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Abstract

Cartilage tissue is a complex nonlinear, viscoelastic, anisotropic, and mul-
tiphasic material with a very low coefficient of friction, which allows to
withstand millions of cycles of joint loading over decades of wear. Upon
damage, cartilage tissue has a low self-reparative capacity due to the lack
of neural connections, vascularization, and a latent pool of stem/chondro-
progenitor cells. Therefore, the healing of articular cartilage defects
remains a significant clinical challenge, affecting millions of people
worldwide. A plethora of biomaterials have been proposed to fabricate
devices for cartilage regeneration, assuming a wide range of forms and
structures, such as sponges, hydrogels, capsules, fibers, and microparti-
cles. In common, the fabricated devices were designed taking in consider-
ation that to fully achieve the regeneration of functional cartilage it is
mandatory a well-orchestrated interplay of biomechanical properties,
unique hierarchical structures, extracellular matrix (ECM), and bioactive
factors. In fact, the main challenge in cartilage tissue engineering is to
design an engineered device able to mimic the highly organized zonal
architecture of articular cartilage, specifically its spatiomechanical proper-
ties and ECM composition, while inducing chondrogenesis, either by the
proliferation of chondrocytes or by stimulating the chondrogenic differentiation
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of stem/chondro-progenitor cells. In this chapter we present the recent
advances in the development of innovative and complex biomaterials that
fulfill the required structural key elements for cartilage regeneration. In
particular, multiphasic, multiscale, multilayered, and hierarchical strate-
gies composed by single or multiple biomaterials combined in a well-
defined structure will be addressed. Those strategies include biomimetic
scaffolds mimicking the structure of articular cartilage or engineered scaf-
folds as models of research to fully understand the biological mechanisms
that influence the regeneration of cartilage tissue.

Keywords
Cartilage regeneration * Hierarchical scaffolds ¢ Multiphasic scaffolds ¢
Chodrogenesis * Stem cells * Tissue engineering

9.1 Introduction

Articular (hyaline) cartilage is the thin connective
tissue covering the bearing surface of long bones
in diarthrodial (synovial) joints, which represent
important organs of the musculoskeletal system.
An healthy articular cartilage tissue ensures phys-
iological mobility by providing a lubricated and
smooth surface, as well as by dissipating energy
during the articulation of the joints, which encoun-
ter forces of several times the body weight (Mow
et al. 1992). The unique composition and highly
organized structure of this inhomogeneous, aniso-
tropic, multiphasic, and viscoelastic tissue are the
key elements for its complex mechanical proper-
ties (Malda et al. 2012). Articular cartilage dam-
age can occur either by degenerative injury or by
trauma, which can be acute or repetitive micro
trauma from years of use. However, this complex
and hierarchical tissue has a very limited capacity
of self-repair or regenerate through endogenous
healing due to its relatively hypocellular structure,
with approximately 100x 10 chondrocytes/cm?3
on average (Chiang and Jiang 2009), as well as to
the lack of neural connections, vascularization,
and a latent niche of stem cells/chondroprogeni-
tors (Ge et al. 2012). In current clinical practice,
different cartilage repair techniques are being
used to address tissue damage. While conserva-
tive treatment aims to alleviate pain and slow
down or prevent the progress of osteoarthritis
(OA), surgical interventions aim to stimulate the

natural repair process to rebuild the damaged tis-
sue (Chiang and Jiang 2009; Gomoll and Minas
2014). However, the outcomes of these clinical
treatments remain unpredictable and numerous
surgical cases have not yet proven to be successful
for long-term applications (Chiang and Jiang
2009). Lesions left unrepaired or which have
undergone improper repair, subsequently form
tissues of inferior mechanical strength, leading to
the loss of a suitable mechanical function and pro-
gressive OA degeneration, resulting in significant
pain and disability.

Cartilage tissue engineering (TE) has emerged
as an alternative treatment method of this
uniquely challenging tissue. The main challenge
to produce functional devices that successfully
regenerate cartilage is to mimic its highly orga-
nized zonal architecture, specifically its spatio-
mechanical features and extracellular matrix
(ECM) composition. Cartilage TE has employed
a variety of techniques to produce scaffolds, fre-
quently composed by multiple components,
which are assembled into a final biomimetic
three-dimensional (3D) shape. The biomaterials
employed include a wide range of synthetic and/
or natural materials, which act as a carrier of and
delivery vehicle for, alone or co-cultured, chon-
drocytes and stem/chondro-progenitor cells
towards cartilage formation (Ge et al. 2012).

In this chapter, recent research progress on
multistructured strategies to regenerate cartilage
is addressed. The reported multistructured strategies
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are divided into four main sections, namely mul-
tiphasic, multiscale, multilayered, and hierarchi-
cal strategies. Recent progress in this field is
summarized and future directions for the devel-
opment of functional biomaterials are proposed.

The Hierarchical
Composition of Articular
Cartilage

9.2

In the past decade, significant advances have
been made in cartilage TE strategies. Most of
these efforts have been focused in mimicking its
hierarchical and highly organized zonal architec-
ture. In fact, it is well accepted by the scientific
community that functional cartilage regeneration
can only be achieved through a well-orchestrated
interplay of biomechanical properties, unique
hierarchical structures, ECM composition, and
bioactive factors to stimulate the proliferation of
chondrocytes within the engineered biomaterials
(Ge et al. 2012). Therefore, to propose successful
biomimetic strategies to regenerate cartilage it is
required to fully understand, anatomically and
functionally, this complex tissue from its macro
to nanostructure.

Articular cartilage is a composite and organic
solid matrix saturated with water and mobile
ions. The stiff and elastic crosslinked collagen
fibers present within the ECM of cartilage, pre-
dominately type II, provide resistance to shear
and tensile forces. Additionally, cartilage is com-
posed of glycoproteins, specifically the proteo-
glycan aggrecan, that with its highly sulfated
glycosaminoglycan (GAG) chain attached to col-
lagen fibers captures large amounts of ions and
water molecules via negative charges (Gomoll
and Minas 2014). Overall, water constitutes
70-80 % of the wet weight of healthy cartilage,
with collagen and to a lesser extent glycoproteins
making up the remaining weight. Furthermore,
the solid matrix of articular cartilage has a highly
hierarchical structural arrangement consisting of
four spatially distinct zones, namely (i) the super-
ficial/tangential zone, (ii) the middle/transitional
zone, (iii) the deep/radial zone, and (iv) the calci-
fied zone (Poole et al. 2001). Each individual
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zone is characterized by specific ECM composition
and organization, and thus distinct mechanical
properties. In the superficial/tangential zone, col-
lagen fibers are oriented parallel to the articular
surface and impart high tensile strength to with-
stand the tensile stress encountered under joint
loads, as well as a low coefficient of friction to
assure a smooth articulation. This zone has high
levels of collagen II and low levels of GAGs.
Nevertheless, the relative small amount of pro-
teoglycan molecules in the ECM region contrib-
ute to the compressive mechanical properties by
producing high osmotic pressure within the tis-
sue (Kleine et al. 2009). In the middle/transi-
tional zone, the collagen fibers are randomly
oriented and aggrecan reaches its maximal con-
centration. Here, the collagen II content
decreases, while GAG concentration increases.
The deep/radial zone contains the highest con-
centration of GAGs and the lowest concentration
of collagen II fibers. In this zone the collagen
fibers are oriented perpendicular and attached to
the calcified cartilage zone. Finally, the calcified
cartilage zone has high levels of collagen X and
integrates the cartilage to the subchondral bone
(Bhosale and Richarson 2008). The mechanical
properties of articular cartilage are sensitive to
this depth-varying ECM composition. Although
the total collagen content per wet weight is
unchanged with depth (Malda et al. 2012),
hydroxylysine and hydroxylysyl crosslinking
increase. This feature combined with the pres-
ence of other minor collagen isoforms, such as
type IX and XI, play a critical role in regulating
collagen fibers diameter, as well as inter-fibers
crosslinking, and interactions with cartilage pro-
teoglycans, thereby contributing to the complex
mechanical features of the tissue (Bank et al.
1998). Therefore, from the articular surface to the
middle/transitional zone, as the concentration of
these proteoglycans aggregates increases, the
swelling pressure and water content also increase,
leading to the ultimately increase of the compres-
sive modulus (Williamson et al. 2003). Besides
the depth-varying mechanical features of carti-
lage, the superficial/tangential, middle/transi-
tional, and deep/radial zones have distinct cell
morphology and metabolic activity, with distinct
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Scheme 9.1 Tllustration of
articular cartilage tissue. From
the superficial/tangential to the
deep/radial zones of articular
cartilage the increasing trend
of water, proteoglycans, and
collagen II contents, and
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collagen fibers diameter are { .3 ? |
represented. On the opposite To
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gene and microRNA expression profiles (Grogan
et al. 2013). Chondrocytes in the superficial/tan-
gential zone are flattened and horizontally clus-
tered at a relatively high density, in the middle/
transitional they are more rounded and randomly
oriented in the ECM, and in the deep/radial zone
chondrocytes are larger and organized in vertical
columns. Scheme 9.1 summarizes the described
spatially-varying native articular cartilage anat-
omy. From the superficial/tangential to the deep/
radial zones of articular cartilage, the decreasing
trend of water, proteoglycans and collagen II
content, as well as fibers diameter are repre-
sented. On the opposite direction, the decreasing
trend of GAGs and collagen X content, as well as
compressive modulus values are also illustrated.

9.3 Research Progress
on Cartilage Regeneration

Strategies

Among the different employed biomaterials to
produce scaffolds for cartilage TE, naturally
occurring polymers, such as collagen and poly-
saccharides, have been widely used since they
resemble the natural ECM composition of
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cartilage, rich in GAGs. Examples of natural
biomaterials frequently used in cartilage TE
strategies are collagen I and II, alginate, agarose,
chondroitin sulfate, chitosan, hyaluronic acid,
fibrin, among others, as summarized in the liter-
ature (Chung and Burdick 2008). Although natu-
ral biomaterials are recognized and interact with
cells via surface receptors, consequently regulat-
ing or directing their biological behavior and
phenotype, they also stimulate an immune sys-
tem response of the body upon implantation.
Therefore, antigenicity and disease transfer are
often a concern when scaffolds composed by
natural polymers are implanted. Additionally,
natural biomaterials are subject to variable enzy-
matic host degradation and thus have a fast deg-
radation rate. To address those issues, they are
often combined with synthetic polymers, which
are more controllable and predictable, since their
chemical and physical properties can be modi-
fied to alter mechanical and degradation charac-
teristics. A wide range of synthetic polymers
have been used for different biomedical applica-
tions as summarized in the literature (Tian et al.
2011). While natural biomaterials provide the
biological cues to promote cell adhesion and
proliferation, and mimic the natural ECM
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composition of cartilage, synthetic polymers
allow mimicking the adjacent complex mechani-
cal cues. Different combinations of natural bio-
materials and synthetic polymers to produce
scaffolds for cartilage tissue engineering are
reported in the literature. For example, chitosan
was grafted to poly(e-caprolactone) (CH-PCL)
to produce grafting copolymers with a tailored
mechanical and degradation properties (Wan
et al. 2010). Recently, CH-PCL grafting copoly-
mers were blended with collagen II to fabricate
stratified and multilayered porous scaffolds for
cartilage TE (Zhu et al. 2014). In fact, the pro-
duction of an engineered cartilage tissue has
encountered specific difficulties because articu-
lar cartilage has a stratified structure, with an
ECM composition and mechanical properties
varying in an apparently anisotropic fashion.
The classical TE approach of creating homoge-
neous tissue replacements for articular cartilage
has failed to achieve widespread clinical effec-
tiveness because the bulk properties of the
homogeneous tissue substitutes do not mimic
native tissue function. Considering that the prop-
erties of cartilage are dictated by its spatially-
varying structural organization, current TE
approaches are focused in reproducing the native
architecture and function of cartilage. Therefore,
the manufacture of multistructured and hierar-
chical scaffolds with satisfactory structures and
properties that mimic those found in the native
tissue is now a hot topic in cartilage TE and
regenerative medicine.

In this section we discuss different strategies
reported in the literature to produce multistructured
and hierarchical 3D structures for cartilage regen-
eration. Depending on the concept adopted, those
strategies are divided in four sections, namely (i)
multiphasic, (ii) multiscale, (iii) multilayered, and
(iv) hierarchical strategies. Mainly, these strategies
aim to create 3D constructs with variable molecu-
lar compositions and mechanical properties, mim-
icking the heterogeneous ECM composition and
consequently zone-variable mechanical properties
of native cartilage. Additionally, strategies to pro-
duce multistructured or hierarchical scaffolds as
research models to fully understand the biological
cues that dictate the successful regeneration of car-
tilage were also included.

9.3.1 Multiphasic Strategies

Hydrogels are widely used in cartilage TE due to
their inherent biocompatibility, high water con-
tent, and resemble to the natural cartilage
ECM. However, hydrogels have limited mechan-
ical strength, which is a main issue for cartilage
regeneration. The recreation of the complex
mechanical properties of native healthy cartilage
is of great importance, especially since upon
implantation the construct must provide ability to
withstand physiologic joint loading. Alternative
strategies have been explored to increase the
strength of hydrogel constructs, e.g. through the
creation of interpenetrating networks (IPN),
incorporation of solid particles, fibers and/or
tubes. This lead to the rise of new strategies for
cartilage regeneration comprising the combina-
tion of biomaterials in different states, namely
soft and rigid biomaterials, assembled in a single
3D structure, here termed as multiphasic
strategies.

An example of a multiphasic strategy in carti-
lage TE is the composite 3D woven PCL scaf-
folds with interpenetrating network (IPN)
hydrogels proposed by Liao et al. (2013). A 3D
scaffold that combined two material states,
namely IPN hydrogels and rigid fibers, was
developed. Commonly used hydrogels for carti-
lage regeneration, such as alginate, agarose, gela-
tin (Awad et al. 2004), hyaluronic acid or
poly(ethylene glycol) (PEG) (Chung et al. 2009),
generally consist of polymers of single networks
and exhibit relatively low stiffness and wear
properties. To address the harsh biomechanical
requirements of the joint, IPN hydrogels in dif-
ferent combinations of alginate, fibrin, and poly-
acrylamide (PAAm) were combined with 3D
woven PCL scaffolds. The proposed IPN hydro-
gels showed a significant improvement in the
Young’s aggregate and dynamic moduli, as well
as low coefficients of friction similar to native
cartilage. Additionally, the combination with 3D
PCL woven scaffolds ensured compressive prop-
erties similar to those found in the native tissue,
thus indicating the successful resistance to joint
loading after implantation procedures. In the
same concept, other examples of multiphasic car-
tilage TE strategies with improved mechanical
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properties are the co-electrospinning of soft and
rigid fibers composed by gelatin and poly(L-
lactic acid) (PLLA) (Torricelli et al. 2014),
respectively, or gelatin methacrylamide (gelMA)
hydrogels reinforced with 3D printed scaffolds
composed by a thermoplastic polymer blend
between poly(hydroxymethylglycolide-co-e-
caprolactone) (pPHMGCL) and PCL. pHMGCL/
PCL was also functionalized with methacrylate
groups (PMHMGCL). The 3D composite scaf-
fold with and without methacrylate groups (Ma+
and MA-, respectively) were tested in a PLLA
model of the femoral condyle of the human knee
for a focal articular cartilage defect (Boere et al.
2014).

Multiphasic cartilage TE strategies can also
comprise controlled drug release strategies that
take advantage of the combination of different
material states in the same 3D construct. Spiller
et al. (2012) developed a complex multiphasic
strategy to regenerate cartilage taking in consid-
eration the importance of cartilage formation and
integration, the sustained release of cartilage
growth factors, and the required mechanical
properties of the engineered device to success-
fully regenerate cartilage. For that, they produced
different building blocks, namely a poly(glycolic
acid) (PGA) fiber mesh scaffold, a poly(vinyl
alcohol) (PVA) hydrogel, and poly(lactic-co-
glycolic acid) (PLGA) microparticles loaded
with insulin-like growth factor-1(IGF-1). The
PLGA microparticles loaded with IGF-1 were
then encapsulated in the PVA hydrogel, and the
whole 3D construct was finally wrapped with
PGA fibers. In vivo results showed that the outer
layer composed by PGA fibers improved carti-
lage formation and integration, while the inner
core composed by PVA/PLGA hydrogel pro-
vided mechanical support while releasing
IGF-1 in a sustained fashion.

Figure 9.1 summarizes the referred examples
found in literature comprising multiphasic strate-
gies to regenerate cartilage.

9.3.2 Multiscale Strategies

Collagen, proteoglycans, noncollagenous pro-
teins, and tissue fluid compose the ECM of artic-
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ular cartilage. In particular, collagen II, VI, IX,
and XI, are found in articular cartilage, although
90-95 % of total collagen is composed of type
II. Collagen types II, IX and XI form fibrils and
create an interweaved fiber mesh in the ECM
environment, where fibril diameter increases
with depth (Temenoff and Mikos 2000). Aiming
to mimic this multiscale organization of articular
cartilage, different strategies have been proposed,
here termed as multiscale strategies.

Fibrous scaffolds are widely used in TE due to
their characteristic high porosity and intercon-
nected pores that facilitate cellular infiltration.
Previous reports have indicated that the size scale
of fiber scaffolds influence tissue development.
Specifically, nanoscale features are desirable
because resemble better the collagen fibers of the
native ECM (Li et al. 2005). However, scaffolds
only composed by nanofibers have a limited cel-
lular infiltration due to a closed pore network
mesh (Pham et al. 2006). Therefore, the logical
progression was the development of scaffolds
combining fibers of variable sizes. Levorson
et al. (2014) developed electrospun scaffolds
with fibers of two diameter scales interspersed
evenly throughout an entire 3D construct. For
that, nano and micro fibers of PCL, or nano and
micro fibers of fibrin and PCL, respectively, were
produced. Results showed that the presence of
both nanofibers, either synthetic (PCL) or natural
(fibrin), within a PCL microfiber mesh improved
the proliferation of cells in serum-free condi-
tions, as well as aided the deposition of GAGs
compared with scaffolds composed solely of
microfibers. In a similar multiscale cartilage
strategy, Moroni et al. (2008) combined rapid
prototyping fabrication technique of 3D fiber
deposition (3DF) with electrospinning (ESP) to
fabricate integrated macro and micro polymeric
scaffolds. Scaffolds consisted of integrated 3DF
periodical macrofiber and random ESP microfi-
ber networks (3DFESP) were produced with
block-co-polymers of poly(ethylene oxide tere-
phthalate) (PEOT) and poly(butylene terephthal-
ate). While 3DF macro scaffolds provided
structural integrity and enhanced mechanical
properties, the ESP micro network allowed cell
entrapment and resembled the nano features of
native cartilage ECM. Results showed that
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Fig.9.1 Examples of multiphasic strategies to regenerate
articular cartilage. (a) 3D woven PCL/IPN composite
composed by (A7) stacked layers, namely seven layers of
x and y fiber bundles of PCL, which were interlocked with
a third set of PCL fibers (z -direction) that were passed
vertically through the layers following a continuous and
repeated path as showed in (A2) (Adapted from Liao et al.
2013). (b) Scanning electron microscopy images and pho-
tographs of crosslinked mats composed by co-electrospun
fibers of gelatin (GEL) and PLLA. Scaffolds containing
different amounts of PLLA and gelatin (nominal PLLA/
gelatin weight ratio: 0/100, 30/70, 50/50, 70/30, 100/0)
were produced. Scale bar is 10 pm (Adapted from
Torricelli et al. 2014). (¢) Gelatin methacrylamide hydro-
gels reinforced with a thermoplastic polymer blend of

3DFESP scaffolds had a superior cell entrap-
ment, GAG/DNA ratio, and expression of sul-
fated GAGs by safranin-O staining compared to
3DF scaffolds. Other groups besides varying the
fiber diameter also tested the orientation of the
fibers. McCullen et al. (2012) reported the
fabrication of a trilaminar scaffold by sequential
electrospinning and varying fiber size and orien-
tation in a continuous construct, to create scaf-
folds that mimicked the structural organization
and mechanical properties of the collagen fiber
network of cartilage. By preparing PCL solutions
with different concentrations and by varying the
linear velocity of the collector, fibers with vari-
able diameters (1 and 5 pm) and aligned or ran-

poly(hydroxymethylglycolide-co-g-caprolactone)/PCL
functionalized with methacrylate groups (MA+) or with-
out (MA-). Scaffolds were photographed (C1) before and
(C2) after applying increasing axial compressive forces.
(C3) The 3D composite scaffolds were tested in a model
(side view) of the femoral condyle of the human knee
composed by PLLA (orange) (Adapted from Boere et al.
2014). (d) PGA fiber mesh scaffold wrapping a PVA
hydrogel encapsulating PLGA microparticles loaded with
IGF-1. Different formulations of composite scaffolds
were tested namely a control without cells (No cell), with
unloaded microparticles (No IGF), with a low concentra-
tion of IGF-1 (Low IGF), and with a high concentration of
IGF (High IGF) (Adapted from Spiller et al. 2012)

domly oriented were produced. Three different
zones aiming to mimic the superficial, middle,
and deep natural zones of cartilage composed the
developed trilaminar construct. Results demon-
strated that the trilaminar scaffold displayed
superior mechanical properties compared to
homogeneous scaffolds, and supported in vitro
cartilage formation.

Besides exploring the fibers diameter from a
macro to a nanoscale, other groups included car-
bon nanotubes to regenerate cartilage. Carbon
nanotubes mimic the dimensions of the constitu-
ent components of tissues, in which cells interact
with nanofibrous proteins. This feature makes
carbon nanotubes excellent candidates when
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employed as implants (Tran et al. 2009). In par-
ticular, carbon nanotubes can be used as a second-
ary phase for high load bearing such as cartilage
applications, due to their superior mechanical
properties. Additionally, the unique chemical
properties of carbon nanotubes allows them to be
functionalized with different chemical groups to,
for example, improve cell adhesion and prolifera-
tion. Holmes et al. (2013) combined wet and elec-
trospinning to fabricate poly(L-lactic acid) (PLLA)
fiber scaffolds with a controlled fiber dimension
and combined with multi-walled carbon nano-
tubes (MWCNTSs). The MWCNTSs used were
treated or untreated with hydrogen (H,). In vitro
studies with mesenchymal stem cells (MSCs)
showed that PLLA scaffolds composed of fibers
with smaller diameters had improved cell adhe-
sion. More importantly, the incorporation of
MWCNTs in the PLLA fiber scaffolds had a dras-
tic increase in mechanical strength and a compres-
sive modulus similar to native cartilage. Ultimately,
the chondrogenic differentiation of MSCs was
enhanced by combining H,MWCNTs-PLLA fiber
scaffolds with poly(L-lysine) (PLL) coating,
resulting in the highest GAGs content compared to
the control scaffolds, namely PLLA, MWCNTs-
PLLA, and HbMWCNTs-PLLA.

Another type of a multiscale strategy to regen-
erate cartilage is to create in the same structure a
gradient pore size as reported by Zhang et al.
(2013). A collagen porous scaffold by using ice
particulates as the porogen material with four
ranges, namely 150-250, 250-355, 355-425, and
425-500 pm, within the same construct was devel-
oped. The objective of the study was not to mimic
the multistructured organization of cartilage, but to
create a research model to study in the same con-
struct, and thus under the same culture experiment
conditions, the effect of pore size on cartilaginous
matrix production and cartilage regeneration.

C.R. Correia et al.

Multiscale strategies also include the encapsu-
lation of smaller structures within macrostruc-
tures, which is a frequently employed cartilage
TE strategy, particularly in drug delivery sys-
tems. The most common approach is the encap-
sulation of hydrogel microparticles within a
macro hydrogel structure. Bian et al. (2011)
reported a multiscale delivery system able to sup-
port human MSCs chondrogenesis and neocarti-
lage formation. The system was composed of
alginate microparticles coated with transforming
growth factor-p3 (TGF-p3) nanofilm and encap-
sulated within a hyaluronic acid (HA) hydrogel.
The sustained release of TGF-f3 from micropar-
ticles resulted in an enhanced expression of chon-
drogenic markers and higher levels of cartilage
specific matrix deposition by human MSCs in
HA hydrogels compared to uncoated micro-
spheres (negative control) and, more importantly,
with HA hydrogels without microparticles and,
thus, with TGF-B3 directly encapsulated within
the matrix core of the hydrogel. Additionally, the
in vivo results showed that the sustained release
of TGF-B3 provided by the multiscale strategy
was essential to neocartilage formation compared
to the burst release of TGF-f3 directly loaded in
the core of HA hydrogels. In the same concept,
Nanda et al. (2014) reported a strategy of a porous
scaffold encapsulating microparticles for carti-
lage regeneration. A freeze-dried collagen porous
scaffold with a controlled porous structure and
incorporating insulin loaded PLGA microparti-
cles was developed. The proposed hybrid scaf-
fold demonstrated a high mechanical strength
and a sustained release of insulin for 4 weeks,
ensuring the in vitro survival and proliferation of
chondrocytes.

Figure 9.2 summarizes the referred examples
found in literature comprising multiscale strate-
gies to regenerate cartilage.

Fig.9.2 (continued) cells (MSCs) and alginate micropar-
ticles with a TGF-B3 nanofilm. (¥/) Schematic represen-
tation of the photoencapsulation (UV light) to produce
loaded MeHA hydrogels. (F2) Fabricated HA hydrogel
disk and fluorescent and bright field microscopic images
of MSCs (membrane labeled with red dye) and alginate
microspheres (containing FITC-labeled protein) encap-
sulated in HA gels (Adapted from Bian et al. 2011).

»
»

(g) Scanning electron microscopy images of (G/) freeze-
dried collagen porous scaffolds (control) and (G2) scaf-
folds incorporating insulin loaded PLGA microparticles.
(G3) and (G4) are high magnification images of (GI) and
(G2), respectively. The yellow arrows at (G4) represent
the integrated PLGA microparticles in the porous colla-
gen matrix (Adapted from Nanda et al. 2014)
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Fig. 9.2 Examples of multiscale strategies to regenerate
articular cartilage. (a) Electrospun scaffolds with fibers of
two diameter scales interspersed evenly throughout an
entire 3D construct. (A/) PCL microfibers, (A2) PCL
micro and nanofibers, and (A3) PCL microfibers and
fibrin nanofibers (Adapted from Levorson et al. 2014). (b)
Macro scaffolds of integrated 3D fiber (3DF) deposited by
rapid prototyping technique and electrospun (ESP) micro-
fibers with block-co-polymers of poly(ethylene oxide
terephthalate) (PEOT) and poly(butylene terephthalate).
ESP network spun for (B/) 2 min or (B2) 30 s every two
3DF deposited layers. Scale bar is 200 pm. (B3) Cross
section of (B2). Scale bar is 500 pm (Adapted from
Moroni et al. 2008). (¢) Trilaminar scaffold produced by
sequential electrospinning. The 3D construct was com-
posed by three different zones by varying the diameter

and organization of PCL microfibers: (C/) superficial
zone with aligned 1 pm fibers, (C2) middle zone with ran-
dom 1 pm fibers, and (C3) deep zone with random 5 pm
fibers (Adapted from McCullen et al. 2012). (d) Scanning
electron microscopy images of varying PLLA electrospun
fibrous scaffolds with (D) 0.5 % multi-walled carbon
nanotubes (MWCNTSs), treated with (D) 0.5 % or (D2)
1 % of hydrogen. (D4) High magnification picture of (D1)
(Adapted from Holmes et al. 2013). (e) Collagen porous
scaffolds with gradient pore sizes by using ice particulates
as a porogen material. The ice particulates had diameters
of 150-250, 250-355, 355425 and 425-500 pm, origi-
nating four different regions through the 3D scaffold,
namely region A, B, C, and D, respectively (Adapted
from Zhang et al. 2013). (f) Methacrylated hyaluronic
acid (MeHA) hydrogels encapsulating mesenchymal stem
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9.3.3 Multilayered Strategies

Inspired by the depth-dependent multi-zone mor-
phology of articular cartilage,with varied
mechanical properties and function, scaffolds
composed by organized layers were developed.
The most common approach is to vary the con-
tent of a biomaterial and create a multilayered 3D
scaffold, either in porous scaffolds or hydrogels.
Zhu et al. (2014) proposed a porous scaffold
composed by collagen II blended to CH-PCL
copolymers. By varying the content of collagen
II and chitosan in opposite trends, a four-layered
porous scaffold similar to the ECM of articular
cartilage in terms of composition, porous archi-
tecture, water content, and compressive mechani-
cal properties, was developed. Nguyen et al.
(2011) developed a three-layer poly(ethylene
glycol) (PEG)-based hydrogel with chondroitin
sulfate (CS) and matrix metalloproteinase-
sensitive peptides (MMP-pep) in the top layer,
CS in the middle layer, and HA in the bottom
layer. Mouse MSCs were encapsulated within the
multilayered hydrogels and their biological out-
come was assessed. Results demonstrated that
the developed hydrogels not only induced the
MSC:s to differentiate into the chondrogenic lin-
eage but also that the phenotype and matrix pro-
duction profile could be tailored to specific zones
of articular cartilage by altering the material
composition alone. Most importantly, the authors
showed that the spatial organization of specific
biomaterials affected collagen II expression and
created a composite tissue structure with
spatially-varying collagen II levels, increasing
from the superficial layer to the deep layer.
Creating layers by varying the shape of the bio-
material used is also an example of a multilay-
ered strategy. Steele et al. (2014) developed a
PCL two-zone approach with electrospun fiber
articulating surface deposited onto a particulated-
leached foam. The final two-layered 3D scaffold
was composed by an aligned fiber zone to mimic
the morphology of the superficial zone of articu-
lar cartilage, laminated to a bulk porous
particulate-template scaffold to allow cellular
infiltration and extensive ECM deposition.
Results showed that the incorporation of aligned

C.R. Correia et al.

fibers significantly enhanced the tensile mechan-
ics of the laminated porous scaffold. Additionally,
the fibers also reduced the surface roughness of
the porous scaffolds, mimicking the smooth
articular surface of native cartilage. On the other
hand, the porous scaffolds contributed to the
infiltration of seeded chondrocytes, resulting in
high rates of proliferation and GAG production.
Ng et al. (2009) proposed a layered agarose
hydrogel by varying the population of encapsu-
late chondrocytes. Chondrocytes from the super-
ficial (SZC) and middle (MZC) zones were
isolated and encapsulated to form bilayered con-
structs with 2 or 3 % agarose. Two different lay-
ered formulations were tested, namely 2 %SZC/2
9%MZC and 3 %SZC/2 %MZC. For SZC, GAG
and collagen production increased with increased
agarose concentration and when layered with
MZC. For MZC, GAG production and cell prolif-
eration increased when layered with SZC.
Another type of multilayered strategies is the
creation of gradients by the incorporation of bio-
molecules found in the ECM, such as proteins
and GAGs, which are known to organize cyto-
kines, chemokines, and growth factors, thus
guiding cell migration, growth, and differentia-
tion in various biological processes. However,
controlling the spatial distribution of these bio-
molecules to mimic native tissue remains very
challenging. Chow et al. (2014) proposed the
incorporation of a peptide-polymer conjugate
system to functionalize the surface of scaffolds
with selected peptides that specifically and
dynamically bind GAGs to guide their spatial
arrangement. Combining this functionalization
approach with electrospinning, a single and dual
opposing gradients of peptide concentrations that
directed the spatial organization of GAGs through
the thickness of the scaffold was developed. Two
binding peptides, namely HA-binding and chon-
droitin sulfate (CS)-binding peptides-PCL conju-
gate, were incorporated by co-electrospinning
into PCL fibers, producing HAbind-PCL and
CSbind-PCL fibers, respectively. Sequential
electrospinning of opposing concentrations of
HADbind-PCL and CSbind-PCL created peptide
gradients, that specifically organized contrasting
gradients of HA and CS through the scaffold
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thickness. Interestingly, the gradient in peptide
concentrations organized GAGs into a depth gra-
dient through the scaffold thickness. Gradients of
biomolecules can also be simply achieved by the
encapsulation of varying concentrations within a
hydrogel. Smith Callahan et al. (2013) developed
apoly(ethylene glycol dimethacrylate) (PEGDM)
hydrogel system with a gradient of arginine-
glycine-aspartic acid peptide (RGD) concentra-
tions to correlate primary human osteoarthritic
chondrocyte proliferation, phenotype mainte-
nance, and ECM production. In higher RGD con-
centration regions, the cell number and the
expression of chondrogenic phenotype markers
decreased, while, on the other hand, in lower
RGD concentration regions both were main-
tained. Additionally, ECM content was higher in
lower RGD concentration regions. The design of
gradients through 3D structures was also explored
by Thorpe et al. (2013), by modulating the oxy-
gen tension and mechanical environment thor-
ough the depth of MSCs seeded agarose
hydrogels. The 3D constructs were radially con-
fined of half their thickness and subjected to
dynamic compression (DC). Results showed that
confinement led to low oxygen levels in the bot-
tom of the construct, while the application of DC
increased strain at the top. These spatial changes
correlated with GAGs accumulation in the bot-
tom of the construct and led to increased collagen
accumulation in the top, as well as a suppression
of hypertrophy and calcification throughout the
construct. Therefore, by modulating gradients of
the environment through the depth of agarose
hydrogels, it was possible to suppress MSCs
chondral progression and to engineer tissues with
zonal gradients mimicking certain aspects of
native articular cartilage.

Figure 9.3 summarizes the referred examples
found in literature comprising multilayered strat-
egies to regenerate cartilage.

9.3.4 Hierarchical Strategies
Hierarchical strategies to regenerate cartilage

comprise organized bottom-up approaches, in
which smaller components are assembled into
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greater 3D constructs in an attempt to mimic the
native hierarchical organization of cartilage, from
its macro- to nano-stratified cues. For this pro-
pose, different assembling techniques have been
explored, such as layer-by-layer (LbL) and pep-
tide self-assembly, inverted crystal colloidal
(ICC), cell sheets, and magnetic force-based
approaches.

The most common approach in hierarchical
strategies for cartilage TE is to assembly mic-
roparticles and create microparticles-based 3D
scaffolds. For example, Silva et al. (2013) devel-
oped nanostructured 3D constructs combining
LbL technology and template leaching as scaf-
folds for cartilage regeneration. Paraffin spheres
were previously modified with
poly(ethyleneimine) (PEI) and used as tem-
plates to produce the LbL. membrane composed
by chitosan and chondroitin sulphate as poly-
electrolytes. Once the LbL membrane was built,
the paraffin was leached out and samples were
freeze-dried. The obtained 3D constructs had
high porosity and water uptake, and a viscoelas-
tic nature. Cultures of bovine chondrocytes
(BCH) and MSCs were performed up to 21
days. Both cells adhered and proliferated on the
surface of the samples. Additionally, during the
time of the culture tested, BCH maintained their
chondrogenic phenotype and MSC were able to
differentiate into the chondrogenic lineage upon
chondrogenic medium stimulation. Singh et al.
(2010) explored another assembly approach to
produce microparticles-based scaffolds by using
subcritical carbon dioxide (CO,) as a sintering
agent to assemble poly(D,L-lactide-co-gly-
colide) (PLG) microparticles. The CO, sintering
technique for manufacturing microparticles-
based scaffolds is suitable for producing cell-
containing, shape-specific matrices, such as
scaffolds, under relatively mild conditions via a
single-step sintering of microparticles in the
presence of cells, with high cell viability. In
vitro assays using chondrocytes and human
umbilical cord mesenchymal stromal cells
(HUCMSCs) demonstrated the viability of the
method and, more importantly, that the macro
constructs were suitable for cartilage tissue
engineering applications.
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Fig. 9.3 Examples of multilayered strategies to regener-
ate articular cartilage. (a) Image of a cylindrical collagen
[I/chitosan-PCL scaffold with the schematic representa-
tion of its four layers (L1, L2, L3, and L4), which were
achieved by varying the content of collagen II and chito-
san in opposite trends. The dotted lines indicate the inter-
face zones of the layers (Adapted from Zhu et al. 2014).
(b) Multilayered hydrogel construct fabrication with three
distinctive layers, each corresponding to the superficial
(S), transitional (7), and deep (D) zones of articular carti-
lage (Adapted from Nguyen et al. 2011). (¢) Diagram
illustrating the two-layered PCL scaffold composed by an
electrospun PCL fiber zone laminated to a bulk porous
particulate-template PCL scaffold (porous zone) (Adapted
from Steele et al. 2014). (d) Chondrocytes from the super-
ficial (SZC) and middle (MZC) zones were isolated and
encapsulated to form two-layered hydrogels with 2 or 3 %
agarose. Two different layered formulations were tested,
namely 2 %SZC/2 %MZC (252M) and 3 %SZC/2 %MZC
(3S2M) (Adapted from Ng et al. 2009). (e) Fluorescence
microscopy of cross sections of gradient scaffolds formed

Other methodology used to assemble mic-
roparticles in hierarchical cartilage TE applica-
tions is the production of ICC scaffolds.
Organized colloids with hexagonal structure are
often described as photonic crystals, photonic
band gap materials, and artificial opals since
close-packed particles display unique optical
properties via the diffraction of visible light. By
organizing arrays of microparticles as an ordered
reverse replica, a 3D scaffold with inverted lattice

by sequential electrospinning concentrations of peptide-
PCL conjugates of (E1) HAbind-PCL labeled with fluor-
HA (green), (E2) CSbind-PCL labeled with rhod-CS
(red), and (E3) opposing concentrations of HAbind-PCL
and CSbind-PCL labeled with fluor-HA and rhod-CS
(Adapted from Chow et al. 2014). (f) Poly(ethylene glycol
dimethacrylate) (PEGDM) hydrogel system with a gradi-
ent of arginine-glycine-aspartic acid peptide (RGD) con-
centrations. (F1) and (F2) are histological sections of
alcian blue and sirius red stainings, respectively. Images
of the extracellular matrix production by human chondro-
cytes after 3 weeks of culture where taken every 5 mm
down the length of the gradient. Scale bar is 200 pm
(Adapted from Smith Callahan et al. 2013). (g)
Experimental design of agarose hydrogel constructs
press-fitted into custom made PTFE wells. The 3D con-
structs were radially confined of half their thickness and
subjected to dynamic compression, creating a gradient of
oxygen tension and mechanical environment thorough the
depth of the hydrogels (Adapted from Thorpe et al. 2013)

pore topography was produced, named ICC scaf-
folds. Kuo and Tsai (2011) proposed the develop-
ment of heparinized ICC scaffolds to generate
uniform tissue-engineered cartilage. Highly vis-
cous heparin, chitin, and CH gels were infiltrated
repeatedly into the voids among self-assembled
polystyrene (PS) microparticles. In vitro assays
with chondrocytes showed that cells proliferated,
secreted GAGs, and produced collagen.
Importantly, the infused cells could migrate and
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proliferate in and near the core of the ICC scaf-
folds. This uniform cell growth was mainly
because the regular pore geometry of ICC scaf-
folds was able to reduce the resistance to cell
migration and nutrient transport. Moreover,
immunocytochemistry for collagen II also
showed a uniform distribution of cartilaginous
components.

In a different approach from microparticles-
based scaffolds, Liu et al. (2011) explored the
assembly of nanofibers to produce hollow mic-
roparticles without using any prefabricated tem-
plate. Poly(amidoamine) (PAMAM) dendrimers
were used as initiators to synthesize star-shaped
PLLA (SS-PLLA), which self-assembled into
nanofibrous hollow microparticles. The engi-
neered microparticles were evaluated as inject-
able cell carriers for cartilage regeneration. In
vitro results showed that cells adhered to the
surface of the nanofibrous microparticles and
migrated to the inside of the hollow structure,
while remaining rounded in morphology, which
is characteristic of the chondrocyte phenotype.
Additionally, high production of GAGs and high
levels of aggrecan and collagen II expression
were detected. The capacity of the nanofibrous
hollow microparticles as an injectable scaffold to
fill cartilage defects was also tested in vitro using
a mold with the shape of a rat femoral condyle.
After 4 week of chondrocytes culture, a piece of
cartilage tissue, filling the entire mold could be
obtained. The engineered tissue was composed
by abundant amounts of GAG and collagen II,
confirmed by safranin-O and immunohistochem-
istry, respectively.

In a different assembly approach from engi-
neered materials assembly, cell based therapies,
such as cell sheet technology or magnetic-based
approaches, are also included in hierarchical
strategies for cartilage repair. Cell sheet technol-
ogy using temperature-responsive culture dishes
was first reported by Okano et al. (1993), and
nowadays is used widely in different regenerative
medicine fields. Cell sheets as hierarchical sys-
tems comprise the assembly of multiple layers of
cell sheets, which then originates a 3D engi-
neered tissue from micro to macroscales. Kushida
et al. (2000) reported the production of 3D cell
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sheets. The engineered tissue structures had
intact ECM and adhesion factors, allowing the
production of a 3D construct without the use of
scaffolds. Particularly for cartilage TE, Mitani
et al. (2009) produced cell sheets composed by
chondrocytes, with a consistent cartilaginous
phenotype and adhesive properties. Sato et al.
(2014) reported different studies that success-
fully regenerate cartilage in vitro by cell sheet
technology. Additionally, in this study they
solved some drawbacks reported by other authors,
and confirmed the safety and efficacy of cell
sheet technology for cartilage defects repair. The
authors stated that a clinical study with layered
3D chondrocyte sheets is currently ongoing.
Likewise cell sheet technology, a promising
alternative for shaping multicellular organization
is the use of magnetic forces. This approach
requires individual cell magnetization through
the internalization of magnetic nanomaterials.
Fayol et al. (2013) reported the formation of stem
cells aggregates at the millimetric scale guided
by home-designed miniaturized magnetic
devices, and the production of 3D cellular pat-
terns of defined sizes and shapes. The proposed
magnetic confinement was an alternative
approach to the standard centrifugation for the
production of cell aggregates. The in vitro differ-
entiation of MSCs into the chondrogenic lineage
and nanoparticles with a maghemite core-citrate
coated were chosen as the model system. With
this approach the potential use of stem cells mag-
netic confinement for building large cartilage tis-
sue substitutes of defined geometry and high
tissue integration potential was demonstrated.

Figure 9.4 summarizes the referred examples
found in literature comprising multilayered strat-
egies to regenerate cartilage.

All the different referred studies found in lit-
erature regarding multiphasic, multiscale, multi-
layered, and hierarchical strategies to regenerate
cartilage tissue are summarized in Table 9.1. In
each example the shape and composition of the
components used, the respective assembling
technique to produce 3D constructs, as well as,
the cell phenotype and isolation source used to
performed in vitro and/or in vivo tests were
described.
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Fig.9.4 Examples of hierarchical strategies to regenerate
articular cartilage. (a) Scheme of the production steps of
nanostructured 3D constructs. (A7) Picture and (A2) opti-
cal microscopy of the obtained microparticles-based scaf-
folds fabricated combining LbL and leaching of
free-packet paraffin spheres (Adapted from Silva et al.
2013). (b) Microparticles-based scaffolds by using sub-
critical carbon dioxide (CO,) as a sintering agent to
assemble poly(D,L-lactide-co-glycolide) (PLG) mic-
roparticles. (B1) Various shape-specific scaffolds pro-
duced by using rubber molds of different shapes filled
with PLG microspheres (140 pm diameter) using CO, at
subcritical conditions (15 bar for 1 h at 25 °C followed by
depressurization at 0.14-0.21 bar.s™!). From left to right:
cylinder, bilayered cylinder, tube, plus sign, and star
shapes. Scale bar is 1 mm. (B2) Characteristic scanning
electron microscopy (SEM) images of PLG scaffolds at
CO, at subcritical conditions. Sizes of the microspheres
used were (B2 and B3) 240 pm, (B4) 175 pm, and (B5)
140 pm (Adapted from Singh et al. 2010). (c)
Microparticles assembling organized in colloids with hex-
agonal structure by inverted colloidal crystals (ICC).
SEM images of (C/) inverted colloidal crystals and (C2)
heparinized ICC scaffolds in pure ethylene glycol
(Adapted from Kuo and Tsai 2011). (d) Assembly of
nanofibers to produce hollow microparticles without
using any prefabricated template. SEM images (D/) of a

nanofibrous hollow microparticle, showing the nanofi-
brous architecture and a hole of approximately 20 pm on
the microparticle shell, and (D2) showing the nanofibers,
which have an average diameter of about 160 nm (Adapted
from Liu et al. 2011). (e) Cell sheets technology for artic-
ular cartilage regeneration. (E/) Schematic representation
of the production of temperature-responsive three-dimen-
sional (3D) chondrocyte sheets. 3D cell sheets composed
by chondrocytes isolated from different sources and used
at different passages, namely (E2) from rabbits at passage
0, (E3) from mini-pigs at passage 1, and (E4) from
humans at passage 1. Each cell sheet presented has its cor-
responding histological image showing the respective
ECM deposition (bellow). Cell sheets with the same num-
ber of layers, namely three, but with chondrocytes iso-
lated from different sources have different amounts of
ECM deposition (Adapted from Sato et al. 2014). (f)
Sequential magnetic fusion for the formation of a carti-
lage sheet. A network of magnetic tips was used to form
16 spheroid aggregates of 2.5x10° cells (day 0, DO),
which were placed in contact on day 8 (D8), leading to the
formation of eight doublets upon spheroid fusion. At day
11 (D11), four quadruplets were formed upon doublet
fusion. Ultimately, at days 15 and 28 (D15 and D28), the
four quadruplets were fused to form the final 3D structure
(Adapted from Fayol et al. 2013)
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9 Multiphasic, Multistructured and Hierarchical Strategies for Cartilage Regeneration

9.4 Summary and Future

Directions

Articular cartilage is a highly organized and hier-
archical tissue that provides to the bearing sur-
face low friction and wear-resistance. The
characteristic anisotropic mechanical properties
of cartilage tissue are a result of depth-dependent
differences in the composition of its ECM. Once
damaged, cartilage tissue has a low self-repair
potential. In current clinical practice, different
cartilage repair techniques are being used to
address tissue damage. However, their outcome
remains unpredictable and long-term success is
questionable. Cartilage tissue engineering has
emerged as an alternative method to regenerate
cartilage defects. At present, the success of
cartilage TE requires a detailed understanding of
the contribution of biological factors, architec-
tural and mechanical properties, and biochemi-
cal/material composition in the regeneration of
cartilage. Cartilage TE with the research and
development of innovative biomaterials and
research models, contributed to a more extensive
understanding of cartilage biology. Particularly,
either the development of biomimetic scaffolds
and/or research models has contributed to the
regulation and/or stimulation of different biologi-
cal processes of cells, facilitating ECM deposi-
tion, alignment and functionality. Future
strategies to fabricate biomaterials for cartilage
TE can now have their development base on the
wide range of scientific data available.
Additionally, the detailed analysis of the engi-
neered tissue using well-known techniques, such
as histology, immunocytochemistry, and mechan-
ical assays, can now be complemented with new
and sophisticated characterization techniques,
including nanotechnology and novel biofabrica-
tion methods, thus providing informative insights
about the structure-function relationship of carti-
lage from its macro to nanostructure.
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