Microfracture surgery

Microfracture surgery is a surgical technique used to repair damaged cartilage by
making multiple small holes in the surface of the joint to stimulate a healing response.
This technique was developed in the early 1980s by Steadman and his colleagues. The
technical details of microfracture have been well summarized [117]. Several animal
studies have been completed to assess the microfracture technique [118, 119]. The
functional outcomes of patients treated with microfracture for traumatic chondral
defects have shown significant improvement [120]. Currently, microfracture surgical
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technique is considered to be an effective arthroscopic treatment for full-thickness
cartilage defect [121]. However, some studies have shown that the younger patients
have better clinical outcomes and quality cartilage repair than older patients [122].

5.4 Mosaicplasty surgery

Mosaicplasty surgery is another common cartilage restoration technique in
standard clinical practice. This technique was introduced into clinical applica-
tion in 1992 [123]. Mosaicplasty surgical technique is based on the mosaic-like
transplantation of several small, cylindrical plugs of bone and cartilage to
provide an even resurfaced area. The long-term clinical follow-up results have
shown that the mosaicplasty-treated patients can regain their pre-injury activity
level [124].

The studies have demonstrated that the treatment of mosaicplasty in a single
cartilage defect size one to five square centimeters of the femoral condyle resulted
in clinically relevant better outcome than microfracture [125, 126].

6. Conclusions and future research on cartilage tissue engineering

Cartilage tissue engineering is to use a biomaterial scaffold, bioactive molecules,
and cells to produce new cartilage under special conditions. The rapid progress in
material science, life science, and engineering has resulted in advancements in the
treatment options for various illnesses and diseases, especially for cartilage defects.
However, the field of cartilage tissue engineering is still in developing stage. The
number of potential variables in cartilage tissue engineering strategy is vast, and
the key challenges remain to be addressed. As cartilage tissue engineering incorpo-
rates the fields of cell biology, nuclear transfer, and material science, personnel who
have mastered the techniques of cell harvest, culture, expansion, transplantation,
and polymer design is essential for the successful application of these technologies
to build new cartilage and extend human life. The future research on cartilage tissue
engineering should thus be aimed at investigating and evaluating tissue engineering
approaches, as well as surgical techniques for cartilage repair in disease-compro-
mised animal models to gain a better understanding of clinically feasible design.

It is necessary to develop a model system for the study of normal and pathological
cartilage tissues.
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Chapter7

Cartilage Tissue Engineering
Using Self-Assembling Peptides
Composite Scaffolds

Nausika Betriu and Carlos E. Semino

Abstract

Adult articular cartilage presents poor intrinsic capacity for regeneration,
and after injury, cellular or biomaterial-based therapeutic platforms are required
to assist repair promotion. Cartilage tissue engineering (CTE) aims to produce
cartilage-like tissues that recreate the complex mechanical, biophysical and
biological properties found in vivo. In terms of biomaterials used for CTE, three-
dimensional (3D) self-assembling peptide scaffolds (SAPS) are very attractive for
their unique properties, such as biocompatibility, optional possibility of rationally
design cell-signaling capacity, biodegradability and modulation of its biomechani-
cal properties. The most attractive cell types currently used for CTE are autologous
chondrocytes and adult stem cells. The use of chondrocytes in cell-based therapies
for cartilage lesions is limited by quantity and requires an iz vitro 2D expansion,
which leads to cell dedifferentiation. In the present chapter, we report the develop-
ment of heparin-, chondroitin sulfate-, decorin-, and poly(e-caprolactone)-based
self-assembling peptide composite scaffolds to promote re-differentiation of
expanded human articular chondrocytes and induction of adipose-derived stem
cells to chondrogenic commitment.

Keywords: 3D cell culture, cartilage, self-assembling peptide scaffold, biomimetic
materials, tissue engineering

1. Introduction

Articular cartilage is an avascular connective tissue, composed of chondrocytes
as practically unique cell type. Articular chondrocytes synthesize, maintain and
remodel the highly specialized extracellular matrix (ECM) [1], which in turn allows
to withstand the mechanical requirements of the joints [2]. It is currently believed
that due to its avascular nature, cartilage tissue lacks an intrinsic capacity for regen-
eration in response to disease or injury, leading to long-term pain, degeneration and
loss of function [3]. Cartilage tissue engineering (CTE) aims to produce cartilage-
like tissue substitutes by combining the appropriate cells, scaffolds and bioactive
molecules to assist repair cartilage lesions [4, 5].

Cell types currently used for CTE include autologous articular chondrocytes
(ACh), which already possess the desired phenotype, and mesenchymal stem
cells (MSC), from bone marrow (BMSC) or adipose tissue-derived (ADSC),
which can be induced to undergo chondrogenic differentiation [6, 7]. Autologous
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chondrocytes would be the ideal cell source for cartilage repair due to their intrinsic
properties regarding cell function and immune compatibility. However, cell acces-
sibility from a patient biopsy is limited, and once isolated, chondrocytes needs to
be extensively expanded in 2D monolayer [1]. During expansion process, chon-
drocytes rapidly undergo extensive loss of the original tissue-specific phenotype,
downregulating the expression of chondrogenic markers, such as collagens and
glycosaminoglycans while acquiring a fibroblast-like phenotype [8, 9].

Three-dimensional (3D) culture platforms are currently used to restore or main-
tain chondrogenic phenotype, since it recreates more closely the complex cellular
microenvironment found iz vivo [10, 11]. In terms of biomaterials used for CTE
diverse possibilities in composition, structure, biodegradability and biomechanical
properties exist. In general, biomaterials user for tissue engineering applications
can be classified into natural or synthetic scaffolds. Natural scaffolds are commonly
hydrogels made of natural materials such as Matrigel™, collagen type I, laminin and
gelatin, which provide chemical cues, principally ECM binding motifs. However,
due to its natural origin, they frequently contain undefined amounts of different
constituents such as growth factors and cytokines which would be the main respon-
sible of presenting variability from batch to batch [10]. Thus, due to its complex
composition possible modifications to improve them are limited. On the other
hand, synthetic scaffolds have minimal variation from batch to batch production,
providing a reproducible cellular microenvironment. Moreover, they present lower
biodegradability in vitro, fact that permits to maintain structural and mechanical
properties for longer periods of time. Alike natural scaffolds, structural properties,
such as matrix stiffness, can be modulated by increasing concentration. In the last
decades, polymeric scaffolds, such as poly (lactic-co-glycolic acid) (PLGA) [12] and
polylactic acid (PLA) [13, 14] as well as synthetic peptide nanofibers [15] have been
developed to culture cells in 3D. Clinically used scaffolds are collagen type I/IIT and
hyaluronic acid-based biomaterials, and others under consideration are for instance
injectable fibrin gels, collagen type I or Il and sponges, polylactic acid (PLA) and
polyglycolic acid (PGA). As today, however, the best CTE product does not main-
tain their tissue properties after implantation, and the minimal medical standards
are not yet achieved.

Synthetic hydrogels are good candidates for CTE since they possess unique
properties, such as more than 95% of water content (which mimics the native
cartilage ECM), biocompatibility and capacity of rationally design chemical signal-
ing and biochemical properties. One of the best examples is the self-assembling
peptide scaffold RAD16-I, commercially available as Puramatrix™. RAD16-I is a
short peptide constituted by the sequence AcN-(RADA),-CONH,, which alternates
hydrophilic and hydrophobic amino acids (Figure 1A) [16]. The peptide undergoes
self-assembly into a nanofiber network with antiparallel f-sheet configuration
under physiological conditions (Figure 1B) [17]. The nanoscale architecture of the
fiber network (around 10 nm diameter and 50-200 nm pore size) allows the cells
to experiment a truly 3D environment (Figure 1C). Besides, biomolecules in such
nanoscale environment diffuse slowly and are likely to establish a local molecular
gradient. Non-covalent interactions allow cell growth, migration, contact with
other cells, shape changes and a properly exposition of membrane receptors.
Moreover, since stiffness can be controlled by changing peptide concentration these
hydrogels can be tuned up to embed cells but not to entrap them [18].

Since the peptide scaffold does not contain signaling motifs, the environ-
ment can be considered non-instructive, from the point of view of cell receptor
recognition/activation. However, the self-assembling peptide scaffold RAD16-1
can be functionalized by solid-phase synthesis by extending at the N-termini with
signaling motifs, such as ECM ligands for cell receptors, to trigger different cellular
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(A)

Figure 1.

Pefatide RAD16-I self-assembles into a nanofiber network. (A) Molecular model of peptide RAD16-1. Since the
scaffold contains no signaling moieties, the environment is not instructive for cells. R = Arg; A = Ala; D = Asp.
(B) Molecular model of the nanofiber developed by self-assembling RAD16-1 molecules. The nanofiber is
formed by a double tape of assembled RAD16-1 molecules in antiparallel f-sheet configuration. (C) RAD16-1
nanofiber network viewed by SEM. The nanoscale architecture of the fiber network) allows the cells to
experiment a truly 3D environment white bar represents 200 nm. Adapted from Semino [17].

responses [16, 19]. Several studies showed the capacity of RAD16-I to support cell
maintenance of multiple cell types, including endothelial cells [20], hepatocytes
[19, 21], fibroblasts [22], embryonic [23] and somatic stem cells [24, 25].

In the present chapter, we report the development of new bicomponent scaffolds
based on the self-assembling peptide RAD16-I, for guiding chondrogenic differen-
tiation of both adipose-derived stem cells (ADSC) and expanded dedifferentiated
human articular chondrocytes (hAChs).

On one hand, we took advantage of the versatility of RAD16-I to specifically add
molecular cues for guiding chondrogenesis in order to develop more biomimetic
scaffolds. Thus, the first approach was based on the addition of heparin (Hep)
moieties to the peptide scaffold, forming a stable electrostatic-based composite
made of heparin-self-assembling peptide hydrogel. The advantage of this bicom-
ponent scaffold is its natural capacity to retain heparin binding domain (HBD)
containing growth factors (GFs), and thus, protecting them from degradation or
denaturation [25]. Therefore, the non-instructive RAD16-I scaffold provides the
structural 3D environment while the heparin moiety the binding structure to HBD-
containing GFs. Our second approach, was based on mimicking the native articular
cartilage ECM while providing signaling moieties presented in mature cartilage.
Glycosaminoglycans (GAGs) and proteoglycans (PGs) are structural components
of the native cartilage ECM and influence the regulation of cell proliferation,
migration and differentiation [26]. In particular, chondroitin sulfate (CS, a sulfated
GAG usually found as a constituent of PGs) and decorin (a small PG, consisting of
a protein core linked to a GAG chain, consisting of chondroitin sulfate or derma-
tan sulfate) [27, 28] molecules were added to the RAD16-I scaffold by mixing the
components, obtaining a chondroitin sulfate- and decorin-based self-assembling
peptide composite scaffold.

Finally, we combined the self-assembling peptide RAD16-I with a woven poly
(e-caprolactone) (PCL). 3D weaving can be used to create porous structures arranged
in multiple layers of continuous fibers in three orthogonal directions [29]. Such
scaffolds were engineered with predetermined properties aiming to reproduce the
mechanical features of native articular cartilage. Moreover, PCL is a Food and Drug
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Administration (FDA) approved biomaterial, biocompatible and biodegradable,
widely used for medical applications [30, 31]. Our strategy was based on combine
these two biomaterials to promote the attachment and differentiation of embed-
ded cells, providing at the same time a biomimetic mechanical environment of the
native mature cartilage [32].

2. Materials and methods
2.12D culture of ADSC and hACh

ADSC (PT-5006, Lonza) were cultured in 175 cm?® T-flasks (<6th passage) in
Adipose-Derived Stem Cell Basal Medium (ADSC-BM) (PT-3273, Lonza) supple-
mented with Adipose-Derived Stem Cell Growth Medium (ADSC-GM) SingleQuots
(PT-4503, Lonza). hACh cells (CC-2550, Lonza) were cultured at 10,000 cells/cm?
from passages 2-6 in 25, 75, and 175 cm” T flasks. The growth medium consisted of
Chondrocyte Basal Medium (CBM) (CC-3217, Lonza) plus SingleQuots of Growth
Supplements (CC-4409, Lonza) containing R3-IGF-1, bFGF, transferrin, insulin,
FBS, and gentamicin/amphotericin-B. Cultures were maintained in the incubator in
humidified atmosphere at 37°C and 5% CO..

2.2 3D culture of ADSC and hACh in RAD16-I composites scaffolds

ADSC and hACh 3D cultures were maintained under control or chondro-
genic conditions. Control medium was prepared with DMEM High Glucose,
GlutaMAX (61965, Gibco), ITS + Premix 100x (354352, BDBioscience), 100 U/mL
Penicillin/100 pg/mL Streptomycin (P11-010, PAA), 40 pg/mL L-Proline (P5607,
Sigma) and 1 mM Sodium Pyruvate (11360, Life Technologies). Cultures for
chondrogenic differentiation were induced at day 2 with chondrogenic medium
(control medium supplemented with 10 ng/mL TGFp1 (GF111, Millipore), 25 pg/mL
L-ascorbic acid 2-phosphate (A8960; Sigma) and 100 nM Dexamethasone (D8893;
Sigma)). Chondrocytes were also cultured in expansion medium (see Section
2.1). 3D cell cultures were maintained in the incubator at 37°C and 5% CO,, and
medium was changed every other day. Cultures were maintained for 4 weeks in the
described serum-free media under control or chondrogenic conditions (in the pres-
ence of stimulating factors to induce chondrogenic differentiation) [33, 34]. After
4 weeks, 3D constructs were analyzed for morphology, gene and protein expres-
sion, glycosaminoglycans production and mechanical properties.

2.3 ADSC 3D culture in RAD/heparin composite scaffold

RAD16-I (PuraMatrix™, 354250, Corning) and composites RAD/Hep were
prepared at a final concentration of 0.3% (w/v) RAD16-I. The composites were
prepared by combining 95 pL of 0.5% (w/v) RAD16-I and 5 pL of heparin sodium
salt solution (H3149, Sigma) in a concentration range between 0.01% and 1%
(w/v). The mixture was then diluted with 10% sucrose (S0389, Sigma) to a final
concentration of 0.3% (w/v) RAD16-1. To obtain RAD and RAD/Hep 3D cultures,
ADSC were harvested by trypsinization and resuspended to 4 x 10° cells/mL in
10% sucrose. The 0.3% (w/v) RAD16-I peptide solution was mixed with the cell
suspension (1:1) to obtain a final concentration of 0.15% (w/v) RAD16-I and 2 x 10°
cells/mL. Then, 80 pL of the cell-peptide mixture (160,000 cells) was loaded into
individual wells of a 48-well culture containing 150 pL of medium, which induced
the self-assembly of the peptide. The plate was placed in the incubator for 20 min
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at 37°C and 5% CO,, and then 650 pL of fresh medium was added to the 3D cell
cultures. ADSC 3D cultures were maintained during 2 days under control medium.
Cultures for chondrogenic differentiation were induced at day 2 with chondrogenic
medium.

2.3.1 ADSC and hACh 3D culture in RAD/CS and RAD/Dec composite scaffold

RAD16-I (PuraMatrix™, 354250, Corning) and composites RAD/CS and
RAD/Decorin were prepared at a final concentration of 0.3% (w/v) RAD16-1. The
composites were prepared by combining 95 pL of 0.5% (w/v) RAD16-I and
5 pL CS or Decorin at a concentration of 0.2% (w/v). The mixture was then
diluted with 10% sucrose (S0389, Sigma) to a final concentration of 0.3% (w/v)
RAD16-1. To obtain RAD16-1, RAD/CS and RAD/Decorin 3D cultures, cells were
harvested by trypsinization and resuspended to 4 x 10° cells/mL in 10% sucrose.
The 0.3% (w/v) RAD16-I peptide solution was mixed with the cell suspension
(1:1) to obtain a final concentration of 0.15% (w/v) RAD16-I and 2 x 10° cells/mL.
Then, 80 pL of the cell-peptide mixture (160,000 cells) was loaded into indi-
vidual wells of a 48-well culture containing 150 pL of control or expansion
medium, which induced the self-assembly of the peptide. The plate was placed in
the incubator for 20 min at 37°C and 5% CO,, and then 650 pL of fresh medium
was added to the 3D cell cultures.

2.3.2 hACh 3D culture in PCL, PCL/RAD and RAD scaffolds

In the case of PCL scaffold, a cell suspension of 25 x 10° cells/mL was seeded
onto the surface of 5 mm x 0.75 mm woven PCL scaffolds (500,000 cells/scaffold).
After 2 h, 100 pL of expansion or control medium were slowly added into the well
and after 4 h, 700 pL were finally added. For PCL/RAD composites, cells were
harvested and resuspended to 50 x 10° cells/mL in 10% (w/v) sucrose. Then, cells
were equally mixed with 1% (w/v) RAD16-I and seeded onto the woven PCL scaf-
fold disks (500,000 cells/scaffold). Then, 40 pL of expansion or control medium
was added and the gel was spontaneously formed inside the PCL scaffolds, where
the cells were embedded. After 30 min, 60 pL of medium was added in the well, and
after 2 h, 700 pL was finally added. 3D cell cultures were maintained in the incuba-
tor at 37°C and 5% CO,, and medium was changed every other day.

3. Representative results

Autologous chondrocytes are one of the most attractive cell types for CTE,
due to their intrinsic properties regarding cell function, since they are found in
the native cartilage. Chondrocytes are characterized by a rounded morphology,
the production of tissue-specific ECM components such as collagen type I and II
and glycosaminoglycans (GAGs). One of the main challenges in CTE is to obtain
enough cell mass to develop a tissue construct with the desirable biological and
biomechanical properties. Particularly, articular chondrocytes are obtained by
invasive techniques and cell number in patient biopsies is limited. Therefore, after
isolation, chondrocytes need to be expanded in 2D monolayer [1]. The expansion
process leads to a rapid downregulation of chondrogenic markers, such as Collagen
type I (COL1) collagen type IT (COL2) and Aggrecan (ACAN) [8, 9]. Moreover, the
use of extensively passaged cells leads to some degree of hypertrophy, decreased
biochemical content and compromised mechanical properties [1], which is not a
good indication for cartilage substitute applications.
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Mesenchymal stem cells (MSCs) have generated great interest as an alternative cell
source to autologous chondrocytes. MSCs are pluripotent cells with a high prolifera-
tive capacity that can be differentiated, under the appropriate microenvironment, to
numerous cell lineages, such as osteogenic, adipogenic and chondrogenic [35]. MSCs
can be isolated from bone marrow, adipose tissue and other sources. In particular,
the adipose tissue provides and abundant reservoir of mesenchymal stem cells
(adipose-derived stem cells, ADSC), which can be obtained by non-invasive surgical
techniques. ADSC can undergo chondrogenic commitment in the presence of TGF-p,
ascorbate, and dexamethasone combined with a 3D culture environment [35].

Three-dimensional scaffold-based cell cultures are currently used in CTE to rees-
tablish chondrogenic phenotype of dedifferentiated chondrocytes, since they mimic
more closely the natural tissue environment. On the other hand, differentiation of
ADSC to cartilage-like tissue has been achieved in various 3D scaffold systems such
as alginate [36], agarose [37] and collagen [38]. We report here the development of
new bicomponent scaffolds based on the self-assembling peptide RAD16-], for guid-
ing chondrogenic differentiation of both adipose-derived stem cells (ADSC) and
expanded dedifferentiated human articular chondrocytes (hAChs).

3.1 Bicomponent scaffolds made out of heparin/self-assembling peptide

hydrogels

In this section, we report the development of a nanofiber scaffold with growth
factor binding affinity. The strategy consisted of adding heparin moieties to the
RAD16-I peptide scaffold by mixing the two components, forming a stable com-
posite hydrogel scaffold with a natural capacity to retain HBD-containing growth
factors. To evaluate the functionality of this approach for CTE applications, ADSC
were cultured in the new bicomponent scaffold and induced to chondrogenic
differentiation using TGFf-1, L-ascorbic acid 2-phosphate and dexamethasone as
inductors in serum-free media. 3D cultures were maintained for 4 weeks in chon-
drogenic or control medium, and analyzed for proteoglycan production, protein
expression and mechanical properties.

During ADSC culture in the peptide scaffold RAD16-I combined with increasing
concentrations of heparin (RAD/Hep), constructs cultured under chondrogenic
medium—unlike constructs under control medium—became highly stained with
toluidine blue, indicating a significant production of proteoglycans (Figure 2A).
This result correlated with the aggrecan (ACAN) gene expression, which was only
detected in constructs under chondrogenic induction (Figure 2B). ADSC cultured
within RAD/Hep composites also produced cartilage-specific ECM proteins, such
as COL1, COL2 and COL10 (Figure 2C). Interestingly, a single band was obtained
for COL1 in 2D culture, corresponding probably to a pro-collagen intermediate
(approx. 220 kDa). Different bands (ranging from 130 to 180 kDa) were obtained
for COL1 in 3D constructs under chondrogenic induction. Importantly, COL2 was
only detected in 3D chondro-induced cultures.

Moreover, mechanical characterization was performed over 3D chondro-induced
constructs. 3D constructs, presented a storage modulus (G’) in the same order of
magnitude to chicken or calf articular cartilage, but the full mechanical response of the
constructs was different from native cartilage as evidenced by tan(delta) (Figure 2D).

3.2 Bicomponent scaffolds made out of chondroitin sulfate or decorin and self-
assembling peptide hydrogels

The next strategy was based on mimicking the native cartilage ECM by adding
chondroitin sulfate or decorin molecules to the nanofiber scaffold, generating thus
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Figure 2.

Chondrogenic capacity of ADSC in RAD/heparin composite scaffold. ADSC were encapsulated within the
RAD16-1 peptide scaffold combined with increasing concentvations of heparin and cultured for 4 weeks under
control and chondrogenic medium. (A) Toluidine blue staining of 3D ADSC constructs cultured under control
and chondrogenic medium. 3D construct view scale bars = 500 ym and section close up scale bars = 100 pm.

(B) Aggrecan gene expression levels of chondro-induced ADSC. Constructs cultured with control medium

did not express aggrecan after 4 weeks of culture. Ct values relative to ribosomal protein L22 (RPL22) were
obtained and reported as fold increase (AACt) relative to 2D cultures. (C) Protein expression characterization
of ADSC cultured in RAD/Hep composites and in 2D monolayer. Western blot vesults of collagen type I, II and
X when ADSC were maintained in control and chondrogenic medium in RAD16-1 scaffold and RAD16-I/Hep
composites. Actin expression was used as an internal contvol. (D) Mechanical characterization of 3D constructs
cultured for 4 weeks in chondrogenic medium compared to chicken and calf articular cartilage. ADSCs cultured
with RAD16-1 and RAD/Hep composite scaffolds were analyzed for storage modulus (G', A), loss modulus

(G", B), complex modulus (G*, C) and tan(delta). Significant differences are indicated as * for p < 0.05, ** for
P < 0.01, and *** for p < 0.001, one-way ANOVA, N = 2 n = 3). Adapted from Ferndndez-Muiiios et al. [25].

chondro-favorable biochemical cues in the 3D environment. Previous work has
evaluated the influence of CS to guide chondrogenesis in different hydrogel scaffolds
such as chitosan [39], PEG [40], or collagen type I [41], but less is known about the
ability of decorin to promote chondrogenesis commitment. In the present work, we
studied the influence of both CS and decorin molecules on chondrogenesis in a nano-
metric 3D system. The capacity of these bicomponent scaffolds to foster chondro-
genic differentiation was evaluated in two different scenarios: re-differentiation of
expanded hAChs and induction of ADSC to chondrogenic commitment. Cells were
seeded in RAD16-I/CS, RAD16-I/Dec and RAD16-I scaffold alone and maintained
for 4 weeks in chondrogenic or control medium. Moreover, chondrocytes were also
cultured in expansion medium, which contains GFs that could affect the fate of the
3D culture. 3D constructs were analyzed for morphology, gene and protein expres-
sion, proteoglycan synthesis and mechanical properties.

SEM images were obtained at week 4 of culture to assess cell morphology and
their interaction with each scaffold (Figure 3). Articular chondrocytes cultured
in expansion medium possessed a spherical morphology with possible cell-matrix
interactions and thorough ECM components. Nanofibers and putative matrix
components were detected on the surface of constructs cultured in control medium.
Moreover, grooves with visible fibers were observed on the surface of constructs
cultured in chondrogenic medium, fact that suggested the presence of secreted
matrix components. On the other hand, adipose-derived stem cells under chon-
drogenic induction looked elongated and anchored to the scaffold surface, while
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Figure 3.

SEM images of hACh and ADSC at week 4 of culture in RAD, RAD/CS and RAD/Dec scaffolds. Two images
per condition are shown. Adapted from Recha-Sancho and Semino [42].

nanofibers and possible ECM components synthesized by the cells were observed
in control medium (Figure 3). No significant differences in cell morphology were
detected between RAD, RAD/CS or RAD/Dec scaffolds in any cell type.

Chondrogenic markers expression were studied at gene and protein level
in hACh 3D constructs cultured in chondrogenic and expansion medium, and
compared to their 2D counterparts. COL1 was upregulated in all 3D scaffolds under
chondrogenic medium and downregulated under expansion medium (Figure 4A).
At protein level, COL1, was detected both in 2D monolayer and 3D constructs, but
different band patterns were observed (Figure 4B). In 2D cultures, a single band
was detected (approx. 220 kDa), generated probably by a pro-collagen intermedi-
ate. In 3D cultures, different bands of lower molecular weight (ranging from 130
to 180 kDa) were observed, but their intensity varied depending on the culture
medium.

Interestingly, COL2 gene expression was only upregulated in RAD/CS and
RAD/Dec composite scaffolds under chondrogenic medium. This result correlated
with the expression of SOX9, a gene regulator of COL2, which was significantly
upregulated in 3D constructs under chondrogenic induction (Figure 4A). At
protein level, COL2 was only detected in 3D cultures under chondrogenic induc-
tion, fact that was consistent with the gene expression profile results (Figure 4B).
ACAN gene expression was higher in constructs under chondrogenic medium than
in constructs cultured under expansion medium (Figure 4A). No differences were
detected in the gene expression of hypertrophic markers compared to 2D cultures,
except in RAD16-1I scaffold alone, where the expression of COL10 was upregulated
in expansion medium, and RUNX2 in chondrogenic medium (Figure 4A). COL10
protein expression was observed in all conditions, including 2D, but more intense
bands were detected in expansion and chondrogenic medium, compared to control
(Figure 4B).

Toluidine blue staining was performed in hACh 3D constructs to qualitatively
assess the production of GAGs. Constructs under chondrogenic induction became
highly stained, indicating a significant production and accumulation of GAGs by
the cells (Figure 4C). Constructs cultured under expansion medium showed less
staining, while constructs under control medium became weakly stained.
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Figure 4.

Chondrogenic capacity of dedifferentiated hACh in RAD/CS and RAD/Dec 3D composite scaffolds. hACh
were encapsulated within the RAD16-I peptide scaffold combined with chondroitin sulfate and decorin,

and cultured for 4 weeks under expansion, control and chondrogenic medium. (A) Gene expression levels

of chondrogenic and hypertrophic markers. hACh were analyzed by qRT-PCR for collagen type I (COL1),
collagen type II (COL2), SOX9, aggrecan (ACAN), collagen type X (COL10) and RUNX2. Ct values relative
to ribosomal protein L22 (RPL22) were obtained and reported as the fold increase (AACt) relative to 2D
cultures (B) protein expression characterization of hACh cultured in RAD, RAD/CS and RAD/Dec composites
and in 2D monolayer. Western blot results of collagen type I (COL1), II (COL2) and X (COL10) when hACh
were maintained in expansion, control and chondrogenic media in the different scaffolds (RAD, RAD/CS and
RAD/Dec) and in 2D monolayer. Actin expression was used as an internal control. Samples were prepared

in triplicate. (C) Toluidine blue staining of hACh 3D RAD, RAD/CS and RAD/Dec constructs cultured in
expansion, control and chondrogenic medium. Proteoglycan synthesis was qualitatively assessed by toluidine
blue staining. (D) Mechanical characterization of 3D constructs cultured for 4 weeks in chondrogenic medium
compared to chicken and calf articular cartilage. hACh cultured with RAD16-I and RAD/CS and RAD/Dec
composite scaffolds were analyzed for storage modulus (G'), loss modulus (G"), complex modulus (G*) and
tan(delta). Significant differences are indicated as * for p < 0.05, ** for p < 0.01, and ™ for p < 0.001, one-way
ANOVA, N = 2 n = 3). Adapted from Recha-Sancho and Semino [42].

The mechanical properties of hACh 3D constructs cultured under chondrogenic
medium were assessed at week 4 by dynamic mechanical analysis (DMA) and
compared to calf and chicken articular cartilage (Figure 4D). hACh constructs
exhibited lower storage modulus values (G') than did the native cartilage samples.
The viscous components (G”) and the complex modulus (G*) displayed a more
similar tendency to cartilage controls. Nevertheless, all samples presented G’ values
higher than G” values, indicating that the constructs were more elastic than viscous.
Tan(delta) showed that 3D constructs were comparable to chicken cartilage but
differed from calf cartilage.

Chondrogenic and hypertrophic markers were studied in ADSC 3D constructs
in the three scaffold types and compared to 2D monolayer culture. Results show
that the gene expression of COL1 was downregulated in 3D cultures. However, the
expression of COL2, SOX9 and ACAN was increased in 3D cultures compared to
2D. The expression levels of the hypertrophic markers COL10 and RUNX2 in 3D
cultures were maintained at comparable levels to 2D culture (Figure 5A). At protein
level, ADSC under chondrogenic induction produced cartilage-specific ECM
proteins such as COL1, COL2 and COL10 (Figure 5B). As happened for hACh, one
single band was obtained for COL1 in 2D monolayer, while different bands of lower
molecular weight were observed in 3D cultures. Interestingly, COL2 protein was
only detected in 3D cultures.
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Chondro-induced ADSC produced sulfated glycosaminoglycans, as reveals the
intense staining by toluidine blue (Figure 5C, up). No calcium mineralization, an
indicator of hypertrophy, was detected by Von Kossa staining (Figure 5C, down).

The mechanical properties of ADSC cultured under chondrogenic conditions
in RAD, RAD/CS and RAD/Dec were assessed by dynamic mechanical analysis
(DMA) at week 4 (Figure 5D). The constructs presented a storage modulus (G’),
viscous component (G”) and complex modulus (G') closely related to chicken and
calf cartilage. However, samples presented values of G’ much higher than G"” so
that the constructs were more elastic than viscous. Tan(delta) showed that the full
mechanical response of the constructs was very similar to chicken cartilage but
differed from calf cartilage.

In the present work, we aimed to induce chondrogenesis differentiation of both
expanded hACh and ADSC in 3D bicomponent scaffolds made out of chondroitin sul-
fate or decorin and self-assembling peptide hydrogels. The expression of chondrogenic
markers such as COL2, SOX9 and ACAN was increased in both cell types compared to
monolayer cultures (Figures 4A and 5A). At protein level, western blot results showed
a possible COL1 maturation process in 3D cultures of both cell types compared to 2D
protein expression. In particular, the final mature COL1 product corresponds to the
lower molecular weight band (130 kDa), which was absent in 2D cultures but predom-
inant in constructs under chondrogenic medium (Figures 4B and 5B). Importantly,
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Figures.

Chondrogenic capacity of ADSC in RAD/CS and RAD/Dec 3D composite scaffolds. ADSC were encapsulated
within the RAD, RAD/CS and RAD/Dec composite scaffolds and cultured for 4 weeks under control and
chondrogenic medium. (A) Gene expression levels of chondrogenic and hypertrophic markers. ADSC were
analyzed by qRT-PCR for collagen type I (COL1), collagen type II (COL2), SOX9, aggrecan (ACAN), collagen
type X (COL10) and RUNX2. Ct values velative to ribosomal protein L22 (RPL22) weve obtained and
reported as the fold increase (AACt) velative to 2D cultures. (B) Protein expression chavacterization of ADSC
cultured in RAD, RAD/CS and RAD/Dec composites and in 2D monolayer. Western blot results of collagen
type I (COL1), II (COL2) and X (COL10) when ADSC were cultured under control and chondrogenic medium
in the different scaffold types. Actin expression was used as an internal control. (C) Toluidine blue and Von
Kossa staining of 3D ADSC constructs under chondrogenic induction. Proteoglycan synthesis was qualitatively
assessed by toluidine blue staining (up) and calcium minevalization by Von Kossa staining (down).

(D) Mechanical characterization of 3D constructs cultured for 4 weeks in chondrogenic medium compared to
chicken and calf articular cartilage. ADSCs cultured with RAD16-I and RAD/CS and RAD/Dec composite
scaffolds were analyzed for stovage modulus (G, A), loss modulus (G", B), complex modulus (G*, C) and

tan (delta). Significant differences are indicated as * for p < 0.05, ** for p < 0.01, and *** for p < 0.001, one-way
ANOVA, N = 2 n = 3). Adapted from Recha-Sancho and Semino [42].
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COL2 expression was only detected in 3D cultures under chondrogenic induction.
Moreover, GAG production and accumulation was confirmed by toluidine blue stain-
ing (Figures 4C and 5C). Altogether, these results indicate the synergistic effect of the
3D culture system and the chemical inducers present in the chondrogenic medium in
activating signaling pathways essentials for chondrogenic commitment, in terms of
production of proteins and GAG components of the ECM. Finally, mechanical charac-
terization showed that the viscoelastic behavior of chondro-induced ADSC constructs
was more similar to native cartilage than hACh constructs (Figures 4D and 5D). In
resume, results until this section clearly indicate the chondro-inductive capacity of the
modified scaffold which reinforce the development of biomimetic microenvironments
to promote better tissue engineered cartilage substitutes.

3.3 Bicomponent scaffolds made out of PCL and self-assembling peptide
hydrogels

Self-assembling peptide hydrogels provide a soft and permissive microenviron-
ment, allowing cells to migrate, extend cellular processes and contact with other
cells. Nevertheless, the use of soft hydrogels for CTE can be challenging due to its
low stiffness. One approach to address this issue is the use of composite scaffolds,
comprising a microscale component to increase mechanical properties and a hydro-
gel component (of nanoscale dimension) to promote chondrogenesis. Woven 3D
poly(e-caprolactone) (PCL) resemble native cartilage mechanical properties and,
due to its high wettability, can be infiltrated with a hydrogel matrix, such as fibrin,
alginate, and poly-acrylamide [43-45]. In this study, we developed a unique com-
posite scaffold by infiltrating a 3D woven microfiber poly(e-caprolactone) scaffold
with the RAD16-I self-assembling peptide nanofiber to obtain a multi-scale func-
tional cartilage-like tissue. The chondrogenic capacity of this new bicomponent was
evaluated with expanded dedifferentiated human articular chondrocytes.

The high wettability properties of the PCL scaffold (Figure 6A) allowed to
easily introduce the cells suspended in the RAD16-I peptide solution between the
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Figure 6.

SEM characterizgation of PCL/RAD and hACh constructs. (A) Water (left) and 0.5% RAD16-I solution
(right) contact angle. The liquid was totally absorbed by the PCL scaffold (contact angle << 90°), indicating
high wettability. (B) Surface view of PCL and PCL/RAD structure by SEM. 0.5% RAD16-I1 was lyophilized
within the PCL scaffold. (C) hACh at week 4 of culture in PCL, PCL/RAD and RAD scaffolds. hACh were
seeded in each scaffold and cultured in expansion, control and chondrogenic medium. Two images per condition
are shown. Adapted from Recha-Sancho et al. [46].
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interweaving fibers of PCL scaffold (Figure 6B, left). Areas of RAD16-I peptide
deposition could be observed within the organized woven morphology of the fiber
scaffold (Figure 6B, right). Thus, cells were seeded in the composite PCL/RAD and
in the two scaffolds independently, PCL and RAD, and maintained for 4 weeks in
expansion, chondrogenic and control medium. 3D constructs were analyzed for
morphology, gene and protein expression, proteoglycan synthesis and mechanical
properties.

In order to evaluate cell morphology and their interaction with the scaf-
folds, SEM images of hACh cultured in PCL, PCL/RAD and RAD 3D scaffolds in
expansion, control and chondrogenic medium were taken at week 4 of culture
(Figure 6C). hACh seeded in PCL scaffolds looked elongated and growing on the
surface of PCL fibers. Interestingly, more fibers were detected under chondrogenic
induction, probably due to an increase in extracellular matrix components produc-
tion by the cells. In PCL/RAD constructs, cells seemed to be attached to the PCL
fibers, with a more spherical morphology than in PCL scaffold alone, while hACh in
RAD scaffolds presented in general a spherical shape.

Chondrogenic and hypertrophic markers were studied at gene and protein
level at week 4 of culture in 3D scaffolds and compared to 2D cultures. COL1 was
downregulated or maintained at 2D culture levels under expansion medium, while
itincreased in all 3D constructs under chondrogenic conditions (Figure 7A). At
protein level a single band (~220 kDa) was obtained for COL1 in 2D culture, while
different bands of lower molecular weight (ranging from 180 to 130 kDa) were
observed in 3D cultures of PCL/RAD and RAD (in all medium tested) and PCL in
chondrogenic conditions (Figure 7B).

The expression of COL2 was only increased in PCL/RAD and PCL scaffolds
under chondrogenic induction, however, significant differences were only detected

1 w—yan s
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Figure?7.

Chondrogenic capacity of dedifferentiated hACh in PCL, PCL/RAD and RAD scaffolds. hACh were seeded
in each scaffold, and cultured for 4 weeks under expansion, control and chondrogenic medium. (A) Gene
expression levels of chondrogenic and hypertrophic markers. hACh were analyzed by qRT-PCR for collagen
type I (COL1), collagen type II (COL2), SOX9, aggrecan (ACAN), collagen type X (COL10) and RUNX2.
Ct values relative to ribosomal protein L22 (RPL22) were obtained and reported as the fold increase (AACt)
relative to 2D cultures. Significant differences ave indicated as * for p < 0.05, * for p < 0.01, and *** for

P < 0.001, one-way ANOVA, N = 2n = 3). (B) Protein expression characterization of hACh cultured in

PCL, PCL/RAD and RAD scaffolds and in 2D monolayer. Western blot results of collagen type I (COL1),

IT (COL2) and X (COL10) when hACh were maintained in expansion, control and chondrogenic media in
the different scaffolds and in 2D monolayer. Actin expression was used as an internal control. Samples were
prepavred in triplicate. (C) Toluidine blue staining of hACh 3D PCL, PCL/RAD and RAD constructs cultured
in expansion, control and chondrogenic medium. Proteoglycan synthesis was qualitatively assessed by toluidine
blue staining. Adapted from Recha-Sancho et al. [46].
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for RAD scaffold (Figure 7A). At protein level, COL2 was only detected in PCL/
RAD and PCL scaffolds under chondrogenic medium (Figure 7B). SOX9 was down-
regulated in PCL scaffolds in both culture medium and PCL/RAD in expansion
medium. Nevertheless, it was maintained similar to 2D levels in PCL/RAD com-
posites under chondrogenic induction and in RAD scaffold (Figure 7A). Aggrecan
(ACAN) gene expression was downregulated in all scaffolds under expansion
medium and upregulated in all scaffolds under chondrogenic medium, even though
no differences were detected relative to 2D cultures (Figure 7A). Hypertrophic
markers COL10 and RUNX2 were upregulated in some constructs respect to base-
line. However, no significant increase for COL10 was detected in RAD and PCL/
RAD constructs under chondrogenic medium (Figure 7A). At protein level, COL10
was detected in all samples (Figure 7B).

The production of sulfated glycosaminoglycans was qualitatively assessed by
toluidine blue staining. Constructs under chondrogenic medium were the most
strongly stained compared to expansion and control medium (Figure 7C).

Mechanical properties of the scaffolds alone and hACh 3D constructs were
assessed by dynamic mechanical analysis (DMA) at week 4 of culture, and com-
pared to chicken and calf articular cartilage (Figure 8). The elastic component
(G’, storage modulus) of scaffolds and 3D cultures was significantly lower than
values of chicken and calf cartilage. Regarding the viscous component (G”, loss
modulus), 3D constructs differed from calf native cartilage, while only PCL cellular
scaffolds presented differences with chicken cartilage. All samples presented G’ val-
ues higher than G” values, meaning that the material was more elastic than viscous.
Because the complex modulus (G*) is the sum of both components, G* basically
corresponds to the elastic component in this case and it presented the same pattern
as the storage modulus (G’). Concerning tan(delta), which is the full mechanical
response of the material, the scaffolds and cell constructs were closely related to
both native cartilages, with exception of RAD constructs in chondrogenic medium,
which presented differences with calf cartilage. Moreover, differences were
observed between PCL/RAD and RAD constructs under the same medium. The
combination of PCL scaffold and RAD hydrogel changed their viscoelastic nature
after 4 weeks of culture with hACh, since tan(delta) values of the composite were
increased compared to RAD scaffolds alone. This effect was not observed between
composites PCL/RAD and PCL scaffold alone.

In the present study we report the chondrogenic capacity of dedifferenti-
ated hACh in a composite scaffold comprising a microscale woven 3D poly
(e-caprolactone) and the peptide nanofiber scaffold RAD16-I. PCL scaffold resem-
bles native cartilage mechanical properties while the RAD16-I hydrogel provides a
soft and permissive 3D environment. The expression of chondrogenic markers such
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Figure 8.

Mgchrmiml characterization of scaffolds alone and 3D constructs cultured for 4 weeks in expansion, control
and chondrogenic medium compared to chicken and calf articular cartilage. hACh cultured in PCL, PCL/
RAD and RAD scaffolds were analyzed for storage modulus (G'), loss modulus (G"), complex modulus (G*)
and tan (delta). Significant differences ave indicated as * for p < 0.05, ** for p < 0.01, and *** for p < 0.001,
one-way ANOVA, N = 2 n = 3). Adapted from Recha-Sancho et al. [46].
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as COL2 and ACAN was increased in the presence of RAD16-I peptide (in the com-
posite and alone) compared to 2D cultures (Figure 7A). At protein level, different
band patterns were detected for COL1, fact that suggests a protein maturation
process. Specifically, the scaffolds PCL/RAD and RAD alone under chondrogenic
induction, expressed higher levels of the mature COLL1, as evidenced by the inten-
sity of the 130 kDa band. Moreover, COL2 was only detected in PCL/RAD and
RAD scaffolds under chondrogenic medium, suggesting that the expression of this
cartilage-specific protein was due to the presence of RAD16-I hydrogel (Figure 7B).
GAG production and accumulation was confirmed by toluidine blue staining in
constructs under chondrogenic medium (Figure 7C). Finally, mechanical charac-
terization showed that at the end of culture, all constructs had a viscoelastic nature
(tan delta) similar to native articular cartilage, even though G’ values differed sev-
eral folds from native cartilage (Figure 8). In resume, is clear that the combination
of biomaterials to obtain a multi-dimensional composite (microfiber and nanofiber
scales) is essential to acquire the best culture conditions for the cells to undergo
cartilage lineage differentiation.

4, Conclusions

We report evidences from our previous work which indicates the chondro-
inductive capacity of newly developed biomaterials including heparin-, chondroitin
sulfate-, decorin-, and poly(e-caprolactone)-based self-assembling peptide com-
posite scaffolds. In particular, we demonstrated that these biomimetic biomaterials
fostered re-differentiation of expanded human articular chondrocytes as well as
adipose-derived stem cells into chondrogenic lineage commitment. Moreover, both
biological and biomechanical properties obtained of these cartilage substitutes were
comparable to natural samples of chicken and calf counterparts. This clearly sug-
gest that these newly class of biomaterials are promising for their future application
in reparative and regenerative medicine platforms.

Acknowledgements

This research was supported by funding from the AO Foundation in Acute
Cartilage Injury Collaborative Research Program (ACI CRP) under the project
“Bioactive and biomimetic scaffolds for cartilage regeneration” (BIOCART)
and OSTEOCHON3D, and grants from the NIH (AR50245, AR48852, AG15768,
AR48182, AG46927).

Conflict of interest

The authors declare no conflict of interest.

Abbreviations

2D two dimensional

3D three dimensional

ADSCs adipose-derived stem cells

BMSCs bone marrow mesenchymal stem cells
CS chondroitin sulfate

112



Cartilage Tissue Engineering Using Self-Assembling Peptides Composite Scaffolds
DOI: http://dx.doi.org/10.5772/intechopen.83716

CTE cartilage tissue engineering
Dec decorin
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Hep heparin

MSCs mesenchymal stem cells
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SAPS self-assembling peptide scaffolds
SEM scanning electron microscope
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Abstract

Articular cartilage tissue possesses poor ability to regenerate; as the lesion
progresses, it extends to the underlying subchondral bone and an osteochondral
(OC) defect appears complicating the therapeutic approaches. Cartilage tissue
engineering has become a very active research area capable of contributing to medi-
cal technology innovation. In this regard, the development of new biomaterials in
combination with cells represents one of the best alternatives for the treatment of
OC injuries. In the last decades, the strategies have been designed without consider-
ing the cartilage as a complex tissue with a functionally stratified three-dimensional
structure. Today, efforts are focused on creating a starting point in the process of
cartilage formation with the development of a multiphase implants that recapitu-
lates the cartilage as an OC unit, which improves its integration. This chapter will
focus on a review of tissue engineering based on multiphase designs for cartilage
and OC injuries, highlighting the importance of the biomaterial selection, and also
the relevance of a biomimetic approach to reach a suitable microenvironment for
the differentiation and maturation of the chondral tissue.

Keywords: osteochondral regeneration, cartilage tissue engineering,
multiphasic designs, biofunctionalization, vascularization

1. Introduction

Clinically, an osteochondral trauma injury usually occurs in the part of the load-
bearing of the knee and ankle joint. In the particular case of the knee, as a result,
in most animal models, osteochondral defects are created in the femoral condyles
(Figure 1), which are subject to various types of mechanical loading, such as
compression, shear, and hydrostatic pressure. It is commonly accepted that critical
size osteochondral defects can induce significant degenerative changes in surround-
ing cartilage and bone, possibly due to mechanical destabilization that originates
from the region of the defect that cannot support the load [1]. In this sense and due
to the intrinsic properties of the chondral tissue, the repair of osteochondral defects
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Figure 1.

Hierarchical architecture of the osteochondral unit. The layers including superficial cartilage, middle calcified
cartilage, and deep subchondral bone, as well as cancellous bone, ave showing; also the ovientation of the
collagen fibers that give cartilage its vesistance compression forces.

requires an approach based on tissue engineering, so that the resulting tissue can
mimic the physiological and structural properties of two different tissues (cartilage
and bone) by designing specific scaffold-cell constructs. Multiphase approaches
use two or three architectures, materials, and even cell types to produce a multilayer
construction.

The multiphasic scaffolds have been designed to influence not only the reca-
pitulation of the osteochondral architecture but also to make the integration of the
implant with the surrounding tissue more efficient.

In the design of this type of multiphase implants, the selection of bioactive
biopolymers and ceramics, but also the manufacturing method, and the depen-
dence or not of the cellularization of the phases in harmony with the presence of the
signaling factors will define the therapeutic success. This chapter aims to present
and discuss the approaches currently proposed for the use of multiphase designs in
the treatment of chondral and osteochondral lesions.

2. The osteochondral unit

Cartilage is a type of connective tissue whose function is to protect the bones of
the diarthrodial joints from the frictional forces associated with the load and impact
support [2]. Articular cartilage is predominantly avascular, aneural and alymphatic,
so the main route of nutrition is through the synovial fluid and assisted by mechanical
compression forces [3]. It has a variable thickness according to its location in the body;
in humans, it varies from 1 to 3 mm depending on the joint. This tissue is capable of
being deformed to increase the total contact surface with the consequent reduction in
tension and increase the resistance to damage caused by the applied loads. This func-
tion depends on the organization of the macromolecules in the extracellular matrix,
particularly the arrangement and orientation of the collagen fibers [4].

The cartilage has a single type of specialized cells called chondrocytes [5], which
are embedded and grouped in the extracellular matrix (ECM) secreted by them-
selves. The ECM is a dynamic network of self-assembled macromolecules composed
of water, gases, metabolites, cations and collagen predominantly, noncollagenous
glycoproteins, hyaluronate and proteoglycans are also present. The ECM is able to
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regulate the behavior of cells and influences their processes of proliferation and
maturation [6].

As part of the ECM, water has the function of allowing the deformation of
the cartilage in response to stress; it is also important for the nourishment of the
cartilage and the lubrication of the joints. Moreover, the capability of the articular
cartilage to tolerate significant loads depends on the frictional resistance to water
flow and the pressurization of water within the matrix. When the amount of water
increases to 90%, as in osteoarthritis (OA), it causes greater permeability, which in
turn causes a decrease in resistance and compromises elastic abilities [6].

The most abundant macromolecule in the ECM is collagen and represents 60%
of the dry weight of the cartilage. The types of collagen present in the cartilage are
L II, IV, V, VI, IX, and XI; however, type II collagen represents 90-95% of the total
amount. Collagen X, on the other hand, is only present in osteochondral ossification
phases and, therefore, is associated with cartilage calcification [7].

Proteoglycans (PGs) represent 10-15% of the ECM and are the main noncol-
lagen proteins present in the cartilage. These macromolecules are responsible for the
compression of cartilage. PGs are composed of one or more linear glycosaminogly-
can chains (GAGs) covalently linked [8].

At this point, we have reviewed the cellular and molecular components of joint
tissue, but how are they connected to each other? The articular cartilage has a
complex microarchitecture that varies from the articular surface to the subchondral
bone, organized into the osteochondral unit (Figure1).

The structure of the osteochondral unit is divided into four well-defined zones
designated according to their morphological characteristics, that is, the content of
proteoglycans or water and the density of chondrocytes in: superficial, the middle, the
deep and the calcified zones (Figure 1). In particular, if the differences in the fibrous
structure are understood, the terms “tangential,” “isotropic,” and “radial” have been
used frequently. In consequence, the space between these zones allows, identifying
three regions: the pericellular, the territorial, and the interterritorial region.

3. Histology and mechanical properties of the osteochondral unit

Each of these zones has a particular matrix composition, and cell morphology,
which translates into different cellular, mechanical, and metabolic properties. It is
difficult to separate the histological from the biomechanical when the cartilage is
analyzed. The particular properties of loading and lubrication of articular cartilage
is due, in part, to its composition, which includes a solid phase of collagen fibrils
and proteoglycans entangled with a fluid phase [9]. The high tensile stiffness of the
collagen considerably increases the compressive strength of the cartilage by also
providing resistance to lateral expansion and allowing pressurization of the inter-
stitial water [10]. It is believed that fluid pressurization is an important reason why
articular cartilage exhibits a very low coefficient of friction [11].

As heterogeneous material consisting of surface calcified superficial layers
(10-20%), medium (40-60%), and deep (30%) and thin. Each layer has specific
mechanical properties and is identified by different variations in the size and direc-
tion of the collagen fibers. The content of proteoglycans is lower in the surface area
and increases with depth.

The superficial area is thin and protects the deeper layers of the shear stresses. It
is mainly composed of collagen types II and IX hermetically packed and in parallel
alignment with the articular surface. It contains flattened chondrocytes, which are
influenced by synovial fluid. This area is responsible for the traction properties of
cartilage (Figure1).
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Below the surface area is the middle (transition) zone, which represents a bridge
between the surface and deep zones. This zone contains a low density of spheri-
cal chondrocytes, proteoglycans, and fibrils of thicker collagen and is responsible
for resistance to compression forces. The middle zone of the cartilage has looser
collagen fibers, which gives it the greater Young compression modulus. It is these
variations in tissue morphology that account for the tensile and shear strength
properties of cartilage [12] (Figure1).

The deep zone provides the greatest resistance to compression forces. It is
formed of larger diameter collagen fibrils in a radial arrangement and a low amount
of water. The chondrocytes are organized in a columnar orientation, parallel to the
collagen fibers and perpendicular to the articular line (Figure 1).

Lastly, the calcified layer of hypertrophic chondrocytes joins the cartilage to the
bone by anchoring the collagen fibrils from the deep zone of the subchondral bone
(Figure1) [13, 14].

Through the correlation between histology and mechanical properties, it is clear
that the collagen network and the proteoglycan matrix within the articular cartilage
play an important role in the control of the tensions around the chondrocytes, and
in the maintenance of the good condition of the diarthrodial joints when regulating
the biosynthesis of the solid matrix.

The effect of the collagen network and the fixed loading densities of the carti-
lage in the mechanical environment of the chondrocytes have been investigated in
a depth-dependent manner. The current model emphasizes that the orientation of
the collagen and the negative fixed charge densities dependent on the depth of the
articular cartilage have a great effect on the modulation of the mechanical environ-
ment in the vicinity of the chondrocytes.

Apart from the structure, the composition of the cartilage is also important to
determine the biomechanical properties of the tissue (e.g., traction, compression,
and shearing). As mentioned above, collagen fibrils are the main contributors to the
traction properties of articular cartilage. Since the different zones have different
diameters of collagen and organization, the tensile properties vary significantly
between the zones.

4. Clinical strategies for the osteochondral therapeutic approach

The injuries in the articular cartilage are able to stimulate a significant musculo-
skeletal morbidity not only in elderly patients but also in young people.

The restoration of damage from joint injuries to date represents a great challenge
for medicine, since it cannot regenerate spontaneously; moreover, over time it can
also lead to the establishment of osteoarthritis (OA).

The classification of articular cartilage injury is performed by instrumented
palpation of the lesion and by direct observation by arthroscopy [15, 16]. The most
complete classification system is established by the International Cartilage Repair
Society (ICRS) [17]. The ICRS grading system evaluates the depth of the lesion and
the degree to which the subchondral bone is involved to classify the injury as follows:
grade 0 corresponds to a normal joint; grade 1 is presented by superficial lesions, soft
cleft, and/or superficial fissures and cracks; grade 2 for abnormal lesions that extend
to <50% of the depth of the cartilage; grade 3 due to serious abnormalities in which
cartilage defects extend to >50% of the depth of the cartilage, as well as to the calci-
fied layer and up to, but not through, the subchondral bone; and grade 4 for severe
abnormal where there is also development of blisters in the tissue [17].

Articular cartilage has a limited capacity for repair. Injured chondrocytes
(either superficial or partial thickness lesions) from the early stages develop
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defects in their metabolism; therefore, they are unable to maintain a normal
concentration of PGs [18].

These modifications trigger the increase in tissue hydration and therefore the
fibrillar disorganization of collagen [3, 19]. These changes favor an increase in the
transmission of force toward the subchondral bone. By exceeding the capacity of
the subchondral bone, the impact on the damaged cartilage is even deeper.

In response to this series of events, the chondrocytes proliferate and therefore
the production of matrix molecules at the area of the lesion increases, however, the
new matrix is not able to restore the native surface [3].

When the lesion reaches the subchondral bone (full-thickness lesions), the entry
of pluripotent medullary elements is observed [20]. These migratory mesenchy-
mal stem cells produce type I collagen fibers to fill the full thickness defect with
fibrocartilage. It should be noted that fibrocartilage is not capable of supplying the
damping functions of articular cartilage [21].

Following this line of argumentation, the strategies designed for the treatment
of articular cartilage lesions can classically be classified as discussed below.

Palliative as physiotherapy and systemic medications to relieve pain; reparative
procedures such as debridement, washing of the knee and ankle joint, arthroscopic
arthroplasty, microfracture, and bone marrow stimulation techniques; restorative
such as high tibial osteotomy, unicompartmental knee arthroplasty and total knee
arthroplasty; and transplantation such as osteochondral transplantation (osteo-
chondral graft), osteochondral autologous transplantation (OATS), and transplan-
tation of a autologous chondrocyte implantation (ACI) [22, 23].

4.1 Microfracture

Classified within the reparative procedures is the microfracture. Microfracture
was introduced into the clinic after other techniques of bone marrow stimulation
were used in the late 1980s and early 1990s to penetrate the subchondral bone.
This technique improves the migration of MSCs from the bone marrow to the
site of the cartilage defect; however, microfracture often results in the formation
of fibrocartilage that is biochemically and biomechanically inferior to hyaline
articular cartilage [24]. A case series study has shown that without the mechanical
robustness of the hyaline tissue, the repair tissue is vulnerable to joint mechanical
forces and typically deteriorates between 18 and 24 months after surgery. Such
deterioration is particularly evident when treating large defects or those located in
the patellofemoral joint [25].

Although the FDA and many physicians still consider microfracture to be the gold
standard for cartilage repair, prospective comparative studies show that microfracture
could delay cartilage degeneration only in the short term; more than 5 years after
surgery, treatment failure can be expected regardless of the size of the lesion [26].

4.2 Osteochondral autologous transplantation (OATS)

Osteochondral autologous transplantation has been indicated majorly for
small-to-medium size (diameter > 10 mm) focal articular cartilage or osteochondral
defects of the weigh-bearing areas of the femoral condyles, patellofemoral joint and
talus without an acceptable outcome after less invasive techniques [27].

In OATS, a single or multiple osteochondral grafts are harvested from either
the less-weight-bearing parts of the femoral condyle or the costal-osteochondral
junction. This surgical procedure has the advantage of transplanting viable hyaline
cartilage and subchondral bone, which is then transplanted into the defect area to
restore the integrity of the articular surface [28].
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The disadvantages are basically two: the availability of the grafts and the
morbidity of the donor site. The major disadvantage of this procedure is the need
to harvest one or multiple grafts from an asymptomatic knee or the rib area.
Osteochondral harvesting in OATS often results in considerable donor-site mor-
bidity, showing rates of 17 and 6% for ankle and knee mosaicplasty procedures,
respectively, without any significant correlation between the rate of donor-site
morbidity and size of the defect, number, and size of the plugs [29]. Furthermore,
there is limited evidence on the short- and long-term consequences from harvesting
bone plugs of asymptomatic joints.

4.3 Implantation of autologous chondrocytes

The inconsistent results of microfracture opened the way to the development of
autologous chondrocyte implantation (ACI). To perform this technique, a sample of
cartilage of full thickness is collected from a region of the joint under heavy weight;
this by means of a biopsy during a first arthroscopic operation, the biopsy would
thus serve to provide a population of chondrocytes that would later be expanded
in vitro, to generate around 12-48 million cells. During a second operation, the
chondrocytes would implant in the defect of the debrided cartilage to finally be cov-
ered with a membrane. This technique has two main benefits: the use of a patient's
own cells, which avoids possible complications related to immune events or viral
infections when transplanting allogeneic cells or foreign materials, and unlike the
autologous osteochondral implantation, the small biopsy minimizes complications
in the donor zone of chondrocytes [30].

The positive clinical and functional results of the ACI have been confirmed by
clinical trials [31, 32]. The series of long-term cases with 5 years of follow-up have
shown that ACI is an effective and durable treatment for knee cartilage lesions
greater than 4 cm? [33, 34].

It should be noted, however, that the ACI has three main drawbacks:

* Two operations are needed; this makes the recovery time very long (6-12
months) to guarantee the maturation of the neoformed tissue and thus achieve
improved clinical scores from the beginning of the study.

* The most frequently reported adverse event after ACI, using a periosteal flap to
seal the cells implanted in the cartilage defect, is flap hypertrophy [33]. Therefore,
alternative approaches use artificial matrices such as porcine membranes consist-
ing of collagen mixtures types I and III or hyaluronic acid scaffolds [34-36]. These
materials eventually increase the likelihood of an immune reaction, and their use
is currently considered not approved in the United States.

* Preliminary studies have also shown that very often, autologous chondrocytes are
"dedifferentiated" to fibrochondrocytes in culture [37]. Although other studies
show that they can be redifferentiated and express chondrocytic markers after
being reintroduced in an iz vitro 3D culture system [38], large-scale cohort studies
are needed to continue investigating the cost-effectiveness of the ACI in this regard.

4.4 Scaffolding-based techniques
Taking into consideration the systems that allow the grafted chondrocytes to
be embedded in a three-dimensional system (3D), the osteotomy and autologous

osteochondral graft transplantation has been suggested to restore normal joint
congruity and minimize joint deterioration. Often, these techniques have not
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resulted in long-term a clinical solution, which has prompted the development of
approaches that involve regenerative medicine and tissue engineering to restore
articular cartilage.

The lack of a support material or scaffold to guide the synthesis and organiza-
tion of the neoformed ECM could, in part, explain the variability of the results
among the populations of patients treated with ACI techniques. Ex vivo studies have
shown that successful regeneration of cartilage depends on both the proliferation
rate of chondrocytes and the differentiation capacity of stem cells within a three-
dimensional scaffold designed by tissue engineering; this structure then acts not
only as a vehicle or cellular support but also influences the properties especially the
mechanical properties of the newly formed tissue [39].

5. Tissue engineering based on multiphase designs for cartilage
regeneration

Tissue engineering can be defined as the creation or induction of the formation
of a specific tissue, in a specific location, through the manipulation and selection
of cells, matrices, and biological stimuli. It is an interdisciplinary field that applies
principles of engineering and life sciences toward the development of biological
substitutes that restore, maintain, or improve tissue function [40].

Currently, tissue engineering combines the contribution of cells, undifferenti-
ated or not, which are placed into a scaffold where growth factors can be added to
accelerate cell proliferation and differentiation so that after being transplanted to a
damaged structure and reaching its regeneration.

5.1 Strategies for cartilage tissue engineering

In the cartilage tissue engineering, the constant development of new designs
combining biomaterials, with different cellular sources and modifying the cell
culture methodology within the scaffolding systems is driven by the need, still not
satisfied, to have a gold standard for functional and long-term repair of chondral
and osteochondral defects.

As a cellular source for the formation of cartilage, chondrocytes, or alternatively,
mesenchymal stem cells can be used. In the case of mesenchymal stem cells, there are
a series of known factors that induce their differentiation toward the chondral phe-
notype, among which are the use of a culture medium without serum, enriched with
dexamethasone, ascorbate, TGFp, and BMPs, being the method of three-dimensional
cultivation at high density one of the most used for this purpose [41, 42].

For the implantation of cells in the cartilage defect, they should be embedded
in the thickness of scaffolding. These cellularized graft needs to be maintained for
some period of time in culture in order to allow the cells to secrete enough ECM
to functionally replace the normal cartilage and facilitate its complete integra-
tion. A newly developed osteochondral construction with inferior mechanical
properties can also contribute to mechanical imbalance near the defect region
until its mechanical properties have matured [43]. Mayr et al. demonstrated that
the cartilage component of the osteochondral graft had only half the rigidity
of the surrounding cartilage 6 months after implantation [44]. The longer the
osteochondral graft takes to mature into mechanical properties, the longer the
surrounding cartilage will be exposed to an excessive load, which may contribute
to degenerative processes. Therefore, it is necessary to select scaffolds that allow
building structures related to the biological behavior of cells into an adequate
environment. In any case, for the production of cartilage, it is important to achieve
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the maximum production of extracellular matrix because the mechanical behavior
of the implanted artificial tissue is favored, especially when using less resistant
scaffolds than the normal articular cartilage.

The application of cells in scaffolds, as tissue engineering does, makes cartilage
regeneration strategies complex but allows the process to be orchestrated efficiently.
The critical point in these strategies is the expansion of the cells in culture in order
to generate a suitable production of ECM iz vitro and with a supportive impact on
the mechanical properties in vivo [45].

Another challenge to overcome regarding this strategy is to achieve a competent
integration of the graft after implantation. The integration of the implanted tissue
with the organ requires remodeling, degradation, and at the end, formation of new
tissue. The remodeling of the implanted tissue is essential for its functionality [45].

In the last decades, the strategies have been designed without considering
the cartilage as a complex tissue with a functionally stratified three-dimensional
structure. Today, efforts are focused on achieving a benchmark in the cartilage
formation process with the development of a multiphasic implant, not only because
it recapitulates the nature of native tissue, but also it takes advantage of the healing
capability of bone to promote the implant integration with the surrounding tissue
and then bone healing and cartilage formation. The architecture of the scaffold and
the presence of migratory cells within or immediately around the graft in the bone
phase of the osteochondral tissue then play a key role in the integration and there-
fore tissue repair.

5.2 Multiphasic scaffolding

During the last decade, there have been many new developments in various
aspects of scaffolding manufacturing. Computer-aided designs and fabrication tech-
nologies are used to fabricate custom scaffolds for irregularly shaped defects [46, 47].

The materials used for scaffolds and matrices are increasingly intelligent
and more versatile, and can be modified to incorporate bioactive peptides [48].
Although scaffold fabrication technologies are advancing at a rapid pace, no
engineering strategy used to date can completely recapitulate the biochemical and
physical characteristics of native osteochondral tissue. Although it is generally use-
ful to simplify the approach of in vivo repair from an engineering point of view, for
a successful in vivo result, the biological complexities that take place within the joint
must also be taken into account in the design.

The osteochondral tissue has a heterogeneous multilayer structure composed of
uncalcified cartilage (superficial, middle, and deep zone), calcified cartilage and
subchondral bone.

Essentially, a multiphasic scaffold should be biocompatible able to guide the
structuring of new chondral and osseous tissue, taking into account the presence
and biological functionality of the interface region between them (tidemark) to
achieve the mechanical properties of articular cartilage. The widespread approach
uses multicomponent systems, and the exquisite melding of natural and synthetic
biomaterials where the assembly strategy is fundamental since it determines the
topography and the structural arrangement in which the extracellular matrix is
organized, a random or a well-ordered orientation of the fibers within the chondral
phase in particular.

It can be postulated that the typical lack of orientation of the collagen fiber in
the repaired cartilage also has a role in the prevention of a strong integration at the
level of the cartilage. The surface area of the cartilage in the normal cartilage is hori-
zontally aligned, parallel to the direction of the joint. However, within the repaired
cartilage, this provision is often lacking; therefore, the border adjacent to the native
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cartilage tissue and modified by genetic engineering is susceptible to rupture. The
vertical orientation of collagens near the subchondral bone has been attributed to
the anchoring of cartilage tissue against large strains [49]. The lack of orientation of
the collagen in a dynamic loading environment of the joint probably has a role in the
in vivo failure of the implanted constructions and the decreased integration.

Additionally, it is well documented that the rigidity of the cartilage depends on
the depth, and that the superficial layer of the cartilage deforms much more than
the deeper layers [50]. In this respect, when the cartilaginous component of the
osteochondral scaffolds lacks the deformation patterns that vary in depth, it is likely
that the levels of compression deformation mismatched between the cartilage and the
implant cause a higher shear stress in the interfacial region, causing a break. Tissue
engineering cartilage grafts with variable depth compressive properties have also been
proposed in the past [51], and can be incorporated into future osteochondral designs.

Multiphasic scaffolds can be designed considering two or three different phases
(biphasic or three phase, respectively), each of them with an architecture and
composition of particular biomaterials. Since the cartilage and the subchondral
bone, part of the osteochondral unit, have different biological and mechanical
requirements, the first approaches in the design of multiphase implants were based
on the use of two different biomaterials in order to reach a tissue-specific scaffold
design; moreover, the use of different combinations of biomaterials for each phase
has been reported.

Polylactic-acid (PLA)-coated polyglycolic acid (PGA) scaffold molded by the
computer-aided design and manufacturing (CAD/CAM) technology proved to
be ideal scaffolds for cartilage regeneration, where the presence of PLA provides
adequate rigidity for the chondral phase, which is attached to polycaprolactone/
hydroxyapatite (PCL/HA), an osteoconductive material, where HA generates
a favorable topographical surface and biomimetic microenvironment in terms
of bone tissue. The regenerated cartilage and subchondral bone showed a well-
structured transition zone between the two phases, which has resulted in a better
integration with the host and with mechanical properties capable of supporting the
solicitation of the chondral tissue [52].

The importance of generating in the scaffold a tissue-specific microenvironment
that allows the undifferentiated migrant cells of the host to find a niche for the
adequate differentiation toward the chondrocytic lineage is evident.

Yun-Jeong et al. have shown that not only the microenvironment generated by
the composition of the biomaterials impact on a better imitation of the osteochon-
dral unit, but also the scaffolding structure has an important influence, being an
aligned structure the most adequate in comparison with a randomly structured scaf-
fold [55]. A stratified design of aligned channels in a biphasic scaffold using collagen
type I and biphasic calcium phosphate (BCP) to mimic the cartilage and bone tissue,
respectively, was manufactured by using an exquisite unidirectional freeze-casting
process. Collagen is flexible, and it has specific molecular domains able to induce and
support cell bioactivity [53]. Likewise, BCP provides significant osteoconductivity,
bioactivity, and mechanical features [54]. However, privileging on the composition,
the generation of a biphasic scaffold with a longitudinal roughness of the inner
channels that serves as a guide for the correct adhesion of the cells; it resultsin a
topography that truly emulates the osteochondral unit and shows iz vivo a superior
regeneration of the osteochondral tissue compared to the random structure [55].

Therefore, not only the pore size and porosity should be taken into account for a
correct design, but also the alignment of the channels within the scaffold influenc-
ing cell migration and the proper pattern fibers of the ECM.

Likewise, multiphase can be assembled on the basis of a single biomaterial.

It is possible to modify the physical properties such as roughness, pore size, and
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interconnectivity particularizing according to the phase, selecting a specific type
of porogen and particle size, as well as through the use of different solvents and the
polymerization process.

Biphasic scaffold with a cartilage phase consisting of a silk scaffold attached to
a bone phase consisting of a strontium-hardystonite-gahnite (SHG)-silk scaffold
has been designed by Jiao Li et al. [56]. The preparation implies a coating process
of SHG ceramic scaffolds with a single silk layer using an aqueous silk fibroin
solution then attached to the mixture of silk using methanol as an alternative
solvent prior to silk scaffold formation in order to induce $-sheet formation in
fibroin and the structure of the interface. The conformation of this design showed
not only the ability to promote the differentiation of human mesenchymal stem
cells toward the chondrogenic or osteogenic lineage, but also in addition, by
having a well-stratified biphasic structure, the loading behavior validated the
compression properties.

By the same token, a single biomaterial can be used and can generate distinct
microenvironment using different molecules to biofunctionalize in a tissue-specific
manner. Certainly, no biomaterial is intrinsically capable of satisfying all the
requirements for the manufacture of complex and stratified tissues, so the biofunc-
tionalization of these is presented as an alternative procedure to adapt the proper-
ties of the biomaterials to the needs of the chondral or bone tissue.

A biphasic, but monolithic scaffolds based on alginate, a highly biocompatible
natural biomaterial able to support the growth of diverse cell lineages is designed by
Schiitz et al. through its strategy; scaffolds are fabricated by a diffusion-controlled
system that allows the directed ionotropic gelation [57]. The final structure leads to
the formation of channel-like, parallel aligned pores. In order to generate a chondral
environment, alginate is biofunctionalized with hyaluronic acid, while for the bone
phase, hydroxyapatite is used.

This simple procedure generates two well-defined layers characterized by
different microstructure and mechanical properties, which provide a suitable
environment for cells to form the respective tissue. Although an interface between
the chondral and bone areas of the implant is not structured, a stable connection
between them is clearly demonstrated, which positively impacts the mechanical
properties in the final design. According to the influence of biofunctionalization, it
was demonstrated by gene expression analysis that the embedded stem cells differ-
entiated into the chondrogenic lineage when they were cultivated in chondrogenic
medium; additionally, under the stimulation of the hyaluronic acid present in this
phase, the chondrocyte phenotype remained stable.

Biofunctionalization, especially for monolithic scaffolds, is a useful alterna-
tive to provide chondro- and osteoinductive properties. Aragonite is a biomaterial
from coral exoskeletons, similar to human bone including its 3D structure and
pore interconnections as well as its crystalline form of calcium carbonate (CaCOs)
[58]. That features confers improved osteoconductive ability, suitable for bone
regeneration.

Interestingly, specific coral species differ in size and interconnectivity of
coral pores, which expands the range of applications for different tissues. In
order to induce chondrogenesis in a monolithic system of aragonite, the use
of hyaluronic acid has been described by Korn et al. [59]. We have already
discussed before, the relevance of channel generation aligned in parallel to
guide the adhesion of the cells in the chondral phase and the subsequent struc-
turing of the ECM. In this design, in addition to the biofunctionalization with
hyaluronic acid, the mechanical modification of drilled channels is also added.
The combination of the two strategies showed in a model of joint damage in
goat the best results compared to aragonite alone, and in the absence of parallel
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channels; it means a cartilaginous repair tissue with hyaline cartilage as shown
by the marked expression of proteoglycans, as well as of collagen type IT and
absence of collagen type I.

6. Influence of vascularization on scaffold design for osteochondral
regeneration

Vascularization is the bottleneck in tissue engineering. Creating constructs in
the laboratory that lack of the proper vessels network will fail after implantation
as the cells will not get enough oxygen and nutrients and will die. This fact is even
more significant for osteochondral regeneration. Bone is a highly vascularized
tissue while cartilage is avascular. When vascular networks invade cartilage surface
from the subchondral zone, it might lead to an ossification of the cartilage from
the deep and intermediate zone implying a joint damage and increasing pain. The
design of the optimal scaffold to control angiogenesis, promoting vessel growth
from preexisting ones, on the bone side and inhibiting it on the cartilage side is
relevant for osteochondral regeneration.

One strategy to improve bone formation is to use growth factors (GFs) that can
activate angiogenesis within the scaffold. There are several GFs involved in angio-
genesis, such as vascular endothelial growth factor (VEGF), platelet-derived GF
(PDGF), bone morphogenic proteins (BMPs), fibroblasts growth factors (FGFs),
and tumor growth factor beta (TGFp) [60]. Uploading VEGF is widely used, as
the VEGF activates endothelial precursor cell (EPC) migration and proliferation
activating the angiogenic process, and subsequently promotes the recruitment and
survival of bone forming cells improving bone regeneration. However, the presence
of high levels of VEGF is one of the factors related to OA progression, inducing
cartilage degeneration and pain [61].

Therefore, the scaffold design for osteochondral regeneration must fulfill different
properties that are shared by the two tissues, such as cell adhesion and proliferation and
a high production of ECM; but others must deal with angiogenic promotion for bone
or angiogenic inhibition for cartilage. Furthermore, the already observed side effects
of supraphysiological doses of bone-related GFs heterotopic bone growth, pseudoar-
throsis, local inflammation, and immune response [62] must be controlled by means of
delivery vehicles that will ensure the bioactivity of these molecules and the remaining in
the target location over the therapeutic timeframe. This can be done by covalent attach-
ment to the scaffold, noncovalent binding, or with the nanoparticle carriers.

Kempen et al. developed a system for the sequential release of VEGF with
BMP-2. BMP-2-loaded PLGA microspheres in a poly(propylene fumarate) (PPF)-
scaffold combined with a VEGF-loaded gelatin hydrogel in a rat subcutaneous
model demonstrated both improved vessel and bone formation when compared to
scaffolds that did not contain VEGF [63].

Garcia-Fernandez et al. used antiangiogenic polymer based on 2-acrylamido-
2-methylpropane sulfonic acid (AMPS) and a methacrylic derivative of 5-amino-
2-naphthalenesulfonic acid (MANSA) [64]. The use of this synthetic polymer
completely inhibited angiogenesis by the interaction of the sulfonic acid groups with
the bFGF and VEGF modulating their activity in the processes of endothelial cell
migration and proliferation. Thus, the fabrication of a biphasic scaffold by combining
two different polymers that can control angiogenesis can be an efficient approach.

An innovative approach that has been tested recently is the use of
microRNAs(miRNAs) to modulate cell activity for regenerative medicine
applications. miRNA is a single-stranded RNA, with a length between 21 and 25
nucleotides that can regulate gene expression, usually by destabilizing mRNAs or
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by suppressing translation. The roles of these miRNAs on bone diseases (such as
osteoporosis, osteoarthritis, and rheumatoid arthritis) have been recently high-
lighted. Five freely circulating miRNAs and bone tissue miRNAs are associated with
osteoporotic fractures [65, 66]. miR-26a was reported to regulate angiogenesis by
targeting BMP/SMAD1 signaling in endothelial cells [67].

The use of these molecules as miRNA regulators can be done by using synthetic
molecules, which either mimic or repress the function of endogenous miRNAs. The
mimicking molecules will enhance the suppression of the target protein synthesis
by degrading the miRNA or inhibiting the protein translation. On the other hand,
miRNAs inhibitors (antagomirs) preventing the activity inside the cells will lead to
arise of mRNA and protein expression. This approach can be used to upload scaf-
folds with either agonist or antagonist molecules to induce or avoid vascularization.

Many scaffolds have been designed to fulfill the function of miRNA delivery,
mainly hydrogels, nanofibers, and porous or spongy scaffolds. Besides, the normal
desired properties such as biocompatibility, easy fabrication, easy sterilization,
proper mechanical properties, and adequate porosity for vessels growth, the mate-
rial must retain the miRNA complexes while facilitating their sufficient exposure to
the infiltrating cells without affecting its mechanical properties [68].

7. Biomaterials for multiphasic scaffolding

Biomaterial scaffold properties are fundamental to guide and recreate the native
environment. The biomaterials for osteochondral applications in first insight must
be biocompatible and should be intrinsically osteoinductive, osteoconductive,
chondroinductive, or chondroconductive, and not less insignificant, and must pos-
sess a degradation rate that allows the formation of new tissue.

As previously stated, an ideal scaffold for the treatment from a multiphase point
of view must have a chondrogenic matrix that is flexible, resistant and with pores
small enough to mimic the hyaline cartilaginous matrix and an osteogenic matrix
that should be mechanically competent similar to cancellous bone and bioactive,
which has larger pores that mimic the microenvironment of the subchondral bone.

Achieving an articular cartilage design capable of mimicking its anisotropic
mechanical behavior, still represents one of the greatest challenges in the cartilage
tissues engineering [69]. In addition, the ideal biomaterial for cartilage should allow
the cartilage composition to be recreated in terms of the liquid and solid phases of the
connective tissue, reproduce its zonal organization, and facilitate the integration of the
neoformed tissue with the adjacent native tissue.

Functionally, we can classify biomaterials into: protein-based polymers, such
as fibrin, gelatin, collagen, and silk fibroin [70-74]. Biopolymers based on carbo-
hydrates such as alginate, chitosan, agarose and polyethylene glycol [75-78], and
synthetic polymers such as polylactic acid, polyglycolic acid, polycaprolactone and
polylactic-coglycolicacid (PLGA) are the most common [79-81].

7.1 Carbohydrate-based polymers

These kinds of biomaterials are comprised of cross-linked polymers that swal-
low a great amount of water, which empathizes with the features of cartilage ECM,
thus favoring the maintenance of spherical morphology within the scaffold [76].
Furthermore, synthetic materials and growth factors can be added in order to
enhance chondrogenesis.

A material with adequate characteristics for cartilage engineering is chitosan,

a polycationic polysaccharide that can be degraded enzymatically by the lysozyme
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present in the MEC of human cartilage. Chitosan has a chemical similarity with
GAGs, which gives it the ability to interact with them [82]; through various in

vitro studies, it has been demonstrated that scaffolds based on chitosan especially
in combination with other biomaterials such as collagen II [108], hyaluronic acid
[83], or fibroin [84] promote chondrogenic activity and support the production of
aggrecan and type II collagen, thus improving cartilage repair [108].

7.2 Protein-based polymers

Among the materials of a protein nature is gelatin, which is formed from
denatured collagen and can bind to growth factors, proteins, and peptides and is
also capable of promoting efficient cell adhesion. On the other hand, there is the
collagen that constitutes the main structural component of the ECM, and its use as a
scaffolding material allows the cells to retain their phenotypes [85].

Collagen is a naturally occurring protein found in various fibrous tissues such
as bone and cartilage. Collagen-based scaffolds have been used for cartilage tissue
engineering applications as biomaterials due to its biocompatibility and biodegrad-
ability. Type I collagen gels seeded with bone marrow-derived MSCs have shown the
formation of cartilage and subchondral bone after implantation in a full-thickness
osteochondral defects macaque model. After 24 weeks, the defect had been covered
with cartilage-rich reparative tissue, suitable integration with the surrounding
cartilage tissue, and restoration of trabecular subchondral bone [86].

As part of this group of biomaterials is the silkworm fibroin, which is a natural
biopolymer, with properties such as biocompatibility and biodegradability that allow
it to be currently used for the development of a wide variety of biomedical devices
and new regeneration technologies [87]. Fibroin is the main constituent (72-81%) of
silkworm cocoons Bombyx mori [88], is a hydrophobic glycoprotein containing a large
amount of hydrogen bonds, its composition and molecular orientation allows the for-
mation of a semicrystalline structure formed by a highly ordered phase of antiparallel
p-sheets that give it strength and tenacity, separated by less ordered p-sheet spacers
that in turn contribute to the flexibility and elasticity of the fiber [89].

Because of these unique intrinsic properties and their versatility, silk alone is used
as a biomaterial for biotechnological processes and as well as in tissue engineering [56,
90, 109]; however, it can also be combined with other polymers; the combination of
fibroin/hyaluronic acid is reported, which favors the cultivation of mesenchymal stem
cells [91]. In this context, silk fibroin has interesting applications in the engineering
of hard and soft tissues and has diverse characteristics among which is included the
ability to support the proliferation and differentiation of various cell types, making it an
attractive therapeutic candidate in cartilage regenerative medicine (Table 1) [56, 109].

Silk fibroin has been used in several medical applications, and it can be used
as fiber [92], electrospun fibers [93], films [94], or hydrogels [95]. The versatility
of fibroin as a biomaterial makes it suitable for any type of application in tissue
engineering, and applications that demonstrate greater maturity and close to its
final application are in the field of regeneration of bone, cartilage, and ligaments.

In this regard, a very interesting application is the reconstruction of the cruciate
ligament of the knee through the elaboration of a cord of silk fibers that later are
sown with mesenchymal cells of the bone marrow that differentiate to ligament tis-
sue, offering a mechanical resistance much superior to that of other organic materi-
als and a great biocompatibility. This application is already in commercial phase
in the United States, by a company specialized in the development of biomaterials
based on silk fibroin (Serica) [96].

Regarding the regeneration of cartilage, fibroin has been used for the manufacture of
biphasic implants in combination with bioactive ceramics or 70S bioactive glass, which
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has allowed the obtaining of scaffolds with stratified properties capable of satisfying the
complex and diverse regenerative requirements of the osteochondral tissue [97].

7.3 Synthetic polymer-based biomaterials

Several biodegradable and biocompatible polymers of synthetic origin have
been developed for biomedical applications. The aliphatic polyesters, that is, poly
(a-hydroxy esters), represent polymers that have great potential for their applica-
tion in tissue regeneration. In this group are listed: poly (lactic acid) (PLA), poly
(glycolic acid) (PGA), and poly (e-caprolactone) (PCL) [12, 13]. There are three
enantiomers of PLA, L-lactide, D-lactide, and mesolactide [98]. Of these, the most
used are poly (L-lactide) (PLLA) and poly (D-lactide) (PDLA) [99]. Both PLLA
and PDLA have a tensile strength and elongation at break (1-8%) [100, 101], its
nature of slow crystallization predisposes that these materials are typically hard and
brittle. In vivo studies have shown that highly crystalline PLLA degrades completely
in 5 years, while mostly amorphous PDLLA loses strength in less than 2 months and
is degraded in 1 year [102].

The material properties, degradation rates, and tissue compatibility of PLA can be
modified by copolymerization with other monomers, resulting in copolymers such as
poly (lactic acid-co-caprolactone) (PLGA), poly (lactic acid-co-caprolactone) (PLCL),
poly (lactic acid-co-ethylene glycol) (PLEG), and poly (lactic acid-co-glutamic acid)
(PLGM); this makes them biomaterials with highly adaptable properties for broad
biomedical applications (Table 1) [108, 110, 113-115].

The most common synthetic material used for cartilage tissue engineering has
been nonwoven PGA and PLA mesh. PGA has demonstrated good chondrogenesis
both in vitro and in vivo [103]. A combination of a cell-free poly (L-lactic-coglycolic
acid) scaffold and in situ bone marrow stem cells has been used for focal full-
thickness cartilage defects in a rabbit model, demonstrating suitable integration of
the implant and hyaline-like cartilage regeneration in 24 weeks [104].

These polymers have been approved by FDA: a PGA, PLA, and also polydioxa-
none-based copolymer; BioSeed1, BioTissue Technologies, Freiburg, Germany has
been used for hyaline cartilage regeneration in human trials. This scaffold is cel-
lularized with autologous articular chondrocytes showing improved clinical scores
in human trials [105].

8. Current clinical applications of multiphase designs

The restoration of osteochondral tissue damage should be focused on the
physiological features and the structure of the tissues that make it up (cartilage and
bone), considering the different microenvironments that coexist in the native tis-
sue. Through tissue engineering, multiphase designs have been developed, such as
those discussed throughout this chapter that aspire to achieve this goal. Currently,
the vast majority of them have been characterized in vitro; some already have an
in vivo analysis in medium and large species, which brings them closer to clinical
application. Although there are few multiphase designs that are currently available
for a clinical application, they open an important direction for the rigorous evalua-
tion of the designs found on this path.

The Agili-C™ CartiHeal is a biphasic scaffold, which consists in of a cartilage
phase made of hyaluronic acid and a bone layer comprised by crystalline arago-
nite (calcium carbonate based). After in vivo trial (goat model), this acellular
scaffolds evidenced the potential to recruit cells from the host tissues, and
enhanced hyaline cartilage formation and subchondral bone regeneration with
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a continuous maturation process without deterioration of the repair tissue after
12 months implanted in critical osteochondral defects [111]. For clinical trials,
only one clinical case has been reported in a 47-year-old man with an injury
Outerbridge grade IV. The lesion was treated successfully and resumed normal
activity after 18 months. In a follow-up at 24 months, restoration of the articular
surface was demonstrated by MRI [112]. Although the results were encouraging,
the occupation of the patient (athlete) could have a positive influence on the
observed result, this makes it necessary to develop clinical trials in a larger num-
ber of patients under controlled conditions in order to extrapolate the benefits to
a wider segment of the population.

The TruFit™ CB is an acellular scaffold made from polylactide-coglycolide
copolymer and a bone phase containing calcium sulfate. The scaffold was used at
first by direct implantation for the treatment of focal articular surface defects, but
it showed some controversial results [113]. Several clinical studies have described
a slow chondral restoration in the area of the lesion, due to poor bone repair [119],
together with the poor integration of the implant with the surrounding tissue [120].
The long-term follow-up (up to 2 years) have also been controversial; however,
the constant was delayed formation of the subchondral lamina [121]. Due to these
clinical data, a thorough review of TruFit™ CB’s design is necessary before arriving
at an effective clinical application.

Maioregen™ is a triphasic biomimetic scaffold where the cartilage phase con-
sists of equine type I collagen, an intermediate (tidemark like) layer consisting of
type I collagen and magnesium-hydroxyapatite (Mg-HA), attached to the bone
phase consisting of a mineralized blend of type I collagen and Mg-HA [116]. By
preclinical tests on sheep and horses, it was possible to demonstrate the safety of
the implant, but also that allowed the regeneration of the type II collagen-rich tissue
after 6 months; this is a cell-free design [117, 118]. Throughout several clinical trials
developed in such diverse populations ranging from 28 to 60 years and with a lesion
size ranging from 1.5 to 6.0 cm?, a good filling of the lesion and integration of the
graft has been observed as a constant result. The evolution of the regeneration
process has demonstrated the formation of subchondral bone and maturation of the
chondral tissue in a period of 6 months. The evaluation by a high-resolution mag-
netic resonance imaging (MRI) shows the complete repair of the tissue in a period
of 2 years in 66.7% of the cases treated, even in cases where the lesion involves the
subchondral bone [116].

9. Conclusions

A cartilage repair treatment using tissue engineering comprises the implanta-
tion of bioabsorbable scaffolds that at first fill a chondral or osteochondral defect,
then the production of cartilage repair tissue depends on the de novo synthesis of
cartilage matrix elements. Such scaffolds support the local migration of cells (chon-
drogenic or osteogenic) that basically synthesize new extracellular matrix. The aim
of all cartilage replacement strategies should focus on reconstruction of hyaline
cartilage with its hierarchical organization; however, most of the current strategies
based on monophasic designs lead to the production of fibrocartilage, which has
inferior biological and mechanical characteristics compared to hyaline cartilage.

The design of multiphasic scaffolds aims at congruence with that of hierarchical
nature, and from the studies that have been carried out over the past few years, it is
clear that as a consequence, it substantially improves the integration of the implant
with the surrounding osteochondral tissue, and positively influences the functional
regeneration of both chondral and bone tissues. A vast array of multiphasic designs
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has been evaluated in vitro; however, only three are currently available in the clinic;
the question that arises is: how to optimize the efforts to achieve a conclusive clini-
cal application?

The use of scaffolding in order to recapitulate as much as possible the hierar-
chical structure seems to be not enough. The decision to cellularize or maintain
a cell-free scaffold is crucial, and the answer will depend on the 3D system in a
particular way; therefore, cellularization in each of the chondral and bone phases
must be taken into account for the final design. On the other hand, the inclusion of
an in vitro maturing time of the cellularized implant is desirable; thus, at the time
of implantation, the graft has enough mechanical characteristics to support the
mechanical request in the joint.

The needed to mimic the ECM on a molecular level is another main goal that
demands to be taken into account, so the bioactivation of the biomaterials with
elements such as synthetic materials as the ceramics (tricalcium phosphate,
hydroxyapatite, and bioactive glass), or even the same decellularized tissue matrix,
turns out to be a valuable tool for cartilage design, since these materials enhance the
growth of a bone-like layer to support the overlying cartilage to the existing osteo-
chondral defect.

Experimental studies are ongoing to evaluate innovative multiphase designs
regarding the interaction with cells and the environment in an i vivo frame-
work. In vivo trials using small animal models provide innovative concepts in
osteochondral tissue engineering; nonetheless, to reach the development of
clinical trials in humans, it is important to follow successful experiments using
animal models that have loads and joint dimensions similar to humans. Animals
such as sheep, pigs, and horses have surgically created defect sizes ranging from
0.29 to 0.79 cm” and have average human-like defects depths of about 0.68-1 cm.
The body weights of these animals are also comparable or much heavier than
humans, which makes them more appropriate models to predict the results in
clinical trials.

Although the challenge to incorporate the use of multiphase designs to the clinic
is still great, from the results observed in the wide range of studies, it is possible
to conclude that tissue engineering approaches based on multiphasic scaffolds
represent a promising therapeutic treatment for the regeneration of osteochondral
defects. Moreover, based on the clinical results, it seems that a three-phase approach
offers the most promising results with patients.
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Osteochondral defects can be challenging to treat, first, because the damaged articular
cartilage has a poor intrinsic reparative capability, and second, because these defects
cause chronic pain and serious disability. That is why cartilage repair remains one
of the most challenging issues of musculoskeletal medicine. Arthroscopic and open
techniques that have been developed over the last two decades intend to promote
the success of complete repair of the articular cartilage defects; nevertheless, these
therapies cannot always offer 100% success. Nowadays, cartilage tissue engineering
is an emerging technique for the regeneration of cartilage tissue. Taking into
consideration these perspectives, this book aims to present a summary of cartilage
tissue engineering, including development, recent progress, and major steps taken
toward the regeneration of functional cartilage tissue. Special emphasis is placed on
the role of stimulating factors, including growth factors, gene therapies, as well as
scaffolds, including natural, synthetic, and nanostructured.
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