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Preface

In the last few years, osteochondral tissue engineering has shown an increasing 
development in advanced tools and technologies for damaged underlying subchon-
dral bone and cartilage tissue repair and regeneration. Considering the limitation of 
articular cartilage to heal and self-repair, new therapeutic options are essential to 
develop approaches based on suitable strategies made of appropriate engineered 
biomaterials. This book reviews the most recent developments in the field of osteo-
chondral tissue engineering and presents challenges and strategies being developed 
that not only face bone and cartilage regeneration but also establish osteochondral 
interface formation, in order to translate it into a clinical setting. Topics include 
biomaterials advances in osteochondral tissue engineering, namely natural, syn-
thetic, and bioceramics-based materials, nanotechnology approaches, as well as 
advanced processing methodology underlying tissue- engineered scaffolding devel-
opment, such as 3D bioprinting, electrospinning, and supercritical fluid technology. 
Hydrogel systems for osteochondral applications are also detailed thoroughly. It 
also maximizes the reader insights into translational research and turning research 
into products, clinical trials and management of osteochondral lesions, and com-
mercially available products. This is an ideal book for biomedical engineering stu-
dents and a wide range of established researchers and professionals working in the 
orthopedic field.

Barco, GMR, Portugal J. Miguel Oliveira
Barco, GMR, Portugal  Sandra Pina
Barco, GMR, Portugal  Rui L. Reis
Madrid, Spain  Julio San Roman



vii

Part I Biomaterials Advances in Osteochondral Tissue

 1  Natural Origin Materials for Osteochondral Tissue Engineering . . .    3
Walter Bonani, Weerasak Singhatanadgige, Aramwit Pornanong,  
and Antonella Motta

 2  Synthetic Materials for Osteochondral Tissue Engineering . . . . . . . .   31
Antoniac Iulian, Laptoiu Dan, Tecu Camelia, Milea Claudia,  
and Gradinaru Sebastian

 3  Bioceramics for Osteochondral Tissue Engineering  
and Regeneration  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   53
Sandra Pina, Rita Rebelo, Vitor Manuel Correlo, J. Miguel Oliveira, 
and Rui L. Reis

Part II Nanotechnology Approaches for Osteochondral Tissue Engineering

 4  Nanomaterials/Nanocomposites for Osteochondral Tissue . . . . . . . . .   79
Ohan S. Manoukian, Connor Dieck, Taylor Milne,  
Caroline N. Dealy, Swetha Rudraiah, and Sangamesh G. Kumbar

 5  Nanofibers and Microfibers for Osteochondral Tissue Engineering .   97
Zaida Ortega, María Elena Alemán, and Ricardo Donate

 6  Micro/Nano Scaffolds for Osteochondral Tissue Engineering . . . . . .  125
Albino Martins, Rui L. Reis, and Nuno M. Neves

Part III Osteochondral Tissue Scaffolding

 7  Mimetic Hierarchical Approaches for Osteochondral  
Tissue Engineering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  143
Ivana Gadjanski

Contents



viii

 8  Porous Scaffolds for Regeneration of Cartilage, Bone  
and Osteochondral Tissue  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  171
Guoping Chen and Naoki Kawazoe

 9  Layered Scaffolds for Osteochondral Tissue Engineering  . . . . . . . . .  193
Diana Ribeiro Pereira, Rui L. Reis, and J. Miguel Oliveira

Part IV Advanced Processing Methodology

 10  Preparation of Polymeric and Composite Scaffolds  
by 3D Bioprinting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  221
Ana Mora-Boza and María Luisa Lopez-Donaire

 11  The Use of Electrospinning Technique on Osteochondral Tissue 
Engineering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  247
Marta R. Casanova, Rui L. Reis, Albino Martins,  
and Nuno M. Neves

 12  Supercritical Fluid Technology as a Tool to Prepare Gradient 
Multifunctional Architectures Towards Regeneration  
of Osteochondral Injuries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  265
Ana Rita C. Duarte, Vitor E. Santo, Manuela E. Gomes,  
and Rui L. Reis

Part V Hydrogels Systems for Osteochondral Tissue Applications

 13  Gellan Gum-Based Hydrogels for Osteochondral Repair . . . . . . . . . .  281
Lígia Costa, Joana Silva-Correia, J. Miguel Oliveira, and Rui L. Reis

 14  Silk Fibroin-Based Hydrogels and Scaffolds  
for Osteochondral Repair and Regeneration . . . . . . . . . . . . . . . . . . . .  305
Viviana P. Ribeiro, Sandra Pina, J. Miguel Oliveira, and Rui L. Reis

 15  In Situ Cross-Linkable Polymer Systems and Composites 
for Osteochondral Regeneration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  327
María Puertas-Bartolomé, Lorena Benito-Garzón,  
and Marta Olmeda-Lozano

Part VI Translation of Osteochondral Tissue Products

 16  Stem Cells in Osteochondral Tissue Engineering  . . . . . . . . . . . . . . . .  359
Eleonora Pintus, Matteo Baldassarri, Luca Perazzo, Simone Natali, 
Diego Ghinelli, and Roberto Buda

 17  Osteochondral Tissue Engineering: Translational Research  
and Turning Research into Products . . . . . . . . . . . . . . . . . . . . . . . . . . .  373
Victoria Spencer, Erica Illescas, Lorenzo Maltes, Hyun Kim, 
Vinayak Sathe, and Syam Nukavarapu

Contents



ix

 18  Clinical Trials and Management of Osteochondral Lesions . . . . . . . .  391
Carlos A. Vilela, Alain da Silva Morais, Sandra Pina,  
J. Miguel Oliveira, Vitor M. Correlo, Rui L. Reis,  
and João Espregueira-Mendes

 19  Commercial Products for Osteochondral Tissue Repair 
and Regeneration  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  415
Diana Bicho, Sandra Pina, Rui L. Reis, and J. Miguel Oliveira

 Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  429

Contents



Part I
Biomaterials Advances in Osteochondral 

Tissue



3© Springer International Publishing AG, part of Springer Nature 2018 
J. M. Oliveira et al. (eds.), Osteochondral Tissue Engineering,  
Advances in Experimental Medicine and Biology 1058, 
https://doi.org/10.1007/978-3-319-76711-6_1

Chapter 1
Natural Origin Materials 
for Osteochondral Tissue Engineering

Walter Bonani, Weerasak Singhatanadgige, Aramwit Pornanong, 
and Antonella Motta

Abstract Materials selection is a critical aspect for the production of scaffolds for 
osteochondral tissue engineering. Synthetic materials are the result of man-made 
operations and have been investigated for a variety of tissue engineering applica-
tions. Instead, the products of physiological processes and the metabolic activity of 
living organisms are identified as natural materials. Over the recent decades, a num-
ber of natural materials, namely, biopolymers and bioceramics, have been proposed 
as the main constituent of osteochondral scaffolds, but also as cell carriers and sig-
naling molecules. Overall, natural materials have been investigated both in the bone 
and in the cartilage compartment, sometimes alone, but often in combination with 
other biopolymers or synthetic materials. Biopolymers and bioceramics possess 
unique advantages over their synthetic counterparts due similarity with natural 
extracellular matrix, the presence of cell recognition sites and tunable chemistry. 
However, the characteristics of natural origin materials can vary considerably 
depending on the specific source and extraction process. A deeper understanding of 
the relationship between material variability and biological activity and the defini-
tion of standardized manufacturing procedures will be crucial for the future of natu-
ral materials in tissue engineering.
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1.1  Introduction

Even if synthetic materials can offer multiple choices in terms of adaptability to 
specific physical requirements, they do not generally possess biomolecular recogni-
tion features that are essential for the induction of the regenerative pathway. Instead, 
natural materials possess unique properties like the ability to interact with the 
 biological environment, particularly with the regeneration process. In this context, 
natural materials display important bioactive properties, having been designed and 
fabricated from nature to fulfill specific functions. Biopolymers and bioceramics 
can be extracted from natural sources and manipulated in terms of composition and 
structure to obtain multifunctional systems, specifically designed to direct host cell 
activity and tissue responses. This concept has been extensively studied and applied 
in the last years to the design and fabrication of scaffolds for tissue engineering (TE) 
strategies.

1.1.1  Naturally Derived Materials for Osteochondral Tissue 
Engineering Applications

Natural materials for TE scaffolds can be divided in two major classes: biopolymers 
 (proteins, polysaccharides, and polymers derived from bacterial fermentation) and 
bioceramics. Recently, proteins such as collagen, silk, fibrin, and keratin, as well as 
polysaccharides like chitosan, alginate, and hyaluronic acid have been investigated 
in osteochondral tissue engineering (OCTE) [1–5]. In general, the sources of natural 
materials are plants, animals, or microorganisms [6, 7]. In Table  1.1, we briefly 
summarized the most important natural sources used to extract proteins and poly-
saccharides currently used in OCTE, along with materials properties relevant to OC 
regeneration. Polymeric materials like polyesters produced by bacterial fermenta-
tion have been also proposed for engineered degradable scaffolds [8]. In the last 
decade, innovative material sources have also been considered [6, 9, 10]. For exam-
ple, collagen, typically isolated from pig and cow, is now isolated from squid, jel-
lyfish, and fish bone and scales [6]. In addition, marine organisms can provide 
bioactive ceramics such as natural aragonite, calcium phosphates, and biogenic sil-
ica derived from corals, sponges, and diatomaceous deposits [11, 12]. Biopolymers 
and bioceramics can be processed and assembled into 3D constructs with different 
morphology, architecture and presentation. For example, porous scaffolds (sponges), 
hydrogels, membranes, and fibrous structures have been developed [9]. Similarly, 
cross-linkable hydrogels prepared from water-based processes in relatively mild 
conditions have been applied to cell encapsulation, bioprinting, and microfabrica-
tion [13–15]. In OCTE, natural materials are seldom used alone. Multicomponent 
and multilayered scaffolds are usually designed combining different biopolymers to 
meet the requirements of both subchondral and cartilage regeneration. In addition, 
natural materials can be combined with synthetic polymers to modulate mechanical 

W. Bonani et al.
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Table 1.1 Summary of naturally derived biopolymers: their main sources, relevant characteristics, 
and applications proposed in OCTE

Material Main sources
Relevant properties in 
OCTE

Material 
presentation OCTE applications

Proteins
Collagen 
[160]

Rat tail
Bovine tendon
Fish bone, scales 
and skin, jellyfish

Main component of OC 
ECM, biodegradable, 
bioresorbable, 
biorecognition, optimal 
cell adhesive properties, 
support pluripotent cell 
differentiation

Sponge
Hydrogel

Multilayered 
scaffold for OC 
regeneration [161]
Bilayered scaffold 
with HA and HAp 
[4]
Scaffold for 
chondrogenic 
differentiation of 
AdMSCs [162] –  
In situ gelling cell 
carrier [120]

Gelatin [44] Porcine/calf skin, 
bovine tendon
Marine organisms

Biodegradable, 
bioresorbable, 
biorecognition, optimal 
adhesive properties, low 
antigenicity compared to 
collagen

Sponge
Hydrogel
Signaling 
molecule

GFs-loaded 
chitosan-gelatin gel 
for OCTE [163]
Cross-linked gel for 
cell/GFs delivery 
[48]
Cell adhesive 
coating [47]

Silk fibroin 
[52]

Silkworm 
cocoons
Recombinant 
bacteria

Versatile processing 
methods, slow 
degradation in vivo, good 
adhesive properties, 
support pluripotent cells 
differentiation

Sponge
Hydrogel

Bilayered scaffold 
for OCTE in vivo 
[59]
Trilayered scaffold 
with HAp for 
OCTE [60]
Cell-laden hydrogel 
for OC interphase 
[2]

Silk Sericin 
[61]

Silkworm 
cocoons

Cell adhesive properties, 
ability to induce 
nucleation of HAp 
crystals, mitogenic effect

Hydrogel
Signaling 
molecule

Additive to induce 
HAp deposition and 
BMSCs osteogenic 
differentiation [65]

Fibrin [26] Bovine/human 
plasma

Partially controllable 
degradability, cell 
compatibility and 
flexibility, hemostatic 
effect, bioactivity and 
biomimetic properties

Hydrogel
Coating
Signaling 
molecule

Cell-seeded 
hydrogel for 
cartilage TE [36]
Carrier for 
chondrogenic  
cells [69]
Biomimetic 
cell-laden  
coating [72]

(continued)

1 Natural Origin Materials for Osteochondral Tissue Engineering
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behavior or degradation kinetics. Ceramics have found application both as porous 
scaffolds for bone regeneration and as fillers/additives to improve mechanical per-
formances and bioactivity of hydrogel constructs [16]. Recently, a variety of natural 
origin bioceramics have raised great interest particularly in bone TE [17], and are 
expected to receive larger and larger attention in the coming years due their inherent 

Table 1.1 (continued)

Material Main sources
Relevant properties in 
OCTE

Material 
presentation OCTE applications

Keratin [76] Animal/human 
hair, horns, claws, 
hooves

Large availability, 
minimal inflammatory 
reaction, excellent cell 
adhesive properties, 
ability to support 
vascularization, slow 
degradation

Sponge
Film

Osteoinductive 
porous scaffold [82]

Polysaccharides
Chitosan 
[83]

Partial acetylation 
of chitin from 
crustaceous 
exoskeletons

Similarity to GAGs in 
articular cartilage, 
antibacterial properties, 
support wound healing

Hydrogel
Sponge

Bilayer scaffold 
with HAp [91]
Porous scaffold for 
OC [164]
Cell-laden 
injectable hydrogel 
[165]

Alginate 
[97]

Brown seaweed 
algae

Nontoxic, mild cross- 
linking conditions, 
hydrophilicity (hydrogel 
absorb considerable 
amount of water and 
body fluids)

Hydrogel
Sponge

Injectable hydrogel 
for cartilage defects 
[166]
Porous scaffold 
with TGF-β/HAp 
for OC [110]
Chondrogenic 
differentiation of 
AdMSCs [106]

Hyaluronic 
acid (HA) 
[111]

Rooster combs
Microbial 
fermentation

Main component of 
hyaline cartilage ECM, 
water soluble and 
versatile cross-linking 
methods, easy chemical 
modification, 
degradability

Hydrogel MSCs and GFs 
delivery for 
cartilage repair 
[167]
Cell laden hydrogel 
for OC bioprinting 
[168]
Injectable gel for 
MSCs delivery [75]

Gellan gum 
(GG) [126]

Bacterial 
fermentation 
(Sphingomonas 
group)

Similarity to GAGs in 
articular cartilage, GG 
forms thermoreversible 
hydrogels with tunable 
mechanical properties, 
injectable hydrogels,

Hydrogel Cell-laden hydrogel 
for chondral region 
[132]
Bilayered scaffold 
for OC regeneration 
[134]
Injectable cell-laden 
hydrogel [169]

W. Bonani et al.
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morphological and chemical advantages over their synthetic counterparts [10]. 
Synthetic materials for OCTE are reviewed elsewhere in this book. Here we present 
biopolymers (proteins and polysaccharides) and bioceramics that have been signifi-
cantly investigated for OCTE approaches. Topics such as natural sources and extrac-
tion methods, physicochemical structure and bioactivity of the different materials 
are the focus of this chapter. For each material we concisely highlight properties 
relevant to OCTE, chemical modifications, area of application (bone TE, OC regen-
eration, or cartilage TE), scaffold presentation, and possible clinical impact. We 
report protein-based materials such as collagen/gelatin, silk proteins, fibrin, and 
keratin, along with polysaccharides like chitosan, alginate, hyaluronic acid (HA), 
and gellan gum (GG). Bacterial-derived polyhydroxyalkanoates (PHAs) are also 
briefly discussed. In the last section, we introduce materials like coral-derived 
 aragonite, natural calcium phosphates, and hydroxyapatite (HAp). In all cases rep-
resentative studies on scaffolds for OCTE will be underlined.

1.2  Biopolymers

1.2.1  Proteins

1.2.1.1  Collagen and Gelatin

Collagen is the most abundant protein in mammals, but it is present throughout the 
entire animal kingdom, including birds and fishes. Collagen fundamental building 
block is a right-handed triple-helix consisting of three polypeptide chains, called 
α-chains, held together by hydrogen bonding [18]. The characteristic repeating unit 
of α-chains is glycine-X-Y, where X and Y are often proline and hydroxyproline, 
respectively. Collagen fibrils are maintained in position within a collagen fiber by 
interfibrillar proteoglycan bridges [19]. To date, at least 29 variants of collagen have 
been identified which differ for amino acid composition of the α-chains and for the 
nature of nonhelical proteins, resulting in significant differences in structures and 
functions [20]. The majority of these collagens, especially the fibril forming colla-
gens (type I, II, III, and V) is commonly found in vertebrates and has excellent 
biocompatibility and biodegradability. The most abundant type of collagen is col-
lagen type I, whose triple helix is a heteropolymer consisting of two α1-chains and 
one α2-chain [21]. Collagen type I is a structural protein that can be found in ten-
don, skin and bone, and largely determines the mechanical behavior of these con-
nective tissues. Collagen type II, V, VI, IX, X, and XI are normally found in hyaline 
cartilage tissue [22], while only collagen type I and V are consistently present in the 
underlying subchondral bone tissue [23]. The bone-to-cartilage transition region is 
usually characterized by collagen type II and X [24, 25]. Both type I and type II 
collagen scaffolds can facilitate cartilaginous tissue formation; however, collagen 
type I collagen is known to induce chondrocytes dedifferentiation [26]. Common 
sources of collagen for TE include bovine tendons and skin, rat-tail and porcine 

1 Natural Origin Materials for Osteochondral Tissue Engineering
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skin, but collagen scaffolds can also be prepared from allogeneic or xenogeneic 
decellularized tissues.

Recently, marine-derived collagen has attracted much attention as an alternative 
to mammalian collagen [27]. Within marine resources, collagen is commonly iso-
lated from fish skins, jellyfish, sea sponges, echinoderms, and cephalopods [28]. 
Generally, marine origin collagen extracted from fish skins, scales and bones is 
considered to be consistent with collagen type I, while collagens derived from jel-
lyfish and sea sponges are consistent with type II and type IV collagen, respectively 
[29]. Sources, extraction methods, and pretreatments affect the final characteristics 
of collagen, such as composition, rheological properties, solubility, and thermal sta-
bility which consequently affect its biological activity [30]. Scaffolds prepared from 
fibrillized jellyfish collagen (Rhopilema esculentum) showed good biocompatibility 
and the ability to preserve the chondrogenic phenotype of porcine chondrocytes [31, 
32]. Furthermore, jellyfish collagen–alginate hybrid systems demonstrated to sup-
port human MSCs chondrogenic differentiation [33].

Mammalian collagen has been used as the main component of a variety of OC 
scaffolds, both for chondral and bone regeneration [4]. Several studies investigated 
the use of collagen from different sources in combination with other biomaterials 
for OCTE applications [34–36]; some examples are summarized in Table  1.2. 
Collagen type I/III membranes stabilized by fibrin glue (Chondro-Gide®), have 
shown promising results for the treatment of knee OC lesions with autologous 
matrix-induced chondrogenesis (AMIC) treatment [37, 38]. MaioRegen® is a com-
mercially available, trilayered scaffold with graded composition consisting of 
equine collagen type I (in the chondral region) and magnesium-doped HAp 
(Mg-HAp, predominant in the subchondral region) [39]. Success of this product in 
case of severe and large chondral/OC lesions has been demonstrated in some litera-
ture [40, 41]. Nevertheless, incomplete cartilage repair and poor subchondral bone 
integration was found in some cases at the 1- and 2.5-year follow-ups [42]. Recently, 
a similar bilayered scaffold composed of cross-linked collagen and Mg-HAp dem-
onstrated initial formation of new bone and chondral tissue in vivo [43].

Gelatin is the result of non-reversible thermal denaturation or hydrolysis of col-
lagen. The triple helix structure of the collagen is lost at relatively mild tempera-
tures (40 °C) due to the disruption of hydrogen bonds between α-chains. Hydrolytic 
denaturation can occur either in alkaline or acidic conditions and it is induced by 
cleavage of covalent bonds along the peptide backbone. Overall, the properties of 
gelatin materials are strongly dependent from collagen type and source as well as 
from the denaturation process. In solution, gelatin acts as a thermally responsive 
protein that can form reversible gels at temperature around 35 °C. As a result, gela-
tin hydrogel is not stable around body temperature limiting the possibility to imple-
ment pure gelatin scaffolds. However, gelatin can be chemically cross-linked to 
increase stability, mechanical properties and delay degradation in in vivo conditions 
[44]. Moreover, gelatin can be combined with other materials such as starch or 
synthetic polymers to improve the mechanical properties of the resulting scaffolds 
[45, 46]. In OCTE field, gelatin is frequently used to increase bioactivity and bio-
compatibility of other natural or synthetic materials. For example, gelatin chemically 

W. Bonani et al.
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Table 1.2 Selected examples of collagen-based scaffolds for OCTE applications obtained by 
combination of collagen with other natural derived or synthetic biomaterials

Combined 
biomaterial

Material 
presentation Testing Results

Hydroxyapatite/
alginate (HAp/
alginate) [170]

Hydrogel In vitro 
(chondrocytes 
from articular 
cartilage)

Enhancement of tensile and 
compressive moduli, increase of cell 
viability, upregulation of cell 
proliferation and hyaline cartilage 
marker production

β-tricalcium 
phosphate (β-TCP) 
[171]

Ceramic 
sponge

In vitro (BMSCs 
from new-born NZ 
white rabbit)

(β-TCP) scaffold was fabricated by 
ceramic stereolithography with 
collagen incorporation. Efficient cell 
adhesion, migration, and distribution 
in 3D

Polyvinyl alcohol 
(PVA) [172]

Nanofibers 
and sponge

In vitro (primary 
porcine 
chondrocytes)

Activation of chondrocytes’ synthesis 
of glycosaminoglycan and type II 
collagen in all structure considered. 
Cells organized in lacunae 3 weeks 
after seeding

Glycosaminoglycans 
(GAGs) [34]

Hydrogel In vitro (porcine 
AdMSCs and 
BMSCs)

Cell adhesion, proliferation, and 
migration in floating and static 
conditions. No cells adhesion when 
cultured in dynamic roller condition.

(GAGs) [173] Biphasic 
scaffold

In vivo (acute OC 
defect in sheep 
model)

Improvement in osteochondral repair 
with collagen/GAG scaffold loaded 
with fibroblast growth factor-18

(GAGs)/calcium 
phosphate [174]

Sponge In vitro (primary 
human MSCs)

Incorporation of a dual chondrogenic 
and osteogenic GFs system (BMP-9/
MC-GAG). Up-regulation of 
chondrogenic markers and sulfated 
GAGs. No effect on ALP, 
mineralization, collagen I production

Hydroxyapatite/
hyaluronic acid 
(HAp/HA) [4]

Multilayered 
scaffold

In vivo OC 
critical-sized 
defect in rabbit 
knee

Increased levels of repair in presence 
of the multilayer scaffold. Diffuse 
host cellular infiltration, with a zonal 
organization, formation of a 
cartilaginous layer with evidence of 
an intermediate area

Magnesium-doped 
HAp crystals [43]

Bilayered 
scaffold

In vitro (hMSCs)

in vivo (nude 
mice) -loaded with 
hMSCs

Improvement of cells attachment and 
proliferation, chondrogenic and 
osteogenic differentiation, and 
synthesis of ECM molecules. New 
tissue growth (bone and chondral), 
neoangiogenesis activation starting at 
4 weeks

(continued)
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attached to calcium alginate porous scaffolds largely improved cell adhesion and 
proliferation, and supported differentiation of MSCs into chondrogenic and osteo-
genic lineages [47]. A furfurylamine- conjugated gelatin hydrogel cross-linked by 
visible light has been used as scaffold for BMSCs and collagen-binding GFs in a 
rabbit OC defect model; the system demonstrated regeneration of novel articular 
cartilage-like tissue and integrated subchondral bone [48]. Gelatin/chitosan hydro-
gels loaded with TGF-β1 exhibited low cytotoxicity the good repair potential for 
OC defect in vivo [49].

1.2.1.2  Silk Proteins

Silk is natural protein-based fiber secreted by arthropods like silkworms and spi-
ders. Fibers are produced by a spinning process where an aqueous protein solution 
is converted in an insoluble filament [50]. The amino acid composition, structure, 
and mechanical properties of silks can be extremely different depending on animal 
species and specific silk function. Silk from silkworm cocoons have been used for 
many years as suture filaments, more recently acquiring novel attention for other 
applications in medicine and particularly in tissue engineering [51, 52]. Silkworm 
silk is composed of fibroin, the structural core component, and sericin, the hydro-
philic protein coating. The primary structure of silk fibroin proteins is mainly com-
posed of glycine and sericin amino acids, with heavy (~350 kDa) and light (~25 kDa) 

Table 1.2 (continued)

Combined 
biomaterial

Material 
presentation Testing Results

Hyaluronate/TCP 
[35]

Sponge In vitro: Rabbit 
MSCs
In vivo (ectopic 
implantation rabbit 
knee)

Ability to act as a stem cell carrier; 
chondrogenesis in vitro and in vivo. 
Good cartilage regeneration and 
integration. Chondroinductive 
properties due to the presence of 
hyaluronate

HAp [175] Sponge In vivo (OC 
defects in the 
patellar groove of 
Japanese white 
rabbits)

Bone repair properties, high affinity 
for BMP-2. Effective for rigid 
subchondral bone repair

HAp [161] Multilayered 
scaffold

Clinical study (30 
patients with knee 
chondral or OC 
lesions)

Follow-up at 2 years. Slower 
recovery for all patients considered 
(patients with adverse events, old, 
previous surgery, with patellar 
lesions). A faster recovery was 
observed in active patients. Safety 
and potential clinical benefit of the 
biomimetic OC scaffold, able to 
promote bone and cartilage tissue 
restoration
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chain peptides connected by disulfide bond [53]. Silk can be processed into versatile 
formats, with tunable properties such as degradation kinetic and bioactivity, for a 
diversity of medical applications responding to precise physical and biological 
requirements. Many of these techniques are water based and take inspiration from 
the natural silk spinning process.

Highly porous 3D silk fibroin scaffolds can be fabricated using several techniques 
such as porogen-leaching [53], freeze-drying [54], or electrospinning technology 
[55]. Silk fibroin scaffolds combined with human MSCs, dexamethasone, and TGF-
β3 were tested in cell culture and chondrogenesis of MSCs was assessed for carti-
lage-specific ECM gene markers. After a 3-week culture, histological analysis 
showed a spatial cell arrangement and collagen type-II distribution of human mes-
enchymal stem cells comparable with articular cartilage tissue [56]. Chemical modi-
fications with cell binding domains and growth factors where proposed in order to 
improve the interactions between chondrocytes/MSCs and fibroin. Arg- Gly- Asp-Ser 
(RGDS)-modified fibroin demonstrated the ability to enhance mRNA expression 
levels of integrin α5β1 (an integrin that binds to matrix macromolecules and protein-
ases and thereby stimulates angiogenesis) and aggrecan (cartilage- specific proteo-
glycan core protein (CSPCP) or chondroitin sulfate proteoglycan 12 h after seeding 
[57]. It was also suggested that RGDS induced moderate chondrocyte adhesion to 
fibroin while maintaining the chondrogenic phenotype and facilitated chondrogen-
esis. Fibroin was also modified using the diazonium-coupling chemistry to control 
protein structure and overall hydrophilicity to direct encapsulated MSCs toward 
enhanced osteogenic differentiation [58]. Chemically modified fibroin hydrogels 
showed the ability to effectively interact with chondrocytes and MSCs due to the 
immobilized cell binding domains and growth factors. The constructs maintained 
the chondrogenic/osteogenic phenotype without extra growth factors [2]. Recently, 
fibroin scaffolds from mulberry (Bombyx mori) and non- mulberry (Antheraea 
mylitta) silkworms loaded with TGF-β3 and BMP-2 were compared in vitro and 
in  vivo [59]. The study showed species-specific ECM deposition and envisioned 
interspecies fibroin blends or multilayered scaffolds with a combination of mulberry 
and non-mulberry silks for the regeneration of OC defects. Ding et al. developed a 
biomimetic trilayered scaffold using silk fibroin and HAp by combining paraffin 
leaching and thermally induced phase separation techniques. The construct sup-
ported simultaneous differentiation of AdMSCs toward chondrocytic/osteoblastic 
phenotype in the chondral and subchondral region in vitro [60]. Chondral and sub-
chondral repair in a rabbit femur model was achieved with fibroin/chitosan/nano-
HAp layered scaffolds [33]. A bilayered scaffold consisting of integrated fibroin 
layer and a silk–calcium phosphate layer supported cartilage regeneration and sub-
chondral bone ingrowth and angiogenesis in a rabbit knee model [32].

Sericin is obtained as a by-product in the silk industry from the degumming pro-
cess of cocoon silk fibers. Soluble sericin extracted from native silk fibers was con-
sidered mainly in wound dressing but also in bone TE applications [61–63]. For 
OCTE, sericin could find application as bioactive signaling molecule for the regen-
eration of subchondral bone. For example, silk sericin extracted from non-mulberry 
silkworm cocoon (Antheraea pernyi) can mediate the formation of HAp crystals in 
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simulated body fluid [64]. The so formed HAp crystals have been shown to  stimulate 
cell adhesion and proliferation but also promote osteogenic differentiation of human 
BMSCs [65].

1.2.1.3  Fibrin

Fibrin is a major component of the blood clot and it is formed by polymerization of 
fibrinogen mediated by thrombin enzymatic activity [66]. Fibrin clot acts as a tem-
porary template guiding the process of wound healing and the formation of new 
tissue, and is later degraded by plasmin. Fibrin and fibrinogen have a pivotal role in 
a number of biological processes, such as blood clotting, inflammatory response, 
cell–cell and cell–matrix interaction, wound healing, endothelial cells recruitment 
and angiogenesis, and regulation of fibroblasts activity [67]. Fibrinogen is a soluble 
molecule consisting of two sets of three polypeptide chains, namely, Aα-, Bβ- and 
γ-chains, jointed by interchain disulfide bridges. The thrombin- mediated cleavage 
of the N-terminal fibrino-peptide segments in the fibrinogen Aα- and Bβ-chains 
initiates the spontaneous assembly of polypeptides into a network fibrin fibrils [26]. 
Fibrin network is further stabilized by physical and chemical cross-links between 
γ-chains (or between one Aα-chain and one γ-chain) initiated by Factor XIIIa.

Thanks to its hemostatic effects, fibrin has a long history as hemostatic agent, 
sealant, and tissue adhesive [66]. In addition, fibrin has been proposed as a carrier 
for the delivery of antibiotics, chemotherapeutic drugs, GFs, and engineered plas-
mids for GF expression in gene therapy [68]. In general, the degradation profile and 
mechanical properties of fibrin gels depend on the fibrinogen concentration, cal-
cium concentration and local pH [69]. Due to the characteristic properties of bio-
compatibility, partially controllable degradability, cell compatibility, and flexibility 
fibrin hydrogels have been proposed in a number of TE applications. The major 
disadvantages of fibrin hydrogels include poor mechanical properties and rapid 
enzyme-catalyzed degradation in vivo, which can be however controlled by chemi-
cal cross-linking [70]. In addition, mechanical properties and degradation kinetics 
can be improved by blending fibrin gels with other synthetic or natural polymers. 
For example, Filova et al. developed a composite hydrogel consisting of collagen 
type I, hyaluronan, and fibrin with better mechanical properties and stability, when 
compared to pure fibrin gel; such composite hydrogel, seeded with autologous 
chondrocytes, showed the formation of new hyaline cartilage in rabbits [36]. Fibrin 
hydrogels seeded with chondrocytes demonstrated to promote the regeneration of 
cartilaginous matrix and new cartilage tissue both in vitro and in vivo [26]. Moreover, 
fibrin gel was infiltrated into porous scaffolds to increase the bioactivity and biomi-
metic properties of synthetic materials [71, 72]. Wang et  al. demonstrated that 
PLGA porous scaffold filled with fibroin gel could guide the regeneration of a well-
integrated neocartilage in full-thickness rabbit defect [73]. A biphasic scaffold con-
sisting of platelet-rich fibrin gel combined with HAp was considered to support 
xenogenic transplantation of differentiated hMSCs in rabbit model [74]. Recently, 
an injectable hydrogel consisting of fibrin and chemically modified HA was 
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designed to delivery of BMSCs for articular cartilage repair in osteoarthritis  therapy. 
The composite hydrogel showed to promote BMSCs proliferation and possess 
chondrogenesis potential in vitro [75].

1.2.1.4  Keratin

The term “keratin” defines a family of structural, filament-forming proteins found 
in epidermal and corneous tissues like hair, nails, horns, claws, hooves, turtle scute, 
whale baleen, beaks, and feathers [76, 77]. In these materials, keratin proteins are 
assembled in a complex hierarchical structure. Being insoluble and heavily cross-
linked via sulfur bridges, some keratin-based structures are between of the toughest 
biological materials [78]. Keratins extracted from hair and wool represents a whole 
new family of biomaterials for applications like TE scaffolds, drug delivery, and 
wound healing [79, 80]. Keratin biopolymers carry cell-binding domains such as 
arginine–glycine–aspartic acid (RGD) and leucine–aspartic acid–valine (LDV) and 
exhibit excellent cell adhesion properties [81]. Lately, keratin-based materials have 
gained some attention in bone TE applications [80], and are considered promising 
candidates for the subchondral region of bilayered scaffolds. Keratin porous scaf-
folds were demonstrated to elicit minimal inflammatory reaction and to support 
tissue healing and neovascularization [7]. Similarly, human hair keratin/jellyfish 
collagen/eggshell- derived HAp scaffolds supported self-differentiation of human 
AdMSCs into osteogenic lineage without additional induction agents [82].

1.2.2  Polysaccharides

1.2.2.1  Chitin and Chitosan

Chitin is a linear polysaccharide made of N-acetylglucosamine residues linked 
through β-(1,4)-glycosidic bonds. Chitin is the second most abundant natural poly-
mer in nature after cellulose, and is present in many biological structures like crus-
taceous exoskeletons, fungal cell walls, and insect cuticles [83]. The presence of 
strong intermolecular bonds prevents chitin solubility, thus limiting de facto the 
possibility of manipulation and development of chitin-based products. Chitosan is 
produced by partial deacetylation of chitin and consists of D-glucosamine (deacety-
lated unit) and N-acetyl-D-glucosamine (acetylated unit) randomly distributed 
within the polymer and linked by β-(1–4)-glycosidic bonds [84]. Chitosan materials 
are considered to be nontoxic, non-allergenic and to elicit minimal foreign body 
reaction. Moreover, chitosan demonstrated also good antithrombogenic and hemo-
static potential, bacteriostatic, antifungal activity, analgesic effect, and positive 
interaction with wound healing progression [85, 86]. Chitosan is only soluble in 
acidic solutions, while it remains insoluble in neutral and alkaline conditions. 
However, water-soluble alternatives can be obtained by reducing chitosan 
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molecular weight and by chemical modification. Methods like grafting with  glycolic 
acid, enzymatic degradation and hydrolysis with hydrogen peroxides have been 
developed to obtain water-soluble chitosan [7, 83, 87]. Chitosan is degraded in vivo 
by lysosome- mediated hydrolysis producing nontoxic saccharide by-products. 
Degradation rate can be modulated acting on the degree of deacetylation; as a gen-
eral rule, the rate of degradation decreases as the degree of deacetylation increases 
[88]. Chitosan can be chemically functionalized thanks to the presence of reactive 
side groups. Chitin and chitosan have been successfully used to produce scaffolds 
for TE applications in different presentations like hydrogels, nanofibers, beads, 
micro/nanoparticles, membranes, and sponges [83]. Thanks to the chemical similar-
ity to some components of natural cartilage like GAGs, HA and chondroitin sulfate, 
chitosan has received much attention as an alternative material for articular cartilage 
repair. Chitosan hydrogels prepared by enzymatic cross-linking were shown to sup-
port the proliferation of chondrocytes and MSCs, maintain the chondrogenic pheno-
type and morphology, and improve the deposition of cartilaginous ECM in vitro 
[89]. Long- term subcutaneous implantation demonstrated a robust chondrogenic 
potential of MSCs-laden chitosan hydrogels with accumulation of high levels of 
aggrecan and deposition of collagen type II. At front of the deposition of a large 
amount of cartilaginous ECM, neither vascularization nor endochondral ossification 
were observed in vivo [90]. As a consequence, chitosan finds applications in 
the chondral region of biphasic scaffolds for OCTE. For example, a macroporous 
HAp/chitosan bilayered scaffold was developed combining a sintered HAp construct 
(bone layer) with a chitosan sponge (cartilage-like layer) obtained by freeze-drying. 
Such bilayered scaffold supported goat BMSC attachment, proliferation, and selec-
tive differentiation in to osteoblasts and chondrocytes in the two layers [91]. Chitosan 
is often blended with other polysaccharides like CS, HA, and alginate to create 
blended hydrogels for OCTE, to encapsulate and deliver pluripotent cells and pre-
serve chondrogenic phenotype [92–95]. Scaffolds based on fumarate–vinyl acetate 
copolymer and chitosan supported bone marrow progenitor cell osteogenic develop-
ment, primary chondrocyte growth and extracellular matrix deposition [96].

1.2.2.2  Alginate

Alginic acid, or alginate, is a natural anionic polysaccharide found in the cell walls 
of brown seaweeds of the class Phaeophyceae. From a chemical point of view, algi-
nates are a family of unbranched block copolymers of (1→4′)-linked β-D- 
mannuronic acid (M) and α-L-guluronic acid (G) units. The copolymer can consist 
of pure M-blocks, pure G-block, alternating GM-blocks or random GM blocks with 
variable length and arrangement [97]. The relative amount of each group as well as  
the block sequence can vary with the alginate source, harvesting time and extraction 
procedures [98]. Alginate molecules can be physically cross-linked in presence of 
divalent cations, typically Ca2+, Mg2+, or Ba2+, that cooperatively interact with 
G-blocks to form ionic interchain bridges; thus leading to physical gelation of the 
solution (ionotropic gelation) [99]. Due to the large availability in nature, mild 
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gelation conditions, limited toxicity, low immunogenicity and cost, alginate has 
been widely proposed for drug release and for cells encapsulation applications [100, 
101]. Moreover, delayed alginate gelation was exploited to develop in situ cross-
linkable injectable hydrogels for cell delivery [102]. Due to the high water content 
and the lack of cell binding sites, alginate hydrogels have limited protein adsorption 
and cell adhesion ability. However, cell compatibility can be improved by blending 
alginate with pro- adhesive proteins (gelatin, collagen, and laminins) and/or by 
chemical modifications with active species like RGD-containing peptides [103]. 
Physically cross-linked alginate hydrogels are relatively stable in water; however, 
with time the leaching of divalent cations can undermine long-term stability and 
mechanical strength, particularly in physiological conditions [2]. Hydrogel stability 
can be greatly improved using methacrylated alginate to form covalent cross-link-
ing bonds.

In the field of OCTE, alginate-based hydrogels were proposed both in the 
 cartilage compartment and in the subchondral bone region. In particular, alginate 
hydrogels were used to deliver bone progenitor cells, including MSCs, for bone 
regeneration [104]. Pure alginate and RGD-modified alginate gels were shown to 
support a complete regeneration of critical-sized bone defects in various animal 
models. In addition, alginate was combined with inorganic materials like HAp and 
TCP to develop scaffold with interconnected porosity with a potential in bone tissue 
engineering applications [97]. On the other side, alginate was used to encapsulate 
and delivery chondrocytes to support chondrogenic phenotype and to promote the 
synthesis of cartilage-specific macromolecules such as proteoglycans and collagen 
[26]. It has been shown that the fate of adult stem cells could be controlled in algi-
nate hydrogels with a proper mix of soluble factors and physical interaction with the 
3D environment [105]. Chondrogenic differentiation of BMSCs and AdMSCs in 
alginate hydrogels was repeatedly confirmed [106, 107]. Alginate hydrogels was 
also combined with synthetic degradable polyesters to prepare multilayered scaf-
folds loaded with GFs for the treatment of full-thickness OC defects in rabbits with 
encouraging results [108, 109]. Overall, alginate scaffolds with different presenta-
tions and compositions could be used both in the bone phase and the chondral phase 
of multilayered OC scaffolds. Recently, Colaccino et al. fabricated a mechanically 
competent and cell compatible scaffold for OCTE based on freeze-dried alginate 
gels. The scaffold presented a bilayered structure, with the combination of alginate-
sulfate and TGF-β1 in the chondral layer and a alginate/HAp composite in the bone 
layer [110].

1.2.2.3  Hyaluronic Acid

Hyaluronic acid (HA) or hyaluronan is a fundamental component of the human con-
nective tissue. HA can be found in the ECM of the skin, hyaline cartilage, vitreous 
humor, and nucleus polposus and is present at elevated concentrations in the syno-
vial fluid. HA is critical for the correct lubrication of arthritic joints and mechanical 
behavior of soft tissues; furthermore, it influences several biological functions such 

1 Natural Origin Materials for Osteochondral Tissue Engineering



16

as cell motility, organization, and cell–ECM interaction [111]. HA is a glycosami-
noglycan (GAG) composed of repeating disaccharide units, namely, N-acetyl-α-D-
glucosamine and β-D-glucuronic acid linked by alternate β(1,3)- and β(1,4)-glycoside 
bonds [7]. Due to a high density of negative charges along the polymer chain, HA is 
very hydrophilic and adopts extended random coil conformation in solution. HA 
has been used for wound healing, tissue engineering, ophthalmic surgery, arthritis 
treatments [111–113]. HA hydrogel mechanical properties and degradation kinetics 
can be controlled by chemical cross-linking [114, 115].

In hyaline cartilage, HA plays a central role regulating protein adsorption and 
providing adhesion sites for chondrocytes in ECM [116]. HA-based scaffolds are 
usually designed to promote and maintain the chondrocytic phenotype and promote 
chondrogenesis in vitro and in vivo [117]. The implantation of autologous chondro-
cytes using a HA matrix has been used to treat OC defects resulting in the formation 
of hyaline-like cartilage [118, 119]. Chemically modified HA hydrogels, alone or in 
combination with other biopolymers, were used to develop injectable in situ form-
ing hydrogel in cartilage regeneration or OCTE applications [75, 93, 120]. For 
example, the ability of chitosan/HA hydrogels to retain large amount of water, sup-
port encapsulated cells and maintain chondrogenic cell phenotype make them ideal 
candidates for cartilage repair [94]. Some examples of HA-based scaffolds for 
OCTE are reported in Table 1.3.

Table 1.3 Selected examples of hyaluronic acid-based scaffolds for OCTE applications obtained 
by combination with other biomaterials or by chemical modifications

Combined material/
chemical modification

Material 
presentation Testing Results

Chondroitin sulfate 
(CS) [176]

Biphasic 
scaffold

In vitro (rat 
BMSCs)
In vivo (Rat OC 
defect model

Elevated expression of osteogenic 
markers (bone sialoprotein, runt 
related transcription factor-2, and 
BMP-2) in the bone side and 
chondrogenic markers (collagen type 
II, aggrecan) in the cartilage. Good 
alignment of collagen type II fibrils 
and aggrecan

Sodium alginate [177] Sponge In vitro 
(chondrocytes 
embedded into 
scaffold)

Proteoglycan and collagen synthesis. 
Cells showed an evident spherical 
shape and a non-oriented and disperse 
actin microfilament network. 
Production of collagen II

Cross-linked 
hyaluronan, 
benzylated hyaluronan 
[178]

Sponge In vivo (rabbit 
articular 
cartilage defect)

Cross-linked hyaluronan was more 
effective than benzylated hyaluronan 
in the treatment of articular cartilage 
defect at 12 weeks after implantation

Type I and type II 
collagen [4]

Multilayered 
scaffold

In vivo (OC 
defects in rabbit 
model)

Ability to guide host reparative 
response. Tissue regeneration with 
zonal organization, repair of the 
subchondral bone, formation of an 
overlying cartilaginous layer, 
presence of an intermediate tidemark

(continued)
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Combined material/
chemical modification

Material 
presentation Testing Results

Gelatin/CS [179] Bilayered 
scaffold

In vivo (OC 
defects in rabbit) 
preloaded with 
chondrocytes/
BMSCs)

After 6 and 12 weeks: Hyaline-like 
cartilage formation, with collagen II 
synthesis. Scaffold replaced mainly 
by new bone, with little remained in 
the underlying cartilage. 36 weeks: 
Scaffold completely resorbed

Collagen type I/
fibrinogen [180]

Composite 
hydrogel

In vivo (OC 
defects in rabbit 
loaded with 
synovium 
MSCs)

24 weeks after transplantation: 
Hyaline cartilage-like tissue 
production into the defect, with high 
content of GAGs and collagen II

Fibronectin coating 
[181]

Sponge In vivo (OC 
defects in rabbit)

24 weeks of implantation: The defects 
filled with new bone with a upper 
layer of cartilage, evident integration 
with the adjacent cartilage

Chitosan [182] Hydrogel  
fibers by wet 
spinning

In vivo (OC 
defects in rabbit)

12 weeks after implantation: 
Production of mechanically 
competent hyaline-like cartilage into 
the defect with integration with the 
adjacent native cartilage. 
Physiological reconstitution of 
subchondral bone

1.2.2.4  Gellan Gum

Gellan gum (GG) is an anionic extracellular polysaccharide secreted by fermenta-
tion of carbohydrates by different bacteria from the Sphingomonas genus [121]. 
Properties and purity of the gellan gum materials depend on bacterial population, 
dietary pattern, and extraction procedure (i.e., temperature, pH, and purification 
cycles) [122]. GG is a water-soluble heterosaccharide based on D-glucose, 
D-glucuronic acid, and L-rhamnose repeating subunits [123]. GG is a FDA-
approved compound used as stabilizer and gelling agent in food and cosmetic indus-
try, but also commercialized for clinical applications. Typically, GG can be prepared 
in either low or high acylated forms; the deacylated form is more commonly used in 
TE applications. GG molecules can be homogeneously dispersed in hot aqueous 
conditions, but undergo gelation upon cooling below the sol–gel transition tempera-
ture (between 40 and 50 °C). The gelation is initiated by GG chains self-assembling 
of into paired helical structures; in a second stage, helices further aggregate forming 
cluster junctions, eventually leading to the gelation of the system [124]. The junc-
tion zones of the paired GG helical chains can be stabilized in presence of divalent 
cations (typically Ca2+ and Mg2+), thus resulting in irreversible gelation [125].

Over the past 20 years, GG-based hydrogels were taken into consideration for 
OCTE applications thanks to their biocompatibility, biodegradability, and inject-
ability [126]. In fact, hydrogels can be easily produced by thermal gelation and in 
presence of cations without toxic chemical reagents. However, the temperature of 

Table 1.3 (continued)
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spontaneous gelation temperature is generally too high, and the resulting gel is 
 considerably more fragile and weaker when compared to natural cartilage. In 
 addition, GG hydrogels tends to reduce mechanical properties in vivo due to diva-
lent cations exchange with body fluids. These factors represent critical limitations 
for TE clinical applications. A number of strategies have been devised to decrease 
gelation temperature, to improve injectability, and to increase mechanical perfor-
mances in  vivo—i.e., by GG oxidation, by optimizing cations content, and by 
blending low and high acyl GG in the right proportion [15, 127, 128]. In alternative, 
GG can be covalently modified to improve cell adhesion and mechanical properties 
of the hydrogel. Most notably, GG methacrylation has been implemented to obtain 
modified GG species with photo-induced cross-linking abilities and improved reac-
tivity [129–131]. Cell-laden GG hydrogels were studied for in vitro chondrogenesis 
and long-term cartilage regeneration [15, 132]. Injectable GG hydrogels loaded 
with autologous AdMSCs predifferentiated toward chondrogenic lineage were used 
to successfully treat full-thickness articular cartilage defects in a rabbit model [133]. 
Pereira et al. presented a monolithic bilayered scaffold with distinct cartilage-like 
and bone-like zones and cohesive interface [134].

1.2.3  Polyhydroxyalkanoates

Polyhydroxyalkanoates (PHAs) are a family of linear polyesters synthetized by a vari-
ety of bacterial species through the fermentation of lipids, sugars, alkanes, alkenes, 
and alkanoic acids under controlled environmental and feeding conditions [135]. 
PHAs can be retrieved from bacterial cell cytoplasm in form of water- insoluble spher-
ical granules. The physicochemical properties of PHAs compounds are strictly depen-
dent on the monomer chemical structure, which can be tuned acting directly on the 
composition of the growing broth. Since 1927, when Maurice Lemoigne first discov-
ered that poly(3-hydroxybutyrate) could be recovered from Bacillus megaterium 
cells, more than 100 different hydroxy acid monomers have been studied [136]. The 
PHAs are generally classified in 2 different groups depending on the number of car-
bon atoms in the monomeric unit; short-chain-length PHAs and medium-chain-length 
PHAs are based on monomers with 3–5 and 6–16 carbon atoms, respectively. 
Medium-chain-length PHAs have an elastomeric behavior, while short-chain-length 
PHAs are usually stiffer and more brittle due to a higher degree of crystallinity. These 
bacterial synthetized biopolymers are degraded primarily by hydrolysis via surface 
erosion both in vitro and in vivo [137]. Mechanical performances and resistance to 
degradation can be modulated acting on monomer length and side groups, blending 
different PHAs and by additional chemical modifications. As their synthetic counter-
parts PGA, PLA, and PLGA, PHAs lack of cell-recognition sites. Therefore, cell 
compatibility of PHAs-based scaffolds have been improved by blending or surface 
modification with natural biopolymers such as collagen, gelatin, chitosan and RGD 
peptides [8, 138, 139]. In addition, surface hydrophobicity can be reduced by plasma 
treatment [140]. Recently, PHAs have attracted great interest in biomedical field 
thanks to unlimited availability, chemical variability, tunable mechanical and 
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degradation behavior, and optimal processability. PHAs can be formed as films, 
hydrogels, porous scaffolds, and  nanofibrous meshes with applications in many TE 
areas [141]. A clear effect of composition and surface properties of different PHAs 
blend on chondrocytes behavior and osteochondral ossification was demonstrated as 
early as in 2005 [142]. PHA/Bioglass® scaffolds were developed promoting the for-
mation of a thick layer of mechanically competent cartilage-like tissue in rabbit model 
[143]. Chondrogenic differentiation of BMSCs was obtained on PHA scaffolds coated 
with PHA granules binding protein PhaP and fused with RGD peptide, suggesting 
that such scaffolds could support cartilage regeneration [144].

1.3  Bioceramics

1.3.1  Natural Aragonite

Aragonite is one of the polymorphs of calcium carbonate mineral (CaCO3) along 
with calcite and vaterite. Inorganic aragonite is formed in high-pressure metamor-
phic rocks and by precipitation of seawater in oceans and submerged caves. 
Nevertheless, aragonite is also the main component of most mollusk shells and cor-
alline exoskeletons. Corals are a large family of marine invertebrates of the Anthozoa 
class, including more than 7000 species; however, species considered for medical 
applications are mainly of the genera Porites and Acropora [145]. Coral aragonite 
has long been considered in orthopedic and reconstructive surgery due to the analo-
gies with cancellous bone in terms of 3D structure, pore size and interconnectivity, 
mechanical performances and calcium carbonate crystalline structure [146]. Thanks 
to its osteoconductive properties [147], marine-derived aragonite has been proposed 
as subchondral graft to support the regeneration of OC defects. Kon et al. studied a 
bilayered aragonite-based scaffold with HA impregnation in the chondral phase for 
the treatment of critical OC defect in a goat model. The construct induced both 
subchondral bone regeneration and consistent repair of the articular hyaline carti-
lage [12]. Recently, such aragonite-based scaffold showed a potential for the treat-
ment OC lesions in humans, with encouraging clinical improvement 12  months 
after implantation [148].

1.3.2  Natural Calcium Phosphates and Hydroxyapatite

Calcium phosphate-based ceramics (CaPs) are a large class of bioactive materials 
that has been used as bone grafts and bone substitutes for as long as a century [149]. 
CaPs have been widely investigated in TE due to their excellent biocompatibility, 
bioactivity, and osteoconductivity [150]. The CaP crystalline forms most commonly 
used in TE are hydroxyapatite (HAp) and α-/β-tricalcium phosphates (TCP). 
Nanometric HAp is characterized by remarkable chemical and structural similarity 
to the natural apatite in bones. HAp substrates favor adhesion, proliferation, and 
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osteogenic differentiation of MSCs in  vitro. Furthermore, HAp bioactivity and 
osteoconductivity were shown to promote rapid bone formation in vivo [151]. Due 
to low mechanical strength and limited fracture toughness, the use of pure HAp 
scaffolds is hindered in load bearing applications, and HAp is often used in combi-
nation with TCP. Moreover, HAp has been used as functional coating or filler for 
polymeric porous scaffolds and hydrogels [152]. Natural HAp can be obtained from 
natural sources, such as mammalian bones, eggshells, fish scales, seashells, and 
marine food wastes via hydrothermal conversion of calcium carbonate structures 
[153, 154]. HAp extracted from natural sources has a calcium-deficient nonstoi-
chiometric composition and incorporates other ions like Na+, K+, Mg2+, Sr2+, Zn2+, 
Al3+, Cl−, SO4

2−, and CO3
2−. As a result, the composition of natural HAp is more 

similar to bone than stoichiometric HAp produced by synthetic methods [155]. It 
has been shown that nonstoichiometric Ca/P ratio and the presence of different ions 
strongly enhance the dissolution rate and bioactivity of natural HAp [156]. Several 
studies agreed that natural HAp from natural sources has a great potential for bone 
TE applications [157–159], and it should be considered in OCTE for the regenera-
tion of subchondral bone.

1.4  Conclusion

Natural materials represent a unique opportunity for the design and fabrication of 
bioactive scaffolds for OCTE. Biopolymers and bioceramics can be successfully 
combined with synthetic materials as well as with growth factors and cells. Natural 
materials can be isolated from several sources, but depending on the organism con-
sidered and the extraction process used, chemistry and bioactivity can sensibly 
change. On the contrary, recombinant biopolymers produced by microbial fermen-
tation can have consistent and tailorable composition and are emerging as a class of 
next generation biomaterials. However, the development of recombinant DNA tech-
nology is still limited by high production cost, infrastructural problems, and legal 
restrictions. Processing wastes from food industry, agriculture, sericulture, fishing, 
and textile industry can be also exploited for the production of natural materials 
with obvious environmental, ethical, and economical benefits, particularly in devel-
oping countries. To this regard, biomaterials and tissue engineering industry should 
capitalize on renewable sources and address issues related to environmental sustain-
ability of the raw materials.

Moreover, the definition of common protocols for source selection, material 
extraction and purification as well as for scaffold fabrication and validation is now 
critical for the advancement of the field. This standardization process should aim to 
obtain materials with consistent and reproducible properties, to minimize interlab 
variability and batch-to-batch variations. Therefore, the improvement of quality 
assurance policies and standardization of manufacturing procedures are essential to 
pass regulatory approval process and for translation of naturally derived tissue engi-
neered products to the clinic .

W. Bonani et al.



21

References

 1. Mano JF, Silva GA, Azevedo HS et al (2007) Natural origin biodegradable systems in tis-
sue engineering and regenerative medicine: present status and some moving trends. J R Soc 
Interface 4:999–1030

 2. Yang J, Zhang YS, Yue K, Khademhosseini A (2017) Cell-laden hydrogels for osteochondral 
and cartilage tissue engineering. Acta Biomater 57:1–25

 3. Yan LP, Oliveira JM, Oliveira AL, Reis RL (2013) Silk fibroin/nano-CaP bilayered scaffolds 
for osteochondral tissue engineering. Key Eng Mater 587:245–248

 4. Levingstone TJ, Thompson E, Matsiko A, Schepens A, Gleeson JP, O’Brien FJ (2016) Multi- 
layered collagen-based scaffolds for osteochondral defect repair in rabbits. Acta Biomater 
32:149–160

 5. Nooeaid P, Salih V, Beier JP, Boccaccini AR (2012) Osteochondral tissue engineering: scaf-
folds, stem cells and applications. J Cell Mol Med 16:2247–2270

 6. Silva TH, Alves A, Ferreira BM, Oliveira JM, Reys LL, Ferreira RJF, Sousa RA, Silva SS, 
Mano JF, Reis RL (2012) Materials of marine origin: a review on polymers and ceramics of 
biomedical interest. Int Mater Rev 57:276–306

 7. Ige OO, Umoru LE, Aribo S (2012) Natural products: a minefield of biomaterials. ISRN 
Mater Sci 2012:1–20

 8. Ali I, Jamil N (2016) Polyhydroxyalkanoates: current applications in the medical field. Front 
Biol (Beijing) 11:19–27

 9. Malafaya PB, Silva GA, Reis RL (2007) Natural-origin polymers as carriers and scaffolds 
for biomolecules and cell delivery in tissue engineering applications. Adv Drug Deliv Rev 
59:207–233

 10. Baino F, Novajra G, Vitale-Brovarone C (2015) Bioceramics and scaffolds: a winning 
combination for tissue engineering. Front Bioeng Biotechnol. https://doi.org/10.3389/
fbioe.2015.00202

 11. Wang X, Schröder HC, Grebenjuk V, Diehl-Seifert B, Mailänder V, Steffen R, Schloßmacher 
U, Müller WEG (2014) The marine sponge-derived inorganic polymers, biosilica and poly-
phosphate, as morphogenetically active matrices/scaffolds for the differentiation of human 
multipotent stromal cells: potential application in 3D printing and distraction osteogenesis. 
Mar Drugs 12:1131–1147

 12. Kon E, Filardo G, Shani J, Altschuler N, Levy A, Zaslav K, Eisman JE, Robinson D (2015) 
Osteochondral regeneration with a novel aragonite-hyaluronate biphasic scaffold: up to 
12-month follow-up study in a goat model. J Orthop Surg Res 10:81

 13. Markstedt K, Mantas A, Tournier I, Martínez Ávila H, Hägg D, Gatenholm P (2015) 3D 
bioprinting human chondrocytes with nanocellulose–alginate bioink for cartilage tissue engi-
neering applications. Biomacromolecules 16:1489–1496

 14. Bartnikowski M, Akkineni A, Gelinsky M, Woodruff M, Klein T (2016) A hydrogel model 
incorporating 3D-plotted hydroxyapatite for osteochondral tissue engineering. Materials 
(Basel) 9:285

 15. Gong Y, Wang C, Lai RC et  al (2009) An improved injectable polysaccharide hydrogel: 
modified gellan gum for long-term cartilage regeneration in vitro. J Mater Chem 19:1968

 16. Salinas AJ, Vallet-Regí M (2013) Bioactive ceramics: from bone grafts to tissue engineering. 
RSC Adv 3:11116–11131

 17. Sprio S, Sandri M, Ruffini A, Adamiano A, Iafisco M, Dapporto M, Panseri S, Montesi M, 
Tampieri A (2017) Tissue engineering and biomimetics with bioceramics. In: Adv Ceram 
Biomater. Elsevier, pp 407–432

 18. Ramachandran GN, Kartha G (1954) Structure of collagen. Nature 174:269–270
 19. Puxkandl R, Zizak I, Paris O, Keckes J, Tesch W, Bernstorff S, Purslow P, Fratzl P (2002) 

Viscoelastic properties of collagen: synchrotron radiation investigations and structural model. 
Philos Trans R Soc B Biol Sci 357:191–197

1 Natural Origin Materials for Osteochondral Tissue Engineering

https://doi.org/10.3389/fbioe.2015.00202
https://doi.org/10.3389/fbioe.2015.00202


22

 20. Pal GK, Suresh PV, Kalal KM, Laxman RS, Saxena RK, Okabe A, FitzGerald RJ, Nasri M, 
Zhang YZ, Murayama K (2016) Microbial collagenases: challenges and prospects in produc-
tion and potential applications in food and nutrition. RSC Adv 6:33763–33780

 21. Krishnamoorthi J, Ramasamy P, Shanmugam V, Shanmugam A (2017) Isolation and par-
tial characterization of collagen from outer skin of Sepia pharaonis (Ehrenberg, 1831) from 
Puducherry coast. Biochem Biophys Reports 10:39–45

 22. Mayne R (1989) Cartilage collagens. What is their function, and are they involved in articular 
disease? Arthritis Rheum 32:241–246

 23. Niyibizi C, Eyre DR (1994) Structural characteristics of cross-linking sites in type V col-
lagen of bone. Chain specificities and heterotypic links to type I collagen. Eur J Biochem 
224:943–950

 24. Walker GD, Fischer M, Gannon J, Thompson RC, Oegema TR (1995) Expression of type-X 
collagen in osteoarthritis. J Orthop Res 13:4–12

 25. Wong MWN, Qin L, Lee KM, Leung KS (2009) Articular cartilage increases transition zone 
regeneration in bone-tendon junction healing. Clin Orthop Relat Res 467:1092–1100

 26. Zhao W, Jin X, Cong Y, Liu Y, Fu J (2013) Degradable natural polymer hydrogels for articular 
cartilage tissue engineering. J Chem Technol Biotechnol 88:327–339

 27. Tongnuanchan P, Benjakul S, Prodpran T (2012) Properties and antioxidant activity of fish 
skin gelatin film incorporated with citrus essential oils. Food Chem 134:1571–1579

 28. Yousefi M, Ariffin F, Huda N (2017) An alternative source of type I collagen based on by- 
product with higher thermal stability. Food Hydrocoll 63:372–382

 29. Miles CA, Avery NC, Rodin VV, Bailey AJ (2005) The increase in denaturation tempera-
ture following cross-linking of collagen is caused by dehydration of the fibres. J Mol Biol 
346:551–556

 30. Pati F, Adhikari B, Dhara S (2010) Isolation and characterization of fish scale collagen of 
higher thermal stability. Bioresour Technol 101:3737–3742

 31. Sewing J, Klinger M, Notbohm H (2017) Jellyfish collagen matrices conserve the chondro-
genic phenotype in two- and three-dimensional collagen matrices. J Tissue Eng Regen Med 
11:916–925

 32. Hoyer B, Bernhardt A, Lode A, Heinemann S, Sewing J, Klinger M, Notbohm H, Gelinsky 
M (2014) Jellyfish collagen scaffolds for cartilage tissue engineering. Acta Biomater 
10:883–892

 33. Pustlauk W, Paul B, Gelinsky M, Bernhardt A (2016) Jellyfish collagen and alginate:  combined 
marine materials for superior chondrogenesis of hMSC. Mater Sci Eng C 64:190–198

 34. Womack SA, Milner DJ, Weisgerber DW, Harley BAC, Wheeler MB (2017) Behavior of por-
cine mesenchymal stem cells on a collagen-glycosaminoglycan hydrogel scaffold for bone 
and cartilage tissue engineering. Reprod Fertil Dev 29:205

 35. Meng F, Zhang ZZ, Huang G, Chen W, Zhang ZZ, He A, Liao W (2016) Chondrogenesis of 
mesenchymal stem cells in a novel hyaluronate-collagen-tricalcium phosphate scaffolds for 
knee repair. Eur Cells Mater 31:79–94

 36. Filová E, Jelínek F, Handl M, Lytvynets A, Rampichová M, Varga F, Činátl J, Soukup T, 
TrČ T, Amler E (2008) Novel composite hyaluronan/type I collagen/fibrin scaffold enhances 
repair of osteochondral defect in rabbit knee. J Biomed Mater Res Part B Appl Biomater 
87B:415–424

 37. Benthien JP, Behrens P (2010) Autologous matrix-induced Chondrogenesis (AMIC): com-
bining microfracturing and a collagen I/III matrix for articular cartilage resurfacing. Cartilage 
1:65–68

 38. Piontek T, Bąkowski P, Ciemniewska-Gorzela K, Naczk J (2015) Arthroscopic treatment of 
chondral and osteochondral defects in the ankle using the autologous matrix-induced chon-
drogenesis technique. Arthrosc Tech 4:e463–e469

 39. Kon E, Delcogliano M, Filardo G et  al (2009) Orderly osteochondral regeneration in a  
sheep model using a novel nano-composite multilayered biomaterial. J  Orthop Res 
28:116–124

W. Bonani et al.



23

 40. Delcogliano M, de Caro F, Scaravella E, Ziveri G, De Biase CF, Marotta D, Marenghi P, 
Delcogliano A (2013) Use of innovative biomimetic scaffold in the treatment for large osteo-
chondral lesions of the knee. Knee Surgery, Sport Traumatol Arthrosc 22:1260–1269

 41. Kon E, Perdisa F, Filardo G, Marcacci M (2014) MaioRegen: Our experience. In: Tech. 
Cartil. Repair Surg. Springer Berlin Heidelberg, Berlin, Heidelberg, pp 81–95

 42. Christensen BB, Foldager CB, Jensen J, Jensen NC, Lind M (2016) Poor osteochondral 
repair by a biomimetic collagen scaffold: 1- to 3-year clinical and radiological follow-up. 
Knee Surgery, Sport Traumatol Arthrosc 24:2380–2387

 43. Sartori M, Pagani S, Ferrari A, Costa V, Carina V, Figallo E, Maltarello MC, Martini L, 
Fini M, Giavaresi G (2017) A new bi-layered scaffold for osteochondral tissue regeneration: 
in vitro and in vivo preclinical investigations. Mater Sci Eng C 70:101–111

 44. Echave MC, Burgo LS, Pedraz JL, Orive G (2017) Gelatin as biomaterial for tissue engineer-
ing. Curr Pharm Des 23:3567–3584

 45. Van Nieuwenhove I, Salamon A, Adam S, Dubruel P, Van Vlierberghe S, Peters K (2017) 
Gelatin- and starch-based hydrogels. Part B: in vitro mesenchymal stem cell behavior on the 
hydrogels. Carbohydr Polym 161:295–305

 46. Zhang S, Chen L, Jiang Y et al (2013) Bi-layer collagen/microporous electrospun nanofiber 
scaffold improves the osteochondral regeneration. Acta Biomater 9:7236–7247

 47. Petrenko YA, Ivanov RV, Petrenko AY, Lozinsky VI (2011) Coupling of gelatin to inner  
surfaces of pore walls in spongy alginate-based scaffolds facilitates the adhesion, growth and 
differentiation of human bone marrow mesenchymal stromal cells. J Mater Sci Mater Med 
22:1529–1540

 48. Mazaki T, Shiozaki Y, Yamane K et al (2015) A novel, visible light-induced, rapidly cross- 
linkable gelatin scaffold for osteochondral tissue engineering. Sci Rep 4:4457

 49. Han F, Yang X, Zhao J, Zhao Y, Yuan X (2015) Photocrosslinked layered gelatin-chitosan 
hydrogel with graded compositions for osteochondral defect repair. J Mater Sci Mater Med 
26:160

 50. Sutherland TD, Young JH, Weisman S, Hayashi CY, Merritt DJ (2010) Insect silk: one name, 
many materials. Annu Rev Entomol 55:171–188

 51. Altman GH, Diaz F, Jakuba C, Calabro T, Horan RL, Chen JS, Lu H, Richmond J, Kaplan DL 
(2003) Silk-based biomaterials. Biomaterials 24:401–416

 52. Kundu B, Rajkhowa R, Kundu SC, Wang X (2013) Silk fibroin biomaterials for tissue regen-
erations. Adv Drug Deliv Rev 65:457–470

 53. Kim U-J, Park J, Joo Kim H, Wada M, Kaplan DL (2005) Three-dimensional aqueous- 
derived biomaterial scaffolds from silk fibroin. Biomaterials 26:2775–2785

 54. Sangkert S, Kamonmattayakul S, Chai WL, Meesane J (2017) Modified porous scaffolds of 
silk fibroin with mimicked microenvironment based on decellularized pulp/fibronectin for 
designed performance biomaterials in maxillofacial bone defect. J Biomed Mater Res Part A 
105:1624–1636

 55. Singh BN, Pramanik K (2017) Development of novel silk fibroin/polyvinyl alcohol/sol–gel 
bioactive glass composite matrix by modified layer by layer electrospinning method for bone 
tissue construct generation. Biofabrication 9:15028

 56. Wang Y, Kim U-J, Blasioli DJ, Kim H-J, Kaplan DL (2005) In vitro cartilage tissue engineer-
ing with 3D porous aqueous-derived silk scaffolds and mesenchymal stem cells. Biomaterials 
26:7082–7094

 57. Kambe Y, Yamamoto K, Kojima K, Tamada Y, Tomita N (2010) Effects of RGDS sequence 
genetically interfused in the silk fibroin light chain protein on chondrocyte adhesion and 
cartilage synthesis. Biomaterials 31:7503–7511

 58. Murphy AR, John PS, Kaplan DL (2008) Modification of silk fibroin using diazonium cou-
pling chemistry and the effects on hMSC proliferation and differentiation. Biomaterials 
29:2829–2838

 59. Saha S, Kundu B, Kirkham J, Wood D, Kundu SC, Yang XB (2013) Osteochondral tissue 
engineering in vivo: a comparative study using layered silk fibroin scaffolds from mulberry 
and non-mulberry silkworms. PLoS One 8:e80004

1 Natural Origin Materials for Osteochondral Tissue Engineering



24

 60. Ding X, Zhu M, Xu B et al (2014) Integrated trilayered silk fibroin scaffold for osteochondral 
differentiation of adipose-derived stem cells. ACS Appl Mater Interfaces 6:16696–16705

 61. Lamboni L, Gauthier M, Yang G, Wang Q (2015) Silk sericin: A versatile material for tissue 
engineering and drug delivery. Biotechnol Adv 33:1855–1867

 62. Siritientong T, Aramwit P (2012) A novel silk sericin/poly (vinyl alcohol) composite film 
crosslinked with genipin: fabrication and characterization for tissue engineering applications. 
Adv Mater Res 506:359–362

 63. Nayak S, Kundu SC (2014) Sericin-carboxymethyl cellulose porous matrices as cellular 
wound dressing material. J Biomed Mater Res Part A 102:1928–1940

 64. Jiayao Z, Guanshan Z, Jinchi Z, Yuyin C, Yongqiang Z (2017) Antheraea pernyi silk seri-
cin mediating biomimetic nucleation and growth of hydroxylapatite crystals promoting bone 
matrix formation. Microsc Res Tech 80:305–311

 65. Yang M, Shuai Y, Zhang C, Chen Y, Zhu L, Mao C, OuYang H (2014) Biomimetic nucleation 
of hydroxyapatite crystals mediated by Antheraea pernyi silk sericin promotes osteogenic 
differentiation of human bone marrow-derived mesenchymal stem cells. Biomacromolecules 
15:1185–1193

 66. Mosesson MW (2005) Fibrinogen and fibrin structure and functions. J  Thromb Haemost 
3:1894–1904

 67. Laurens N, Koolwijk P, De Maat MPM (2006) Fibrin structure and wound healing. J Thromb 
Haemost 4:932–939

 68. Spotnitz WD, Burks S (2010) State-of-the-art review: hemostats, sealants, and adhesives II: 
update as well as how and when to use the components of the surgical toolbox. Clin Appl 
Thromb 16:497–514

 69. Eyrich D, Brandl F, Appel B, Wiese H, Maier G, Wenzel M, Staudenmaier R, Goepferich 
A, Blunk T (2007) Long-term stable fibrin gels for cartilage engineering. Biomaterials 28: 
55–65

 70. Schek RM, Michalek AJ, Iatridis JC (2011) Genipin-crosslinked fibrin hydrogels as a poten-
tial adhesive to augment intervertebral disc annulus repair. Eur Cell Mater 21:373–383

 71. Li B, Yang J, Ma L, Li F, Tu Z, Gao C (2013) Fabrication of poly(lactide-co-glycolide) 
scaffold filled with fibrin gel, mesenchymal stem cells, and poly(ethylene oxide)-b-poly(L- 
lysine)/TGF-β1 plasmid DNA complexes for cartilage restoration in vivo. J Biomed Mater 
Res Part A 101:3097–3108

 72. Pei M, He F, Boyce BM, Kish VL (2009) Repair of full-thickness femoral condyle carti-
lage defects using allogeneic synovial cell-engineered tissue constructs. Osteoarthr Cartil 
17:714–722

 73. Wang W, Li B, Yang J, Xin L, Li Y, Yin H, Qi Y, Jiang Y, Ouyang H, Gao C (2010) The res-
toration of full-thickness cartilage defects with BMSCs and TGF-beta 1 loaded PLGA/fibrin 
gel constructs. Biomaterials 31:8964–8973

 74. Jang K-M, Lee J-H, Park CM, Song H-R, Wang JH (2014) Xenotransplantation of human 
mesenchymal stem cells for repair of osteochondral defects in rabbits using osteochondral 
biphasic composite constructs. Knee Surgery, Sport Traumatol Arthrosc 22:1434–1444

 75. Snyder TN, Madhavan K, Intrator M, Dregalla RC, Park D (2014) A fibrin/hyaluronic acid 
hydrogel for the delivery of mesenchymal stem cells and potential for articular cartilage 
repair. J Biol Eng 8:10

 76. Wang B, Yang W, McKittrick J, Meyers MA (2016) Keratin: structure, mechanical proper-
ties, occurrence in biological organisms, and efforts at bioinspiration. Prog Mater Sci 76: 
229–318

 77. Bragulla HH, Homberger DG (2009) Structure and functions of keratin proteins in simple, 
stratified, keratinized and cornified epithelia. J Anat 214:516–559

 78. Wegst UGK, Ashby MF (2004) The mechanical efficiency of natural materials. Philos Mag 
84:2167–2186

 79. Rouse JG, Van Dyke ME (2010) A review of keratin-based biomaterials for biomedical appli-
cations. Materials (Basel) 3:999–1014

W. Bonani et al.



25

 80. Dias GJ, Peplow PV, McLaughlin A, Teixeira F, Kelly RJ (2010) Biocompatibility and 
osseointegration of reconstituted keratin in an ovine model. J  Biomed Mater Res Part A 
92A:513–520

 81. Tachibana A, Furuta Y, Takeshima H, Tanabe T, Yamauchi K (2002) Fabrication of wool 
keratin sponge scaffolds for long-term cell cultivation. J Biotechnol 93:165–170

 82. Arslan YE, Sezgin Arslan T, Derkus B, Emregul E, Emregul KC (2017) Fabrication of human 
hair keratin/jellyfish collagen/eggshell-derived hydroxyapatite osteoinductive biocomposite 
scaffolds for bone tissue engineering: from waste to regenerative medicine products. Colloids 
Surfaces B Biointerfaces 154:160–170

 83. Elieh-Ali-Komi D, Hamblin MR (2016) Chitin and chitosan: production and application of 
versatile biomedical nanomaterials. Int J Adv Res 4:411–427

 84. Muzzarelli C, Muzzarelli RAA (2002) Natural and artificial chitosan-inorganic composites. 
J Inorg Biochem 92:89–94

 85. Cho YW, Cho YN, Chung SH, Yoo G, Ko SW (1999) Water-soluble chitin as a wound healing 
accelerator. Biomaterials 20:2139–2145

 86. Mi F-L, Wu Y-B, Shyu S-S, Schoung J-Y, Huang Y-B, Tsai Y-H, Hao J-Y (2002) Control of 
wound infections using a bilayer chitosan wound dressing with sustainable antibiotic deliv-
ery. J Biomed Mater Res 59:438–449

 87. Xia Z, Wu S, Chen J (2013) Preparation of water soluble chitosan by hydrolysis using hydro-
gen peroxide. Int J Biol Macromol 59:242–245

 88. Tomihata K, Ikada Y (1997) In vitro and in vivo degradation of films of chitin and its deacety-
lated derivatives. Biomaterials 18:567–575

 89. Jin R, Moreira Teixeira LS, Dijkstra PJ, Karperien M, van Blitterswijk CA, Zhong ZY, Feijen 
J (2009) Injectable chitosan-based hydrogels for cartilage tissue engineering. Biomaterials 
30:2544–2551

 90. Sheehy EJ, Mesallati T, Vinardell T, Kelly DJ (2015) Engineering cartilage or endochondral 
bone: a comparison of different naturally derived hydrogels. Acta Biomater 13:245–253

 91. Oliveira JM, Rodrigues MT, Silva SS, Malafaya PB, Gomes ME, Viegas CA, Dias IR, 
Azevedo JT, Mano JF, Reis RL (2006) Novel hydroxyapatite/chitosan bilayered scaffold for 
osteochondral tissue-engineering applications: scaffold design and its performance when 
seeded with goat bone marrow stromal cells. Biomaterials 27:6123–6137

 92. Sechriest VF, Miao YJ, Niyibizi C, Westerhausen-Larson A, Matthew HW, Evans CH, Fu 
FH, Suh JK (2000) GAG-augmented polysaccharide hydrogel: a novel biocompatible and 
biodegradable material to support chondrogenesis. J Biomed Mater Res 49:534–541

 93. Tan H, Chu CR, Payne KA, Marra KG (2009) Injectable in situ forming biodegradable 
chitosan–hyaluronic acid based hydrogels for cartilage tissue engineering. Biomaterials 
30:2499–2506

 94. Mohan N, Mohanan P, Sabareeswaran A, Nair P (2017) Chitosan-hyaluronic acid hydrogel 
for cartilage repair. Int J Biol Macromol 104:1936–1945

 95. Reed S, Lau G, Delattre B, Lopez DD, Tomsia AP, Wu BM (2016) Macro- and micro- 
designed chitosan-alginate scaffold architecture by three-dimensional printing and direc-
tional freezing. Biofabrication 8:15003

 96. Lastra ML, Molinuevo MS, Cortizo AM, Cortizo MS (2017) Fumarate copolymer-chitosan 
cross-linked scaffold directed to osteochondrogenic tissue engineering. Macromol Biosci. 
https://doi.org/10.1002/mabi.201600219

 97. Lee KY, Mooney DJ (2012) Alginate: properties and biomedical applications. Prog Polym 
Sci 37:106–126

 98. Tønnesen HH, Karlsen J  (2002) Alginate in drug delivery systems. Drug Dev Ind Pharm 
28:621–630

 99. Rowley JA, Madlambayan G, Mooney DJ (1999) Alginate hydrogels as synthetic extracel-
lular matrix materials. Biomaterials 20:45–53

 100. Goh CH, Heng PWS, Chan LW (2012) Alginates as a useful natural polymer for microencap-
sulation and therapeutic applications. Carbohydr Polym 88:1–12

1 Natural Origin Materials for Osteochondral Tissue Engineering

https://doi.org/10.1002/mabi.201600219


26

 101. Gasperini L, Maniglio D, Migliaresi C (2013) Microencapsulation of cells in alginate through 
an electrohydrodynamic process. J Bioact Compat Polym 28:413–425

 102. Bidarra SJ, Barrias CC, Granja PL (2014) Injectable alginate hydrogels for cell delivery in 
tissue engineering. Acta Biomater 10:1646–1662

 103. Alsberg E, Anderson KW, Albeiruti A, Franceschi RT, Mooney DJ (2001) Cell-interactive 
alginate hydrogels for bone tissue engineering. J Dent Res 80:2025–2029

 104. Comisar WA, Kazmers N, Mooney DJ, Linderman J (2007) Engineering RGD nanopatterned 
hydrogels to control preosteoblast behavior: a combined computational and experimental 
approach. Biomaterials 28:4409–4417

 105. Guilak F, Cohen DM, Estes BT, Gimble JM, Liedtke W, Chen CS (2009) Control of stem cell 
fate by physical interactions with the extracellular matrix. Cell Stem Cell 5:17–26

 106. Herlofsen SR, Küchler AM, Melvik JE, Brinchmann JE (2011) Chondrogenic differentiation 
of human bone marrow-derived mesenchymal stem cells in self-gelling alginate discs reveals 
novel chondrogenic signature gene clusters. Tissue Eng Part A 17:1003–1013

 107. Kim D-H, Kim D-D, Yoon I-S (2013) Proliferation and chondrogenic differentiation of 
human adipose-derived mesenchymal stem cells in sodium alginate beads with or without 
hyaluronic acid. J Pharm Investig 43:145–151

 108. Wayne JS, McDowell CL, Shields KJ, Tuan RS (2005) In vivo response of polylactic acid–
alginate scaffolds and bone marrow-derived cells for cartilage tissue engineering. Tissue Eng 
11:953–963

 109. Reyes R, Delgado A, Sánchez E, Fernández A, Hernández A, Evora C (2012) Repair of an 
osteochondral defect by sustained delivery of BMP-2 or TGF-β1 from a bilayered alginate- 
PLGA scaffold. J Tissue Eng Regen Med 8:521–533

 110. Coluccino L, Stagnaro P, Vassalli M, Scaglione S (2016) Bioactive TGF-β1/HA alginate- 
based scaffolds for osteochondral tissue repair: design, realization and multilevel character-
ization. J Appl Biomater Funct Mater 14:0–0

 111. Hemshekhar M, Thushara RM, Chandranayaka S, Sherman LS, Kemparaju K, Girish KS 
(2016) Emerging roles of hyaluronic acid bioscaffolds in tissue engineering and regenerative 
medicine. Int J Biol Macromol 86:917–928

 112. Zhang H, Zhang K, Zhang X et al (2015) Comparison of two hyaluronic acid formulations for 
safety and efficacy (CHASE) study in knee osteoarthritis: a multicenter, randomized, double- 
blind, 26-week non-inferiority trial comparing Durolane to Artz. Arthritis Res Ther 17:51

 113. Sparavigna A, Fino P, Tenconi B, Giordan N, Amorosi V, Scuderi N (2014) A new dermal 
filler made of cross-linked and auto-cross-linked hyaluronic acid in the correction of facial 
aging defects. J Cosmet Dermatol 13:307–314

 114. Burdick JA, Chung C, Jia X, Randolph MA, Langer R (2005) Controlled degradation and 
mechanical behavior of photopolymerized hyaluronic acid networks. Biomacromolecules 
6:386–391

 115. Nettles DL, Vail TP, Morgan MT, Grinstaff MW, Setton LA (2004) Photocrosslinkable hyal-
uronan as a scaffold for articular cartilage repair. Ann Biomed Eng 32:391–397

 116. Knudson CB, Nofal GA, Pamintuan L, Aguiar DJ (1999) The chondrocyte pericellular matrix: 
a model for hyaluronan-mediated cell-matrix interactions. Biochem Soc Trans 27:142–147

 117. Bian L, Zhai DY, Tous E, Rai R, Mauck RL, Burdick JA (2011) Enhanced MSC chondro-
genesis following delivery of TGF-β3 from alginate microspheres within hyaluronic acid 
hydrogels in vitro and in vivo. Biomaterials 32:6425–6434

 118. Marcacci M, Berruto M, Brocchetta D et  al (2005) Articular cartilage engineering with 
Hyalograft C: 3-year clinical results. Clin Orthop Relat Res 436:96–105

 119. Kon E, Filardo G, Berruto M, Benazzo F, Zanon G, Della Villa S, Marcacci M (2011) Articular 
cartilage treatment in high-level male soccer players. Am J Sports Med 39:2549–2557

 120. Kontturi L-S, Järvinen E, Muhonen V, Collin EC, Pandit AS, Kiviranta I, Yliperttula M, Urtti 
A (2014) An injectable, in situ forming type II collagen/hyaluronic acid hydrogel vehicle for 
chondrocyte delivery in cartilage tissue engineering. Drug Deliv Transl Res 4:149–158

W. Bonani et al.



27

 121. Fialho AM, Martins LO, Donval M-L, Leitao JH, Ridout MJ, Jay AJ, Morris VJ, Sa-Correia 
I (1999) Structures and properties of gellan polymers produced by Sphingomonas paucimo-
bilis ATCC 31461 from lactose compared with those produced from glucose and from cheese 
whey. Appl Environ Microbiol 65:2485–2491

 122. Prajapati VD, Jani GK, Zala BS, Khutliwala TA (2013) An insight into the emerging exopoly-
saccharide gellan gum as a novel polymer. Carbohydr Polym 93:670–678

 123. Chandrasekaran R, Radha A (1995) Molecular architectures and functional properties of gel-
lan gum and related polysaccharides. Trends Food Sci Technol 6:143–148

 124. Yuguchi Y, Urakawa H, Kajiwara K (1997) Structural characteristics of crosslinking domain 
in gellan gum gel. Macromol Symp 120:77–89

 125. Morris ER, Nishinari K, Rinaudo M (2012) Gelation of gellan – a review. Food Hydrocoll 
28:373–411

 126. Stevens LR, Gilmore KJ, Wallace GG et  al (2016) Tissue engineering with gellan gum. 
Biomater Sci 4:1276–1290

 127. Ferris CJ, Gilmore KJ, Wallace GG, Panhuis M (2013) Modified gellan gum hydrogels for 
tissue engineering applications. Soft Matter 9:3705

 128. Lee H, Fisher S, Kallos MS, Hunter CJ (2011) Optimizing gelling parameters of gellan gum 
for fibrocartilage tissue engineering. J Biomed Mater Res Part B Appl Biomater 98B:238–245

 129. Shin H, Olsen BD, Khademhosseini A (2012) The mechanical properties and cytotoxicity 
of cell-laden double-network hydrogels based on photocrosslinkable gelatin and gellan gum 
biomacromolecules. Biomaterials 33:3143–3152

 130. Pacelli S, Paolicelli P, Pepi F, Garzoli S, Polini A, Tita B, Vitalone A, Casadei MA (2014) 
Gellan gum and polyethylene glycol dimethacrylate double network hydrogels with improved 
mechanical properties. J Polym Res 21:409

 131. Pacelli S, Paolicelli P, Dreesen I, Kobayashi S, Vitalone A, Casadei MA (2015) Injectable 
and photocross-linkable gels based on gellan gum methacrylate: a new tool for biomedical 
application. Int J Biol Macromol 72:1335–1342

 132. Oliveira JT, Santos TC, Martins L, Silva MA, Marques AP, Castro AG, Neves NM, Reis RL 
(2009) Performance of new gellan gum hydrogels combined with human articular chondro-
cytes for cartilage regeneration when subcutaneously implanted in nude mice. J Tissue Eng 
Regen Med 3:493–500

 133. Oliveira JT, Gardel LS, Rada T, Martins L, Gomes ME, Reis RL (2010) Injectable gellan 
gum hydrogels with autologous cells for the treatment of rabbit articular cartilage defects. 
J Orthop Res 28:1193–1199

 134. Pereira DR, Canadas RF, Silva-Correia J, Marques AP, Reis RL, Oliveira JM (2013) Gellan 
gum-based hydrogel bilayered scaffolds for osteochondral tissue engineering. Key Eng Mater 
587:255–260

 135. Philip S, Keshavarz T, Roy I (2007) Polyhydroxyalkanoates: biodegradable polymers with a 
range of applications. J Chem Technol Biotechnol 82:233–247

 136. Marchesini S, Erard N, Glumoff T, Hiltunen JK, Poirier Y (2003) Modification of the 
monomer composition of polyhydroxyalkanoate synthesized in Saccharomyces Cerevisiae 
expressing variants of the beta-oxidation-associated multifunctional enzyme. Appl Environ 
Microbiol 69:6495–6499

 137. Shishatskaya EI, Volova TG, Gordeev SA, Puzyr AP (2005) Degradation of P(3HB) and 
P(3HB-co-3HV) in biological media. J Biomater Sci Polym Ed 16:643–657

 138. Baek J-Y, Xing Z-C, Kwak G, Yoon K-B, Park S-Y, Park LS, Kang I-K (2012) Fabrication 
and characterization of collagen-immobilized porous PHBV/HA nanocomposite scaffolds 
for bone tissue engineering. J Nanomater 2012:1–11

 139. Peschel G, Dahse H-M, Konrad A, Wieland GD, Mueller P-J, Martin DP, Roth M 
(2008) Growth of keratinocytes on porous films of poly(3-hydroxybutyrate) and poly(4- 
hydroxybutyrate) blended with hyaluronic acid and chitosan. J Biomed Mater Res Part A 
85A:1072–1081

1 Natural Origin Materials for Osteochondral Tissue Engineering



28

 140. Wang Y, Lu L, Zheng Y, Chen X (2006) Improvement in hydrophilicity of PHBV films by 
plasma treatment. J Biomed Mater Res Part A 76A:589–595

 141. Chen G, Wang Y (2013) Medical applications of biopolyesters polyhydroxyalkanoates. 
Chinese J Polym Sci 31:719–736

 142. Zheng Z, Bei F-F, Tian H-L, Chen G-Q (2005) Effects of crystallization of polyhydroxyal-
kanoate blend on surface physicochemical properties and interactions with rabbit articular 
cartilage chondrocytes. Biomaterials 26:3537–3548

 143. Wu J, Xue K, Li H, Sun J, Liu K (2013) Improvement of PHBV scaffolds with bioglass for 
cartilage tissue engineering. PLoS One 8:e71563

 144. You M, Peng G, Li J, Ma P, Wang Z, Shu W, Peng S, Chen G-Q (2011) Chondrogenic dif-
ferentiation of human bone marrow mesenchymal stem cells on polyhydroxyalkanoate 
(PHA) scaffolds coated with PHA granule binding protein PhaP fused with RGD peptide. 
Biomaterials 32:2305–2313

 145. Vago R (2008) Beyond the skeleton: cnidarian biomaterials as bioactive extracellular micro-
environments for tissue engineering. Organogenesis 4:18–22

 146. Demers C, Hamdy CR, Corsi K, Chellat F, Tabrizian M, Yahia L (2002) Natural coral exo-
skeleton as a bone graft substitute: a review. Biomed Mater Eng 12:15–35

 147. Viateau V, Manassero M, Sensébé L, Langonné A, Marchat D, Logeart-Avramoglou D, 
Petite H, Bensidhoum M (2016) Comparative study of the osteogenic ability of four different 
ceramic constructs in an ectopic large animal model. J Tissue Eng Regen Med 10:177–187

 148. Kon E, Robinson D, Verdonk P, Drobnic M, Patrascu JM, Dulic O, Gavrilovic G, Filardo G 
(2016) A novel aragonite-based scaffold for osteochondral regeneration: early experience on 
human implants and technical developments. Injury 47:27–32

 149. Damien CJ, Parsons JR (1991) Bone graft and bone graft substitutes: a review of current 
technology and applications. J Appl Biomater 2:187–208

 150. Samavedi S, Whittington AR, Goldstein AS (2013) Calcium phosphate ceramics in bone tis-
sue engineering: a review of properties and their influence on cell behavior. Acta Biomater 
9:8037–8045

 151. Habraken W, Habibovic P, Epple M, Bohner M (2016) Calcium phosphates in biomedical 
applications: materials for the future? Mater Today 19:69–87

 152. Venkatesan J, Kim S-K (2014) Nano-hydroxyapatite composite biomaterials for bone tissue 
engineering: a review. J Biomed Nanotechnol 10:3124–3140

 153. Vecchio KS, Zhang X, Massie JB, Wang M, Kim CW (2007) Conversion of bulk seashells to 
biocompatible hydroxyapatite for bone implants. Acta Biomater 3:910–918

 154. Ivankovic H, Tkalcec E, Orlic S, Gallego Ferrer G, Schauperl Z (2010) Hydroxyapatite for-
mation from cuttlefish bones: kinetics. J Mater Sci Mater Med 21:2711–2722

 155. Zhou H, Lee J (2011) Nanoscale hydroxyapatite particles for bone tissue engineering. Acta 
Biomater 7:2769–2781

 156. Ivankovic H, Orlic S, Kranzelic D, Tkalcec E (2010) Highly porous hydroxyapatite ceramics 
for engineering applications. Adv Sci Technol 63:408–413

 157. Pon-On W, Suntornsaratoon P, Charoenphandhu N, Thongbunchoo J, Krishnamra N, Tang 
IM (2016) Hydroxyapatite from fish scale for potential use as bone scaffold or regenerative 
material. Mater Sci Eng C 62:183–189

 158. Mondal S, Pal U, Dey A (2016) Natural origin hydroxyapatite scaffold as potential bone tis-
sue engineering substitute. Ceram Int 42:18338–18346

 159. Zhang X, Vecchio KS (2013) Conversion of natural marine skeletons as scaffolds for bone 
tissue engineering. Front Mater Sci 7:103–117

 160. Dong C, Lv Y (2016) Application of collagen scaffold in tissue engineering: recent advances 
and new perspectives. Polymers (Basel) 8:42–62

 161. Kon E, Delcogliano M, Filardo G, Busacca M, Di Martino A, Marcacci M (2011) Novel 
nano-composite multilayered biomaterial for osteochondral regeneration. Am J Sports Med 
39:1180–1190

W. Bonani et al.



29

 162. Calabrese G, Forte S, Gulino R et al (2017) Combination of collagen-based scaffold and bio-
active factors induces adipose-derived mesenchymal stem cells chondrogenic differentiation 
in vitro. Front Physiol 8:1–27

 163. Chen J, Chen H, Li P, Diao H, Zhu S, Dong L, Wang R, Guo T, Zhao J, Zhang J  (2011) 
Simultaneous regeneration of articular cartilage and subchondral bone in vivo using MSCs 
induced by a spatially controlled gene delivery system in bilayered integrated scaffolds. 
Biomaterials 32:4793–4805

 164. Abarrategi A, Lópiz-Morales Y, Ramos V, Civantos A, López-Durán L, Marco F, López- 
Lacomba JL (2010) Chitosan scaffolds for osteochondral tissue regeneration. J  Biomed 
Mater Res Part A 95A:1132–1141

 165. Naderi-Meshkin H, Andreas K, Matin MM, Sittinger M, Bidkhori HR, Ahmadiankia N, 
Bahrami AR, Ringe J (2014) Chitosan-based injectable hydrogel as a promising in situ form-
ing scaffold for cartilage tissue engineering. Cell Biol Int 38:72–84

 166. Liao J, Wang B, Huang Y, Qu Y, Peng J, Qian Z (2017) Injectable alginate hydrogel cross- 
linked by calcium gluconate-loaded porous microspheres for cartilage tissue engineering. 
ACS Omega 2:443–454

 167. Fisher MB, Belkin NS, Milby AH et al (2016) Effects of mesenchymal stem cell and growth 
factor delivery on cartilage repair in a mini-pig model. Cartilage 7:174–184

 168. Park JY, Choi J-C, Shim J-H, Lee J-S, Park H, Kim SW, Doh J, Cho D-W (2014) A compara-
tive study on collagen type I and hyaluronic acid dependent cell behavior for osteochondral 
tissue bioprinting. Biofabrication 6:35004

 169. Oliveira JT, Santos TC, Martins L, Picciochi R, Marques AP, Castro AG, Neves NM, Mano 
JF, Reis RL (2010) Gellan gum injectable hydrogels for cartilage tissue engineering applica-
tions: in vitro studies and preliminary in vivo evaluation. Tissue Eng Part A 16:343–353

 170. Zheng L, Jiang X, Chen X, Fan H, Zhang X (2014) Evaluation of novel in situ synthesized 
nano-hydroxyapatite/collagen/alginate hydrogels for osteochondral tissue engineering. 
Biomed Mater 9:65004

 171. Bian W, Li D, Lian Q, Li X, Zhang W, Wang K, Jin Z (2012) Fabrication of a bio-inspired 
beta-Tricalcium phosphate/collagen scaffold based on ceramic stereolithography and gel 
casting for osteochondral tissue engineering. Rapid Prototyp J 18:68–80

 172. Lin H-Y, Tsai W-C, Chang S-H (2017) Collagen-PVA aligned nanofiber on collagen sponge 
as bi-layered scaffold for surface cartilage repair. J Biomater Sci Polym Ed 28:664–678

 173. Getgood A, Henson F, Skelton C, Brooks R, Guehring H, Fortier LA, Rushton N (2014) 
Osteochondral tissue engineering using a biphasic collagen/GAG scaffold containing 
rhFGF18 or BMP-7 in an ovine model. J Exp Orthop 1:13

 174. Ren X, Weisgerber DW, Bischoff D, Lewis MS, Reid RR, He T-C, Yamaguchi DT, Miller 
TA, Harley BAC, Lee JC (2016) Nanoparticulate mineralized collagen scaffolds and BMP-9 
induce a long-term bone cartilage construct in human mesenchymal stem cells. Adv Healthc 
Mater 5:1821–1830

 175. Taniyama T, Masaoka T, Yamada T et al (2015) Repair of osteochondral defects in a rabbit 
model using a porous hydroxyapatite collagen composite impregnated with bone morphoge-
netic protein-2. Artif Organs 39:529–535

 176. Lee P, Tran K, Zhou G, Bedi A, Shelke NB, Yu X, Kumbar SG (2015) Guided differentia-
tion of bone marrow stromal cells on co-cultured cartilage and bone scaffolds. Soft Matter 
11:7648–7655

 177. Miralles G, Baudoin R, Dumas D, Baptiste D, Hubert P, Stoltz JF, Dellacherie E, Mainard 
D, Netter P, Payan E (2001) Sodium alginate sponges with or without sodium hyaluronate: 
in vitro engineering of cartilage. J Biomed Mater Res 57:268–278

 178. Solchaga LA, Yoo JU, Lundberg M, Dennis JE, Huibregtse BA, Goldberg VM, Caplan AI 
(2000) Hyaluronan-based polymers in the treatment of osteochondral defects. J Orthop Res 
18:773–780

 179. Deng T, Lv J, Pang J, Liu B, Ke J (2012) Construction of tissue-engineered osteochondral 
composites and repair of large joint defects in rabbit. J Tissue Eng Regen Med 8:546–556

1 Natural Origin Materials for Osteochondral Tissue Engineering



30

 180. Lee J-C, Lee SY, Min HJ, Han SA, Jang J, Lee S, Seong SC, Lee MC (2012) Synovium- 
derived mesenchymal stem cells encapsulated in a novel injectable gel can repair osteochon-
dral defects in a rabbit model. Tissue Eng Part A 18:2173–2186

 181. Solchaga LA, Gao J, Dennis JE, Awadallah A, Lundberg M, Caplan AI, Goldberg VM (2002) 
Treatment of osteochondral defects with autologous bone marrow in a hyaluronan-based 
delivery vehicle. Tissue Eng 8:333–347

 182. Kasahara Y, Iwasaki N, Yamane S, Igarashi T, Majima T, Nonaka S, Harada K, Nishimura 
S-I, Minami A (2008) Development of mature cartilage constructs using novel three-dimen-
sional porous scaffolds for enhanced repair of osteochondral defects. J Biomed Mater Res 
Part A 86A:127–136

W. Bonani et al.



31© Springer International Publishing AG, part of Springer Nature 2018 
J. M. Oliveira et al. (eds.), Osteochondral Tissue Engineering,  
Advances in Experimental Medicine and Biology 1058, 
https://doi.org/10.1007/978-3-319-76711-6_2

Chapter 2
Synthetic Materials for Osteochondral 
Tissue Engineering

Antoniac Iulian, Laptoiu Dan, Tecu Camelia, Milea Claudia, 
and Gradinaru Sebastian

Abstract The objective of an articular cartilage repair treatment is to repair the 
affected surface of an articular joint’s hyaline cartilage. Currently, both biological 
and tissue engineering research is concerned with discovering the clues needed to 
stimulate cells to regenerate tissues and organs totally or partially. The latest find-
ings on nanotechnology advances along with the processability of synthetic bioma-
terials have succeeded in creating a new range of materials to develop into the 
desired biological responses to the cellular level. 3D printing has a great ability to 
establish functional tissues or organs to cure or replace abnormal and necrotic tissue, 
providing a promising solution for serious tissue/organ failure. The 4D print process 
has the potential to continually revolutionize the current tissue and organ manufac-
turing platforms. A new active research area is the development of intelligent materi-
als with high biocompatibility to suit 4D printing technology. As various researchers 
and tissue engineers have demonstrated, the role of growth factors in tissue engi-
neering for repairing osteochondral and cartilage defects is a very important one. 
Following animal testing, cell-assisted and growth-factor scaffolds produced much 
better results, while growth-free scaffolds showed a much lower rate of healing.

Keywords Biomaterial · Cartilage · Scaffold · 4D printing · Meniscal lesion

2.1  Introduction

Tissue engineering is the partial or total replacement of biological tissues by means 
of combinations of cells, engineering methods, biomaterials, and biochemical and 
physical–chemical factors. This engineering is based on the use of a scaffold that 
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will later contribute to the formation of new viable tissue for medical purposes. 
Although it has been considered a branch of biomaterials, tissue engineering is of 
major importance in the treatment of certain diseases that cannot be treated on the 
basis of biomaterials, for example osteochondral and cartilaginous tissue engineer-
ing. Due to this important vital but also the very large domain, tissue engineering 
can be considered a domain itself. In osteochondral tissue engineering, the restora-
tion of the osteochondral defect is based on scaffolding.

Scaffolds are biomaterials that have been specially designed to achieve certain 
cellular interactions in order to form new biological tissues; these cells are seeded 
into material structures that are capable of supporting 3D tissue formation. Because 
of tissue engineering studies, these scaffolds mimic the extracellular matrix of the 
target tissue, thereby mimicking the in vivo environment and allowing cells to influ-
ence their own micromedia.

The objective of an articular cartilage repair treatment is to repair the affected sur-
face of an articular joint’s hyaline cartilage. Over the years, both researchers and 
surgeons have been trying to solve this problem and innovate the old surgical cartilage 
repair interventions. Even if these solutions, for now, cannot restore the entire articu-
lar cartilage, the newest techniques and the biomaterials used have started to look very 
promising in repairing cartilage from traumatic injuries or others chondropathies.

2.2  Articular Cartilage Tissue Engineering

Tissue engineering is the study based on the principles of both engineering and biol-
ogy, designed to innovate biological substitutes with the ability to restore the func-
tions of the replaced tissues [1]. This discipline is based on an association of 
biomaterials, cells and biological or environmental factors, also known as the 
“tissue engineering triad” (Fig. 2.1).

In recent years, great progress has been made with osteochondral engineering 
and cartilage. These advances are in terms of the biomaterials used and the under-
standing of the role of growth factors and stem cells in tissues [2].

2.3  Biomaterials

In tissue engineering, the main objective is to replicate the tissue-target ECM char-
acteristics; this is done through scaffolds made of biomaterials and seeded with 
cells. Through this replication of ECM functions, biomaterials make for cells used, 
an environmentally capable structure to provide viability, proliferation, and secre-
tory cell activities. Thus, a large number of ECM-like scaffolding types exist and 
have been used for osteochondral and cartilaginous tissue engineering. These bio-
materials can be classified as synthetic (Fig. 2.2) or natural matrices, in which we 
can distinguish those based on proteins or polysaccharides [3].
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Fig. 2.1 The tissue engineering triad used for articular cartilage repair. The combination of chon-
drogenic cells (expanded chondrocytes or differentiated MSCs) with biomaterials and biofactors is 
crucial for the development of cartilage tissue-engineering strategies [2]

Fig. 2.2 Principal 
synthetic matrices used in 
osteochondral and cartilage 
engineering
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The ideal features that a biomaterial should present are biocompatibility—to pre-
vent inflammatory and immunological reactions, adhesion—to allow attachment of 
cells to the lesion and to provide a favorable environment for the maintenance of 3D 
of the chondrocyte phenotype. Additionally, they must exhibit permeability to 
achieve the diffusion of molecules, nutrients and growth factors, and must be suffi-
ciently biodegradable to be integrated into the physiological processes of remodel-
ing the tissue. Apart from these, an ideal feature of biomaterials would be 
injectability—to allow implantation by minimally invasive intervention [2].

Because there are currently no percutaneously injected matrices, although there 
is a great deal of preclinical and clinical studies related to biomaterials used in the 
design of matrices for osteochondral tissue and cartilage engineering. For this rea-
son, some studies have been developed in this direction, i.e., the development of 
self-reinforced and injectable biomaterials that can be used in percutaneous trans-
plantation of chondrogenic cells [2].

Some of the biomaterials whose properties and structures make them ideal for 
injectable implantation, namely minimally invasive surgery, are hirdogels [4]. These 
are made up of chains of synthetic or natural macromolecules that have the ability 
to form hydrogels after physical, ionic or covalent crosslinking [5]. Hydrogels have 
a hydration level close to that of articular cartilage, allowing them to imitate the 3D 
environment of chondrocytes [6] (Table 2.1).

The use of biphasic biomaterials has become fashionable. These bilayered scaf-
folds consist of two different materials: a lower ceramic-like layer, which can be 
fitted as a plug into the subchondral bone, and an upper one, intended for the carti-
laginous compartment of osteochondral defects. Different combinations of ceramic, 
synthetic polymers and natural materials such as collagen or hydroxyapatite in 
bilayered scaffolds have been investigated in clinical trials [12].

2.4  Other Examples of Synthetic Biomaterials Used 
as Matrices

Polylactic acid (PLGA) Poly-L-lactic acid-co-glycolic acid (PLGA) is a synthetic 
polymer with structural versatility and mechanical properties that can be manipu-
lated, this being a feature favorable for regeneration of cartilaginous and osteochon-
dral tissue. Uematsu et al. [13] in their study on the PLGA scaffold found that the 
biomaterial had infiltration and differentiation of MSC in vivo [13, 14]. This bioma-
terial, PLGA, has been approved by the FDA for use in medical applications, this 
being a rarity for a synthetic material. In order to limit the degree of degeneration 
and to support chondrogenesis, Fan et al. have demonstrated in their study that by 
combining PLGA with another polymer or even two a hybrid will be produced with 
the ability to meet these requirements [15].

Polyvinyl alcohol (PVA) is a biodegradable and biocompatible polymer that has 
been deployed to repair cartilage and osteochondral defects due to its notable water 
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content and hydrophilic behavior, in addition to its elastic and compressive proper-
ties [16]. Tadavarthy et al. [17] have conducted a study on the biocompatibility of 
this biomaterial so that the water content of PVA gels (on average 80–90% of their 
weight) was implanted both intramuscularly and subcutaneously in a rabbit in order 
to restore cartilage tissue [17]. This biomaterial has been studied for its use in the 
cartilage and osteochondral tissue engineering since 1970, but there are numerous 
other studies demonstrating that PVA can be used successfully in repairing these 
tissues [18–21]. The PVA hydrogel can be prepared at different polymer concentra-
tions and a number of cycles tested to have a tensile strength in the cartilage range of 
1–17 MPa [22], as well as a modulus of elastic range between 0.0012 and 0.85 MPa 
[23]. In addition, due to the fact that PVA has a low rate of degradation, its mechani-
cal properties can be preserved, while preserving yet another chondrogenic pheno-
type, as a scaffold for sufficient time until the neocartilage tissue restores [14, 24].

2.5  Current Strategies and Challenges for Biomaterials Used 
in Osteochondral Tissue Engineering

The defect management and repair of osteochondral tissue have been an extremely 
important issue in orthopedic surgery. Osteochondral defects present damage to both 
the articular cartilage as well as the underlying subchondral bone. In other words, for 
a complete restoration of an osteochondral defect, we must take into account three 
needs: the bone’s needs, the cartilage, and the bone–cartilage interface. In order to 
meet these needs, tissue engineering has evolved as an alternative that can be used to 
regenerate the bone, the cartilage and the bone–cartilage interface. Several scaffold-
ing strategies, such as single-phase, layered and newly classified structures, have 
been developed and evaluated to repair osteochondral defects [25].

The patients quality of life may suffer due to joint pain and impaired joint func-
tion, all of which are caused by osteochondral defects resulting from trauma, joint 
disease, or aging [26, 27]. Treatment of osteochondral tissue lesions remains a chal-
lenge for orthopedic surgeons due to the fact that this cartilage is avascular, and has 
a low cell density and metabolic activity [28, 29].

As a potential source of cells, differentiated tissue cells and progenitor cells are 
closely observed not only in cell culture models, but also in osteochondral scaffolds 
in vitro and in vivo. Newly developed strategies, including the single factor, multi-
factor or factor release in a controlled manner helps to regenerate bone and carti-
lage, and to set up the formation of the osteochondral interface.

Over the last two decades, the tissue engineering methods for articular cartilage 
restoration, like autologous chondrocyte implantation (ACI) and matrix assisted 
chondrocyte implantation (MACI) have been in the clinical stage. Based on this 
accumulated knowledge, the area of   application of tissue engineering has increased 
to osteochondral damage repair, which is composed of engineering articular carti-
lage, subchondral bone, and a smooth cartilage–bone interface [25].
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In fact, the complex hierarchical structure of articular cartilage and subchondral 
bone is another major challenge in the reconstruction of osteochondral tissue. 
Nowadays, several types of techniques are used to treat osteochondral defects, 
including autograft transplantation [30, 31], autologous chondrocyte transplantation 
[32, 33] and marrow stimulation, such as subchondral drilling [34] and microfrac-
ture [29, 35].

Osteochondral defects cannot be reversed by themselves for the following rea-
sons: the complicated hierarchical structure, and the lack of blood supply to the 
cartilage. With this in mind, the major challenge in this area remains the structural 
design of a biomimetic scaffold that meets all the specific requirements for osteo-
chondral restoration. To meet these requirements, a selective laser sintering tech-
nique (SLS), i.e., a multilayered osteochondral scaffolding consisting of poly 
(ε-caprolactone) (PCL) and hydroxyapatite (HA) /PCL microspheres, has been 
implemented [29].

Initially, single phase scaffolds were used as the standard method, but later stud-
ies on bilayered scaffolds demonstrated that they ultimately support bone and carti-
lage growth on individual layers to form a tissue very similar to osteochondral tissue 
[25]. The scaffolds obtained by SLS showed excellent biocompatibility to support 
cell adhesion and proliferation in  vitro. The implantation of multilayer acellular 
scaffolds into osteochondral defects of a rabbit model could demonstrate the desired 
effects. Yingying Du et al. [29] have shown that multilayered scaffolds were able to 
induce articular cartilage formation by accelerating early subchondral bone regen-
eration, and thereby newly formed tissues could integrate with native tissues. The 
aforementioned researchers demonstrated that a biomimetic osteochondral scaffold 
with continuous multistrand architecture and gradient composition from the articu-
lar cartilage layer to the subchondral bone layer was fabricated using a microsphere 
based SLS technique. Their results demonstrated that the resultant multilayer scaf-
fold featured highly interconnected porosity and desirable mechanical properties, as 
well as excellent biocompatibility. In vivo, animal evaluation further verified that 
the multilayer scaffold could successfully induce osteochondral repair, and that the 
newly formed tissue manifested multiple tissues types including articular cartilage 
and subchondral bone [29].

Osteochondral tissue could thus be obtained in vitro and in vivo on the basis of 
biodegradable scaffolds and differentiated cells for each type of tissue (osteoblasts 
for bone tissue, chondroblasts or chondrocytes for cartilage) or undifferentiated 
cells (adult stem cells, embryonic stem cells or induced pluripotent stem cells).

Current research including the gradual development of scaffolds that have a 
structure similar to the natural structure of an osteochondral tissue and the con-
trolled release methods of the factor promises to favor the formation of the osteo-
chondral interface.

A significant issue is the challenge of developing scaffolds or factors that can later 
regenerate osteochondral tissue. Thus, it is desired that the osteochondral tissue thus 
formed is very similar to the natural one, both structure- and function-wise, to form 
a smooth interface between the articular cartilage and the bone surface, and also to 
prevent the phenotypic drift in the regenerated cartilage. In addition, advancing these 
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complex technologies may contain not only the biodegradable scaffolds, but also 
cells and growth factors as another important factor in osteochondral tissue engineer-
ing [25] (Fig. 2.3).

2.6  Hydrogels, Cells, and Growth Factors Used 
for Osteochondral Tissue Engineering (OTE) 
and Cartilage Tissue Engineering (CTE)

Since the biggest challenge was to find a biomaterial that can solve both the complex 
hierarchical structure of the articular cartilage and of the subchondral bone, hydro-
gels are emerging to be a promising class of biomaterials. They can be used for the 
regeneration of soft tissue and hard tissue as well. By proper selection of the material 
and chemistry, many critical properties of hydrogels (i.e., elasticity, bioactivity, deg-
radation, mechanical stiffness, and water content) can be rationally and conveniently 
designed for these kinds of needs. Particularly, advances in the development of cell-
loaded hydrogels have opened up new possibilities for cell therapy. Jingzhou Yang 
et al. [36] described the specific problems in this domain and have also described the 
latest findings on hydrogel-cell hybrids that can be used to restore osteochondral 
tissue. They focused on the efficiency of osteogenesis and chondrogenesis due to the 
type of hydrogel chosen, the cell and the growth factor [36] (Table 2.2).

Over time, the hydrogels have become more known and developed a series of 
hydrogels obtained from naturally derived polymers, chemically modified natural 
polymers, synthetic polymers, and their combinations for regenerating cartilage and 

Fig. 2.3 Tissue-engineering strategy for the treatment of osteochondral interface and full-thick-
ness cartilage defects with cell-laden hydrogel constructs [36]
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osteochondral tissues. Studies have shown that some types of hydrogels can support 
proliferation, growth and cellular spread in the area where they are introduced, in 
this case being osteochondral cells, and they are also able to maintain the structure 
and phenotype of the tissue.

It has been found that naturally derived hydrogels have a high biocompatibility 
and at the same time support cellular viability, while synthetic hydrogels have 
mechanical and biodegradable properties that can be easily varied, making them 
vital for proper cartilage regeneration and clinical application. Rationally designed 
composite hydrogels could thus combine the advantages of natural, modified, and 
synthesized polymers [36].

Table 2.2 Hydrogels, cells and growth factors used for osteochondral tissue engineering (OTE) 
and cartilage tissue engineering (CTE) [36]

Hydrogel 
type

Application 
(OTE/CTE) Cell type

Growth 
factor Crosslinking/gelation method

Alginate OTE
CTE

Chondrocytes
MSCs
IPSCs

TGF-β3 Physical (ionic interaction)

Agarose CTE Chondrocytes
MSCs

TGF-β3 Physical (temperature change)

Collagen OTE
CTE

MSCs
Chondrocytes

TGF-
β1–3
BMP-2-7
FGF-1

Chemical

Chitosan CTE Chondrocytes
MSC

TGF-β1 Chemical

Gellan gum CTE Chondrocytes – Physical (ionic interaction and 
temperature change)

Gelatin OTE MSCs BMP-4 Chemical
Fibroin CTE Chondrocytes – Physical (ionic interaction)
HA CTE Chondrocytes

MSCs
TGF-β Chemical (UV 

photopolymerization)
PVA OTE Osteoblasts

Chondrocytes
– Chemical (UV 

photopolymerization)
PEG CTE

OTE
MSCs
Chondrocytes
ESCs

TGF-β3 Chemical (UV 
photopolymerization)

OPF OTE MSCs TGF-β1 Chemical
PDMMAAm OTE Chondrocytes – Chemical
Peg-PCL CTE Chondrocytes – Physical (temperature change)
GelMA CTE Chondrocytes TGF-β1 Chemical (UV 

photopolymerization)
– OTE PBMCs – –

HA Hydroxyapatite, PVA Poly(vinyl alcohol), PEG Poly(ethylene glycol), PVA Polyvinyl alcohol, 
OPF Oligo(poly(ethylene glycol)fumarate), PDMAAm Poly(N,N-dimethylacrylamide), PEG–
PCL Poly(ethylene glycol)–poly(e-caprolactone), GelMA Gelatin methacryloyl, BMP Bone mor-
phogenetic protein, PBMCs Peripheral blood mononuclear cells [36]
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In conclusion, hydrogels have certain high biodegradability and biocompatibility 
properties; they can also be easily molded for OTE and CTE applications. Although 
they are well suited to osteochondral applications, the disadvantages encountered 
may be related to insufficient mechanical stiffness, osteoconductivity, osteoinduc-
tivity, injectability, or printability. Thus, the inorganic particles contained in hybrid 
hydrogels composites place them among the biomaterials used to repair osteochon-
dral tissues. Because of excellent osteoconductivity and osteoconductivity proper-
ties, the most favorable inorganic particles are phosphates and silicate minerals and 
bioactive glass [37, 38].

There is a variety of types of stem cells that may be able to replace osteochondral 
and cartilaginous tissue, but most of them are stem cells with a capacity for chon-
drogenic and osteogenic differentiation. These are best suited for such applications 
as they have an abundant source of supply. As Jingzhou Yang et al. [36] sustain in 
their review, different types of stem cells encapsulated in hydrogels were shown to 
differentiate into chondrocytes or osteoblasts induced by growth factors (e.g., the 
family of TGFs or BMPs) and to promote chondrogenesis and osteogenesis both 
in vitro and in vivo. Despite these advantages, engineered cartilage/osteochondral 
constructs combined with stem cells may readily become hypertrophic and undergo 
endochondral ossification, which hinders the formation of effective functional 
chondrogenesis and osteochondrogenesis [36].

For controlled release of the differentiation factor, strategies such as the develop-
ment of the microcarrier growth factor, the covalent linkage of the hydrogel network, 
and the gene delivery have been designed. New bioactive factors have also been 
developed, with small molecules like kartogenin [39] or t-butyl methacrylate [40], 
and are used for inducing chondrogenic or osteogenic differentiation of stem cells.

Even after various research activities, a perfect restoration of osteochondral and car-
tilaginous tissue from the viewpoint of composition, structure and function of the area 
remains very hard to achieve. It is very difficult to make a hydrogel having a biodegra-
dation rate directly proportional to the rate of cartilage and bone growth, making it a 
real challenge to find the ideal rate of degradation of hydrogels depending on the target 
tissue. Due to the properties of hydrogels suitable for the recovery of osteochondral 
tissue such as mechanical strength, osteoconductivity, ease of injection and printing, 
hybrid hydrophilic composites with inorganic particles and stem cells are very suitable 
as biomaterials for repairing osteochondral defects and cartilage thickness [36].

2.7  Composites Used as Synthetic Materials 
for Osteochondral Tissue Restoration

Composites are also used in tissue engineering strategies to repair osteochondral 
defects, when the subchondral bone as well as the cartilage is damaged, as a result of 
degenerative diseases such as osteoarthritis [41]. In this case, a simultaneous regen-
eration of both cartilage and subchondral bone is desired, using biphasic (or layered) 
composite scaffolds to guide the simultaneous regeneration of both tissues [42].
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2.8  Stem Cell- and Scaffold-Based Tissue Engineering

To achieve a scaffold that delivers MSCs to defective areas in the osteochondral tis-
sue, biomaterials must meet certain conditions, as shown in Fig.  2.4. The right 
choice of scaffolding design is very much about knowing the endogenous MSC 
activity in skeletogenesis, which includes cellular processes and cell sensitivity to 
biochemical and mechanical stimuli. To determine which stimuli to present to cells, 
bioengineering strategies can benefit significantly from endogenous examples of 
skeletogenesis. As an example of developmental skeletogenesis, the developing 

Fig. 2.4 Biologically informed design specifications for biomaterials in tissue engineering. 
Scaffold properties such as material biocompatibility, geometry, porosity, mechanical strength, 
degradation rate, and incorporation of signaling molecules can be optimized to address various 
physiological requirements of an engineered tissue [43]
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limb bud serves as an excellent model system of how osteochondral structures form 
from undifferentiated precursor cells [43]. Sundelacruz et  al. [43] present their 
observations on a particular biomaterial that has proved promising in supporting 
osteochondral growth in vitro and in vivo: silk fibroin from the silkworm Bombyx 
mori [44, 45].

Currently, both biological and tissue engineering research is concerned with dis-
covering the clues needed to stimulate cells to regenerate tissues and organs totally 
or partially. For this to be possible, both approaches should take into account the 
progenitor behavior of stem cells, scaffolding and extracellular matrix (ECM), but 
also that of signaling molecules. Based on the biological research on cells that assist 
the formation of new tissues, tissue engineers have identified adult mesenchymal 
stem cells as promising cell sources that exhibit the plasticity required to perform 
similar cell functions in vitro and in vivo. This accumulated knowledge can be used 
by tissue engineers to help incorporate biomolecules chosen in systems, whether 
they are later used as scaffolding biomaterials or as a released factor. On the other 
hand, because tissue engineering is an inverse approach to regenerative medicine, 
scaffold-based tissue formation is an important challenge that cannot be addressed 
in developmental biology. The properties of the scaffold biomaterials dictate the 
microenvironment of the regenerated tissue. This physical microenvironment can 
adjust a wide range of parameters, for example cell proliferation, cell differentia-
tion, healing mode, in vivo scaffolding stability, and release or presentation from 
delivered growth factors.

Through the mutual efforts of these two areas, progress can be made towards 
finding the appropriate balance between biochemical and physical cues for tissue 
formation and for the final adjustment of the spatial–temporal delivery of these 
broad scale tissue modeling indexes. Such knowledge is very important for engi-
neering complex tissues in vitro. Functionally produced tissues have great potential 
in channeling efforts in the field of regenerative medicine, both by addressing the 
current clinical need for tissue replacement and by providing platforms for investi-
gating treatment strategies to stimulate tissue regeneration [43].

2.9  Chemical, Topological, Mechanical, and Structural Cues 
of Biomaterials Used to Evoke Biological Responses 
on Cells

Even though many biomaterials have been developed to repair osteochondral tissue 
(where a key design requirement is the ability to repair both bone and cartilage in 
the osteochondral unit), so far few studies have examined the role of structure and 
composition biomaterials on the properties of the repair tissue. The mechanistic role 
of the structure and composition of biomaterials has been studied in many systems, 
and the extracellular matrix regeneration is believed to be dependent on a complex 
interaction of mechanical and chemotactic signals [46, 47]. Since it was assumed 
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that cell recognition in this biochemical micro medium is sufficient to induce cell 
adhesion, migration and differentiation, much of the research has been based on the 
use of decellularized and naturally derived scaffolds, or of those made from syn-
thetically produced or purified protein products constituting a cartilage ECM (or 
combinations thereof). The first approved procedure in the USA in the treatment of 
osteochondral defects involving biological materials was the use of collagen flaps as 
support matrix for autologous chondrocyte transplantation or for attachment and 
differentiation during microfracture procedures [47].

Niemeyer et al. [49] and Moseley et al. [48]—in their studies on the long-term 
outcome of these clinical treatments—have shown that there is a limited improve-
ment in tissue functionality, resulting in the need for more complex materials that 
can orchestrate the development and cartilage tissue homeostasis either endoge-
nously derived cells (MSC or chondrocytes) or allogeneic cells [48, 49]. 
Technological biofunctionality in synthetic materials has been seen as a promising 
alternative to current clinical treatments [47].

The latest findings on nanotechnology advances along with the processability of 
synthetic biomaterials have succeeded in creating a new range of materials to 
develop into the desired biological responses to the cellular level. In this way, their 
adhesion, migration and differentiation by integrin binding and activation of critical 
determinations of signaling pathways such as those regulated by Rac and Rho, pro-
tein kinase C and MAP kinase [50, 51] can be controlled. The design of biomateri-
als to improve biofunctionality can be achieved by using a wide range of tests 
involving the introduction of chemical, topographic or mechanical indices through 
top-down or bottom-up approaches (Fig. 2.5) [52].
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Fig. 2.5 Schematic representation of common chemical, topological, mechanical, and structural 
cues used to evoke biological responses on cells [52]
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2.10  Osteochondral Defect Repair Using a Biphasic Scaffold 
Based on a Collagen–Glycosaminoglycan Biopolymer

Getgood et al. [47] compared in their study the performance of a biphasic scaffold 
based on a CaP-mineralized collagen–GAG biopolymer [53–55] with a synthetic 
PLGA-PGA-CaS composite. In this study we can see that the scaffolds made of 
both biomaterials have the capacity to support the repair of the osteochondral tissue, 
but there is also a tendency towards the phenotype of the tissue improved by adding 
the natural collagen material [47].

The use of the PLGA material and the incidence of cystic change is consistent 
with some existing clinical literature [56, 57]. Because these porous biphasic bio-
materials allow the defect to be linked to sub-congenital bone marrow (containing 
nutrients and mesenchymal stem cells), they can be seeded with cells that have the 
ability to differentiate into relevant phenotypes and help synthesize new osteochon-
dral and cartilaginous tissues [58]. In particular, porous collagen-GAG biomaterials 
have shown they minimize the formation of fibrous scar tissue [59–61] and are 
considered promising tissue repair mediators.

The study authored by M. J. Getgood et al. [47] has shown that a scaffolding 
microporous material can be used to provide a three-dimensional environment that 
encourages the development of a hyaline-like cartilage structure between 12 and 
26 week points compared to an empty defect.

In conclusion, the studies demonstrated that the biphasic biomaterial from which 
the scaffolding was designed can provide a viable alternative for osteochondral 
autograft or allograft materials used to repair osteochondral defects associated with 
bone disorders under the condyle [47].

2.11  Application of 4D Printing in Osteochondral Tissue 
Regeneration

3D printing has a great ability to establish functional tissues or organs to cure or 
replace abnormal and necrotic tissue, providing a promising solution for serious 
tissue/organ failure [62, 63]. 3D printing is evolving into an unparalleled biomanu-
facturing technology [64, 65]. 4D printing, based on the advanced 3D print features, 
is a dynamic, time-dependent process in manufacturing design. The 4D print pro-
cess has the potential to continually revolutionize the current tissue and organ man-
ufacturing platforms [66].

A new active research area is the development of intelligent materials with high 
biocompatibility to suit 4D printing technology. For example, 3D STLs, scaffolds 
capable of supporting the growth of mesenchymal stem cells from the multipotent 
bone marrow (hMSC) with acrylic epoxidized soybean have been printed [67]. The 
laser frequency and print speed have shown that they can have particular effects on 
the superficial structures of the epoxidized acrylate polymerized soybean oil shown 
in Fig. 2.6.a. These scaffolds, from a temporary set at 18 ° C, can completely recover 
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their original shape at the temperature of the human body (37 ° C). Thus, this novel 
material showed a significantly higher adhesion and proliferation of hMSC than 
polyethylene glycol diacetate (PEGDA) and did not have statistical differences 
between PLA and PCL. This increase in hMSC on printed patterns can be seen in 
Fig. 2.6.b. Given the multipotent nature of hMSCs, these scaffolds have great poten-
tial applications for the engineering of osteochondral and neuronal tissues [66].

2.12  Medical Results

One of the most common diseases related to osteochondral tissue is the meniscal 
lesion. The purpose of treating this area is to preserve as much tissue as possible, but 
when the lesions are very high, the treatment chosen is meniscectomy, but this proce-
dure can lead to osteoarthritis. Following this procedure, the treated area is subjected to 
a much higher pressure, so coarse tissue will subsequently require multiple surgeries.

Research has led to the emergence of various therapeutic strategies for this con-
dition, one of the most used being the replacement of the meniscus by a meniscal 
transplant, which later led to the development of artificial implantable scaffolds 
made of natural or synthetic polymers. The only scaffolds approved so far are 
Actifit® and Menaflex® (which can only be used in patients who have had partial 
meniscectomy) [68] (Fig. 2.7).

Following the research, treatment of this meniscal zone has evolved, but the total 
meniscectomy procedure has been abandoned due to the link between this proce-
dure and the occurrence of early osteoarthritis. However, there is currently partial 
meniscectomy or special sutures, but the emphasis is on tissue engineering, by 
developing an artificial meniscus used to restore the function and structure of the 
meniscal fibrocartilage [69] (Fig. 2.8).

Fig. 2.6 Shape memory biomedical scaffolds. (a) (i) SEM images of printed scaffolds, red scale 
bar 100 mm. (ii) The photos are of the printed scaffolds. (b) Confocal images of hMSCs spreading 
on printed scaffolds. Scale bars are 100 mm [66]
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Fig. 2.7 How Actifit® works [68]

Fig. 2.8 Chondral lesion 
on femoral condyle [70]
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The basic cells that make up the meniscal tissue are fibrohydrocytes that create 
two main areas (i.e., superficial and deep) at the microscopic level. They closely 
resemble phenotypically chondrocytes and also have the ability to establish and 
develop a fibrous tertiary matrix [71]. Following modern testing, it has been demon-
strated that at the time of compression of the tibiofemoral joint, a vertical force and 
a radial component appear on the meniscus surface. This external force moving the 
menus during the movement is limited by the rigid attachment of the meniscus to 
the horns that produces a circumferential force and a stretching force of the chain. 
All these forces are further distributed in tissue to the collagen fibers in the deep 
meniscus layer [72].

2.13  Meniscal Substitutes

Meniscal allografts come from multiorgan donors. There are different ways of pro-
cessing and storing allografts: fresh, fresh-frozen, cryopreserved, and lyophilized. 
For scaffolding, synthetic polymeric biomaterials can be easily designed in any 
shape, with a particular geometric structure, porosity and biomechanical properties. 
They may also include a specific rate of biodegradation of the scaffold in nontoxic 
products [68, 73]. The scaffolds used for substitution of artificial meniscus may be 
synthetic or natural, as shown in Table 2.3.

2.14  Surgical Technique of Implantation

The length of the defect is measured using a malleable ruler (Figs. 2.9, 2.10, 2.11, 
and 2.12; Table 2.4). So that the implant would fit perfectly into place, 10 percent is 
added to the length prior read [68].

Table 2.3 Features that a biomaterial used for scaffolding must be/have

No. Characteristic Description References

1. “Cell-
instructive”

The ability to induce (or to support) the host cell migration 
and differentiation

[69, 74]

2. “Biomimetic” Similar to the structure and the mechanical characteristics 
of the native meniscus

3. Resistance Resilient and resistant to withstand the forces that appear in 
the tibiofemural joint

4. Biocompatibility Tolerated by the host and lacking the immune reactions to 
the degradation products that result over time

5. Biodegradability Allowing replacement by normal meniscus tissue
6. Porosity Being porous, allowing nutrients and catabolic substances 

to flow through
7. Flexibility Easily handled by the orthopedic surgeon
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Fig. 2.10 Preparing the scaffold [68]

Fig. 2.11 Partial meniscectomy [68]

Fig. 2.12 Final results after implantation [68]

Fig. 2.9 Arthroscopic 
technique 1st step 
measuring [68]
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2.15  Summary

Articular osteochondral defect repair involves two types of distinct tissues: articular 
cartilage and subchondral bone. A biomaterial is any substance that has been designed 
to interact with biological systems for medical purposes—either therapeutic (treat-
ing, augmenting, repairing, or replacing a tissue function of the body) or diagnostic. 
When a non-body material is placed in the human body, the biological tissue reacts 
in different ways, depending on the type of material. The mechanism of tissue inter-
action depends on the tissue’s response to the surface of the implant. From the results 
obtained during the studies carried out over time, it has been noticed that the bioma-
terials under study show all similarities and differences in their way of restoration of 
the osteochondral tissue [2, 6, 7, 27, 29, 30, 74]. As various researchers and tissue 
engineers have demonstrated, the role of growth factors in tissue engineering for 
repairing osteochondral and cartilage defects is a very important one. Following ani-
mal testing, cell-assisted and growth-factor scaffolds produced much better results, 
while growth-free scaffolds showed a much lower rate of healing.
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Chapter 3
Bioceramics for Osteochondral Tissue 
Engineering and Regeneration

Sandra Pina, Rita Rebelo, Vitor Manuel Correlo, J. Miguel Oliveira, 
and Rui L. Reis

Abstract Considerable advances in tissue engineering and regeneration have been 
accomplished over the last decade. Bioceramics have been developed to repair, 
reconstruct, and substitute diseased parts of the body and to promote tissue healing 
as an alternative to metallic implants. Applications embrace hip, knee, and ligament 
repair and replacement, maxillofacial reconstruction and augmentation, spinal 
fusion, bone filler, and repair of periodontal diseases. Bioceramics are well-known 
for their superior wear resistance, high stiffness, resistance to oxidation, and low 
coefficient of friction. These specially designed biomaterials are grouped in natural 
bioceramics (e.g., coral-derived apatites), and synthetic bioceramics, namely bioin-
ert ceramics (e.g., alumina and zirconia), bioactive glasses and glass ceramics, and 
bioresorbable calcium phosphates-based materials. Physicochemical, mechanical, 
and biological properties, as well as bioceramics applications in diverse fields of 
tissue engineering are presented herein. Ongoing clinical trials using bioceramics in 
osteochondral tissue are also considered. Based on the stringent requirements for 
clinical applications, prospects for the development of advanced functional bioc-
eramics for tissue engineering are highlighted for the future.
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3.1  Introduction

Over the last century, new biomaterials have considerably changed the lives of mil-
lions of patients. Biomaterials have made an important contribution to modern 
health care and will expand further, especially for osteoporosis, osteoarthritis, and 
fragility fractures, increasing with elderly population. Each biomaterial has specific 
physicochemical, mechanical, and biological characteristics which can originate 
variations in host/material response when applied for healthcare.

Bioceramics can be classified as inorganic and non-metallic ceramics used for 
the repair and regeneration of diseased and damaged parts of the musculoskeletal 
system and periodontal anomalies [1]. Bioceramics are known to promote biomin-
eralization with excellent osteoconductivity, chemical corrosion resistance, and a 
hard brittle surface. However, limitations include brittleness, poor fracture tough-
ness, very low elasticity, and extremely high stiffness [2]. Bioceramics are catego-
rized depending on their ability to bond with living tissues after implantation, as: (a) 
bioinert ceramics (e.g., alumina and zirconia) has no interaction with its surround-
ing tissue after implantation. They have a reasonable fracture toughness, and resis-
tance to corrosion and wear, (b) bioactive ceramics (e.g., bioglasses and 
glass-ceramics) bond directly with living tissues, with the pattern of bonding osteo-
genesis, and (c) bioresorbable ceramics (e.g., calcium phosphates (CaPs), calcium 
phosphate cements (CPCs), calcium carbonates, and calcium silicates) are gradu-
ally absorbed in vivo and is replaced by bone with time.

Considering their unique properties, bioceramics are commonly used in tissue 
engineering (TE) and biomedical applications, particularly for developing 3D–
based scaffolds able to mimic the native tissues [3, 4]. Bioceramics are stronger 
under compression and weak under tension, important facts to have into account in 
particular biomedical application. Natural and synthetic bioceramics have been pro-
posed to be used in the processing TE scaffolding considering specific composition, 
microstructure, and long-term reproducibility. Natural bioceramics include coral- 
derived materials, sponges, nacres, and animal (fish and chicken) bones, and offer 
an abundant source of calcium compounds (e.g., calcium carbonate and calcium 
phosphate) [5]. Synthetic bioceramics embrace alumina and zirconia, bioactive 
porous glasses and glass-ceramics, and CaPs-based materials in the form of sintered 
ceramics, coatings and cement pastes [6, 7].

Fabrication methodology available for bioceramics production are wet precipita-
tion, hydrolysis, sol–gel synthesis, hydrothermal synthesis, mechanochemical syn-
thesis, microwave processing, and spray drying methods. Among them, wet 
precipitation method has the benefit on the homogeneity of the final product, and 
the easiness of controlling certain parameters, such as temperature, pH, and the 
presence of additives, during the synthesis [8].
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Many studies are devoted to bioceramics incorporating ionic elements (e.g., 
strontium, zinc, magnesium, manganese, and silicon) that would be released during 
bone graft resorption, and hence can influence bone health and enhance biocompat-
ibility, while strengthening the mechanical properties of the implants [9–13]. 
Besides, minerals and traces of metal elements may provide physicochemical modi-
fications in the produced materials, which can accelerate bone formation and resorp-
tion in vivo [14, 15].

This chapter presents a concise overview of natural and synthetic bioceramic 
materials for bone, cartilage, and OC tissue applications. A variety of materials are 
considered, from bioinert to bioactive and bioresorbable ceramics. It is presented 
their physicochemical, mechanical and biological properties. Clinical trials involv-
ing bioceramics, challenges and future prospects of research in this field, are also 
underlined.

3.2  Bioceramic Materials and Properties

3.2.1  Natural Bioceramics

Naturally derived bioceramics can offer an abundant source of inorganic materials 
(e.g., calcium carbonate and CaPs) with high applicability for tissue replacement 
and regeneration [5]. Emphasis are put on the ones from marine origin, such as 
natural corals, nacres (or mollusc shells), sponges, and fish bones (Fig.  3.1I). 

Fig. 3.1 I—Scanning electron micrographs of (a) cuttlefish (Sepia officinalis), (b) sponge 
(Spongia agaricina), (c) red algae (Corallina officinalis), and (d) coccolithophores (Emiliania 
huxleyi) demonstrating a range of macroporous and microporous structures. Reprinted with per-
mission [19]. Copyright 2011, Elsevier. II—Scanning electron micrographs of Coralline offici-
nallis: (A) as received, (B) after 6 h at 400 °C, and after different chemical treatments with (C) 
Na4P2O7·10H2O, (D) H3PO4, (E) H3PO4 + (NH4)2HPO4, and (F) HF 48%. Reprinted with permis-
sion [17]. Copyright 2006, Elsevier
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Calcium carbonate (aragonite or calcite forms) can be found in many of these 
marine organisms, and then converted to CaPs for the biomedical field, owing their 
unique structure, architecture, and mechanical properties.

Corals have been the most widely investigated as scaffolds, since they combine 
a multiscale porosity, and interconnected pores (100–500 μm diameter) and chan-
nels, crucial for healthy bone replacement [16]. Also, coral skeletons hold in situ 
resorption and high versatility, thus be capable of genes and bioactive factors deliv-
ering. Our group reported the use of Coralline officinallis to be useful as bone fillers 
targeting its repair and regeneration [17, 18]. Calcium carbonate skeletons of  
C. officinallis were converted into CaPs with hydroxyapatite (HAp) nanocrystal-
lites, by combining a thermal and chemical treatment (Fig.  3.1II) [17]. Results 
showed that the coralline particulates preserved their morphology, after heat treat-
ment and by soaking in different solutions. Furthermore, it was demonstrated that it 
was possible to tailor the microstructure of coralline, as well as the bioactivity and 
degradation profile.

3.2.2  Synthetic Bioceramics

3.2.2.1  Bioinert Materials

Alumina (Al2O3) and Zirconia (ZrO2) are chemically inert and have high mechani-
cal resistance, high hardness, and are resistant to cracking and corrosion. They are 
bioinert ceramics, successfully used in orthopedics, specifically for total hip/knee 
arthroplasty and in dentistry (Fig. 3.2) [20, 21].

Alumina-based bioceramics were the first to be available in the market, for den-
tal implants and acetabular cup replacements in total hip prostheses [22]. Alumina 
positively combines good flexural and mechanical strength, excellent resistance to 
dynamic and fatigue, and high resistance to abrasion. As a result, alumina has been 
effectively used as synthetic bone grafts and as reinforcement agents for ceramics, 
or even as porous prosthetic devices, by means of a biomimetic coating on alumina, 
to afford a stable bond with the host tissue. Other clinical applications of alumina 
prostheses include bone screws, alveolar ridge (jaw bone) and maxillofacial recon-
struction, ossicular (middle ear) bone substitutes, corneal replacements, segmental 
bone replacements, and blade, screw, and post-type dental implants [23]. However, 
alumina ceramics have a low toughness to fracture. This disadvantage can be over-
come if zirconia is added to alumina ceramics (known as zirconia-toughened alu-
mina, ZTA, or alumina-toughened zirconia, ATZ), resulting in a composite material 
with higher toughness and better tribological properties [24, 25]. ZTA contains alu-
mina (70–95%) as the matrix phase and zirconia polycrystals (TZP, 5–30%) as the 
secondary phase, combining the positive properties of monolithic alumina with zir-
conia. Moreover, the wear properties and low susceptibility to stress-assisted degra-
dation of alumina ceramics are also preserved in ZTA ceramics, reducing the risk of 
impingement and dislocation, and improving stability [25].
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Zirconia has a polymorphic crystalline structure depending on the temperature, 
i.e., monoclinic at temperatures <1170 °C, tetragonal at 1170 °C which is stable up 
to 2370 °C, and cubic structure at 2370 °C. However, this phase transformation also 
occurs at the surface of the ceramic when present in body fluid, producing an aging 
which compromises the lifetime of zirconia implants. As a result zirconia-based 
bioceramics, especially tetragonal TZP, have been widely used in bone TE, due to 
their excellent toughness to fracture, high strength, high elastic modulus, wear resis-
tance, and low temperature degradation [26]. For example, partially stabilized 
 zirconia (with yttria, CaO, and MgO) materials are recognized for their flexural 
strength (higher than 1.0 GPa) and fracture toughness (above 8 MPam1/2) [27, 28]. 
Besides its mechanical properties, zirconia promotes cell proliferation and differen-
tiation in osteogenic pathways and osseointegration. Also, as it is radiopaque, it 
helps in the monitoring of radiographs [29]. Zirconia has often been used in den-
tistry since it can be colored to match the shade of existing teeth.

Fig. 3.2 Bioceramics of alumina and zirconia used for orthopedics and dentistry applications 
[30, 31]
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3.2.2.2  Bioactive Glasses and Glass-Ceramics

Bioactive glasses and glass-ceramics have been developed, in dense and porous 
form, for TE applications in orthopedics and dentistry (Fig.  3.3) [32–34]. Heat 
treated glasses result in crystalline glasses with higher strength and toughness, elas-
tic modulus, and wear resistance.

Bioactive glasses have demonstrated their appropriateness to form a bond with 
the living bone tissue more rapidly than other bioceramics. They are converted into 
an amorphous CaP or apatite material after implantation. Moreover, it has also been 
reported that the ions Si, Ca, P, and Na, released during dissolution of certain 
 bioactive glasses, seem to activate the expression of osteogenic genes and to stimu-
late neovascularization and angiogenesis, enzymatic activity, and differentiation of 
mesenchymal stem cells (MSCs) [35–37].

In the 1970s, Larry Hench [23] undertook the pioneering work in the field of 
bioactive glasses for biomedical applications with the development of 45S5 
Bioglass®. It is a silica-based bioactive glass in the Na2O–CaO–SiO2–P2O5 system 
with a composition near the ternary eutectic in the Na2O–CaO–SiO2 diagram. Upon 
implantation, this unique biomaterial releases soluble Si2+, Ca2+, and P ions into 

Fig. 3.3 (a) Bioactive glass and glass-ceramics applied in the biomedical field. (b) Micrograph 
image of 45S5 Bioglass® after immersion in simulated body fluid [49, 50]
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solution, forming a hydroxycarbonate surface layer through a biochemical transfor-
mation. The dissolution of the ions of the bioactive glasses stimulates the genes 
responsible for osteoblast differentiation and proliferation [34, 38, 39]. Besides, it 
also combines the advantage of having an antimicrobial (ions increase the pH result-
ing in an osmotic effect), and an angiogenic activity, as well as stimulates the release 
of angiogenetic growth factors [33]. For example, when 45S5 Bioglass® was used in 
medium conditioned for fibroblasts there was an increase in tubule branching and 
the development of a complex network [40].

Besides the conventional silicate glasses, other types of bioactive glasses devel-
oped for biomedical applications include borate-based and phosphate-based glasses. 
Borate-based glasses, in the B2O3–Na2O–CaO–P2O5 system, have fast degradation 
rates and are able to be completely converted into apatite when immersed in an 
aqueous phosphate solution, following a similar process of Bioglass®, but without 
the formation of a silica-rich layer [41, 42]. Borate glasses have also been used as 
drug release systems in the treatment of bone infection [43]. A disadvantage of this 
type of glasses is the toxicity of boron, which is released in the solution as borate 
ions; this disadvantage can be overturned in in  vitro dynamic culture conditions 
[44]. Phosphate bioactive glasses, in the Na2O–CaO–P2O5 system, have faster dis-
solution rates in aqueous fluids than silica glasses, which is a useful property for the 
healing of chronic wounds and as carriers in drug delivery, such as antibacterial ions 
and complex organic molecules for chemotherapy applications [45, 46]. The incor-
poration of metal oxides such as TiO2, Al2O3, and B2O3 into the composition of 
phosphate glasses can stabilize the glass network, resulting in a slower degradation 
of the glass [24].

The common synthesis methods for bioactive glasses include the conventional 
melt-quenching, sol–gel process, flame spray synthesis, and microwave irradiation 
[47, 48].

3.2.2.3  Calcium Phosphates

Calcium phosphates (CaPs) are naturally found in the body and are bone-like 
materials proposed for a broad range of orthopedic and dental applications owing 
the similarity with the mineral component of major normal calcified tissues [51–
53]. These types of bioceramics possess an outstanding biocompatibility, osteo-
conductivity, and bioresorbability, thus integrating into living tissues by the same 
processes active in bone remodeling. This phenomenon occurs when part of CaPs 
is dissolved into the microenvironment, and once the liberated ions are released, 
protein adsorption and precipitation of the biological apatite crystals takes place 
creating a layer on the surface of the biomaterial. Besides, CaPs are easy to 
obtain with a low cost, and can be relatively easily certified as medical grade. 
The most known CaPs comprise compounds with different chemical composi-
tions, solubility, and properties (Table 3.1). CaPs can be ordered by in situ deg-
radation rate as: MCPM > TTCP ≈ α-TCP > DCPD > OCP > β-TCP > HAp [54]. 
Differences in dissolution behavior of CaPs are related to changes in the 
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chemical composition, as well as, the microporosity, and pore size, and have 
been connected with the process of osteoinduction in  vivo [55]. Studies have 
shown the importance of the sintering process as a way to control the pore size 
and porosity, thus rendering an osteoinductive ceramic [56].

Despite that, CaPs are limited to load-bearing applications due to their poor 
mechanical properties, namely, strength and fatigue resistance, and for this reason 
they are mostly used as coatings and as fillers [51, 57]. However, CaPs bioceramics 

Table 3.1 Main calcium phosphates compounds used in the biomedical field [3, 52]

Calcium phosphate Formula Ca/P

pH stability 
range in 
aqueous 
solutions at 
25 °C Properties

Monocalcium 
phosphate 
monohydrate 
(MCPM)

Ca(H2PO4)2∙H2O 0.5 0.0–2.0 Water-soluble 
compound. Not 
biocompatible

Monocalcium 
phosphate 
anhydrous (MCPA)

Ca(H2PO4)2 0.5 Stable at 
T > 100 °C

Not biocompatible

Dicalcium 
phosphate dihydrate 
(DCPD or brushite)

Ca(HPO4)∙2H2O 1.0 2.0–6.0 Biocompatible, 
biodegradable and 
osteoconductive

Dicalcium 
phosphate 
anhydrous (DCPA)

Ca(HPO4) 1.0 Stable at 
T > 100 °C

Less soluble than 
DCPD

Amorphous calcium 
phosphate (ACP)

CaxHy(PO4)z∙nH2O 
(n = 3–4.5)

1.2–
2.2

~ 5–12 (always 
metastable)

Lacks long range 
order

Octacalcium 
phosphate (OCP)

Ca8(HPO4)2(PO4)4∙5H2O 1.33 5.5–7.0 Metastable precursor 
of CaPs that 
transforms into HAp

β-Tricalcium 
phosphate (β-TCP)

β-Ca3(PO4)2 1.5 Cannot be 
precipitated 
from aqueous 
solutions

Biodegradable. Fast 
resorption rate

α-Tricalcium 
phosphate (α-TCP)

α-Ca3(PO4)2 1.5 Cannot be 
precipitated 
from aqueous 
solutions

Biodegradable. Fast 
resorption rate

Calcium-deficient 
hydroxyapatite 
(CDHA)

Ca9(HPO4)(PO4)5(OH) 1.5–
1.67

6.5–9.5 Poorly crystalline

Hydroxyapatite 
(HAp)

Ca10(PO4)6(OH)2 1.67 9.5–12 Osteoconductive and 
osteoinductive

Tetracalcium 
phosphate (TTCP)

Ca4(PO4)2O 2.0 Cannot be 
precipitated 
from aqueous 
solutions

Biocompatible but 
poorly biodegradable
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varied from thin coatings on metallic implants to help fixation into bone, to dense or 
porous blocks to be used as bone grafts, or even as injectable compositions (Fig. 3.4). 
Custom-designed forms as wedges for tibial opening osteotomy, cones for spine and 
knee, and inserts for vertebral cage fusion, are also available. CaPs are used in 
alveolar ridge augmentation, tooth replacement, maxillofacial reconstruction, 
orbital implants, increment of the hearing ossicles, spine fusion, and repair of bone 
defects [58].

Among CaPs most commonly investigated for biomedical purposes are α- and 
β-TCP, CDHA, HAp, and biphasic CaPs which is the mixture of HAp and TCP [51, 
59]. HAp is crystalline and is the most stable and least soluble CaPs in an aqueous 
solution below pH 4.2 [51]. HAp can be produced through wet methods, such as 
precipitation method, hydrothermal synthesis and solid-state reaction above 1200 °C 
of, for example, MCPM, DCPA, DCPD, OCP [60–63]. β-TCP is a high temperature 
phase of CaPs, obtained by thermal decomposition at temperatures above 
800 °C. TCP can occur under three recognized polymorphs, such as β-TCP stable 
below 1120 °C, α-TCP stable between 1120 °C and 1470 °C, and α’-TCP above 
1470 °C. Generally, β-TCP densification is difficult because the low temperature of 
β →  α phase transformation does not permit the sintering to high temperature. 
However, doping β-TCP with magnesia or calcium pyrophosphate can stabilize this 
β → α transition at high temperatures. β-TCP is biodegradable and has been exten-
sively investigated as bone substitute, either as granules or blocks, or even in CaPs- 
based bone cements [52]. α-TCP is usually prepared from β-TCP phase, and 
quenching it prevents the reverse transformation α → β [64]. α-TCP is biocompati-
ble, and more biodegradable and reactive than β-TCP [65]. It has been reported that 
the biological resorption capability of β-TCP and HAp is different though their 
similarity in terms of chemical composition. HAp has a slow resorption rate and 

Fig. 3.4 (a) Calcium phosphates-based materials for the biomedical field, such as porous blocks, 
powders and granules, injectable compositions, and coatings on metallic implants to help fixation 
into bone. Reprinted with permission from [52]; (b) Biphasic calcium phosphate ceramic with 
small pore size and microporosity (a) induces bone formation after 12 week implantation in a goat 
(c), in contrast to its non-osteoinductive counterpart with larger grains and less micropores (b) that 
is only infiltrated by fibrous tissue (d). Reprinted with permission from [71]
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may remain integrated into the regenerated bone tissue after implantation, whereas 
β-TCP is completely reabsorbed [66, 67]. Hence, biomaterials for clinical applica-
tions have been performed combining HAp and β-TCP, for the bioresorbability and 
strength improvement of the implants [59, 63, 68]. CDHA is obtained by precipita-
tion in an aqueous solution above a pH 7 [51]. Their crystals are in general poorly 
crystalline and of submicron dimensions. The solubility of CDHA increases with a 
decrease of Ca–P molar ratio, crystallinity, and size. CDHA can decompose into 
β-TCP, into a mixture of HAp and β-TCP or into pure HAp, when heating above 
700 °C [59, 69]. As a first approximation, CDHA may be considered as HAp with 
some ions missing [70].

Calcium phosphates-based cements (CPCs) are mixture of one or several CaPs and 
an aqueous solution, which then precipitate into a less soluble CaP and sets by the 
entanglement of the growing crystals, providing mechanical stiffness to the cement. 
Once placed into the bone defect, the paste hardens in situ, at body temperature, and 
then displays limited solubility (Fig. 3.5) [72]. CPCs relevant features are excellent 
biocompatibility and resorbability, bioactivity, non-cytotoxicity, development of osteo-
conductive pathways, and sufficient compressive strength for a number of applications 
[51, 66, 73, 74]. CPCs are mechanically much stronger in compression than in tension 
or shear, because entangled crystals are not well bonded. Compressive strength values 
are typically 5–10 times superior to that of tensile. The main advantages of the CPCs 
include fast setting, excellent moldability, and manipulation. Hence, these bioceramics 
are commonly used to fill bone defects and trauma surgeries as moldable paste-like 
bone substitute materials. Besides, like any other bioceramics, CPCs provide the 
opportunity for bone grafting using alloplastic materials, which are unlimited in quan-
tity and provide no risk of infectious diseases.

Fig. 3.5 (a) Calcium phosphate cements resultant from the mixture of CaPs powders and aqueous 
solutions to be further injected into the bone defects; and (b) Brushite cement microstructure after 
hardening, showing entangled growing crystals, which provides the mechanical stiffness to the 
cement [80, 81]. Reprinted with permission from [81]
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CPCs can be classified according to their end product into apatite (AP) cements 
and dicalcium phosphate dehydrate (DCPD or brushite) cements, upon the pH value 
of a cement paste after setting. AP is formed above pH 4.2, whereas brushite is 
preferentially formed when pH value of the paste is <4.2, although it may grow even 
up to pH 6.5, due to kinetics reasons [75, 76]. Brushite cements have raised interest 
due to their higher solubility and resorbability in vivo much faster than AP cements. 
Although AP cements show higher mechanical strength, they have slow in  vivo 
resorption rates that interfere with the bone regeneration process [77, 78]. Moreover, 
brushite-based cements possess faster setting reactions [9, 79].

3.3  Applications of Bioceramics in Osteochondral Tissue 
Engineering

Current clinical use of bioceramics for bone, cartilage, and OC repair include, bone 
grafting, microfracture, arthroscopic mosaicplasty, periosteal and perichondrial 
transplantation, autologous chondrocyte implantation, drug delivery, and gene 
transfection [82–84]. Despite the fact that autologous grafts are the most ideal treat-
ment, the rate of morbidity and the difficulty in trimming and grafting for the desired 
shape are important drawbacks of this technique [85–87].

Growth factors integration, like bone morphogenic proteins (BMPs), into scaf-
fold, through structural entrapment or surface complexes have been widely reported 
for bone growth and healing, for instance in long bone defects, for their osteoinduc-
tion ability. Growth factors play a major role in cellular guiding and control. The 
incorporation of stem cells, like bone marrow stromal stem cells (BMSCs) or mes-
enchymal stem cells (MSCs), in bioceramics scaffolds for OC defects repairs, have 
been studied, since these cells had demonstrated promising results in bone recovery 
[88, 89]. For example, Lv and Yu [90] studied the viability of a composite lamellar 
scaffold made of nano-β-TCP)/collagen type I and type II with BMSCs, for the 
articular OC defects repair in canine knee joints. In articular OC defects, subchon-
dral bone plays an important role, once it is responsible for the formation of bones 
outline shape and provides the biomechanical needed environment cartilage differ-
entiation and development. Thus, the biphasic composite scaffold used consisted of 
a mineralized collagen type I/β-TCP scaffold for bone regeneration and a non- 
mineralized collagen type II/β-TCP scaffold for cartilage regeneration. That study 
showed a gradual degradation and absorption of the scaffolds, while new cartilage 
tissue was formed. After 24 weeks of implantation, the defect space was fulfilled 
with new cartilage tissue integrated in the surrounding cartilage.

Several bioceramics and polymer composites have been developed and reported 
as an attractive solution for the repair of OC injuries. Xue et al. [91] evaluated the 
use of a poly-(lactide-co-glycolide) (PLGA)/nano HAp scaffold for potential use in 
cartilage tissue engineering applications. For that, MSCs were seeded in scaffolds 
and their efficacy was evaluated on a rat model. After 12 weeks after implantation, 
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it was possible to observe that OC defects in rat knees were filled with smooth and 
hyaline-like cartilage with glycosaminoglycan and collagen type II deposition. 
Results were compared to those obtained only for PLGA scaffolds and, PLGA/
nano  HAp hybrid scaffold facilitated more significantly the cartilage repair, and 
provided a higher viability and proliferation of MSCs. In another study by Oliveira 
et al. [92] was reported the development of a porous HAp scaffolds with high inter-
connectivity, using an organic sacrifice template, for bone regeneration/repair. The 
scaffolds were tested in vitro, using rat bone marrow stromal cells (rBMSCs) con-
firmed that the cells adhered, proliferated well and remained viable (Fig. 3.6).

Zylinska et al. [93] also took advantaged from polymers and HAp and evaluated 
the applicability of a poly-L/D-lactide (PLDLA)/nano HAp composite scaffold 
enriched with sodium alginate in OC lesions of rabbit femoral trochlea. The use of 
sodium alginate is limited due to its low mechanical strength and fast degeneration. 
Thus, combining sodium alginate with PLDLA/nano HAp scaffold overcome these 
limitations, and the incorporation of the nano-sized HAp provides bioactivity, 
osteoinductivity and osteoconductivity, which facilitated new bone tissue regenera-
tion. The bioactivity of the composites is low on the initial phase, increasing over 
time, due to its biodegradation.

Fig. 3.6 HAp porous scaffold: (a) macroscopic image, (b) microstructure, (c) macroporous HAp 
scaffolds seeded with RBMSCs at a cell density of 1 × 104 cells per scaffold after culturing for 
24 h, and (d) 7 days. Reprinted with permission from [92]. Copyright 2008, Wiley
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Taking advantage of naturally derived polymers, a study reported the develop-
ment of a biphasic scaffold using silk fibroin and strontium-hardystonite-gahnite 
ceramic with stratified structure composed of distinct cartilage and bone phases 
which were well-integrated at a continuous interface, to satisfy the complex and 
diverse regenerative requirements of OC tissue [94]. Microstructure analysis showed 
that the cartilage phase had pores highly interconnected with sizes of 100–120 µm, 
while the bone phase had large pore sizes of 400–500 µm, along with interconnec-
tivity (Fig. 3.7 I). In vitro behaviour of human mesenchymal stem cells (hMSCs) 
cultured in the scaffolds indicated that the cells infiltrated throughout its entire 
structure by allowing cell migration within and between phases. The SEM images 
showed that the scaffold was biocompatible and provided favourable substrates for 
cell attachment in its cartilage and bone phases, as well as a continuous interface 
which allowed cell migration and interaction between phases (Fig. 3.7 II).

In Table 3.2 are summarized diverse bioceramics materials used for bone, carti-
lage, and OC applications.

Fig. 3.7 Biphasic scaffold for OC repair/regeneration: I) microscopic morphology showing com-
plete scaffold (A), cartilage phase (B), interface region (C), bone phase (D), and structural features 
at higher magnifications (E–G); II) attachment and morphology of hMSCs cultured on the scaffold 
after (A, B) 2 hours and (C, D) 24 hours. Arrows indicate attached cells on the scaffold surface. 
Adapted with permission [94]. Copyright 2015, RSC
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3.4  Clinical Trials of Bioceramics for Osteochondral 
Regeneration

Human clinical trials are research studies worldwide which evaluate the safety and 
effectiveness of a medical strategy, treatment, or device for humans. These studies 
follow strict scientific standards and are only performed after the approval of the 
health ethics committee. These standards are designed to protect patients and help 
to produce reliable study results. Those results are only obtained after a long and 
careful process which begins in the laboratory, following by animal tests and, as 
final stage come to clinical trials [102]. In Table 3.3 are reported the completed and 
ongoing clinical trials of using different types of bioceramics for OC applications.

Before their commercialization, implantable devices went through a rigorous, 
long and detailed process, involving several stages of R&D under restrict guid-
ance of FDA. During this process, the safety of the medical device is ensured, and 
validated by scientific evidences, and after the approval, they are classified accord-
ing with the associated risk. For instance, medium risk Class II devices include 
fracture fixation devices, while devices for organs replacement are in high risk 
Class III [102].

Table 3.2 Summary of bioceramics in OC applications

Application Bioceramic materials Function References

Cartilage PLGA/nano HAp Investigate OC repair potential [91]
Cartilage PLDLA/nano HAp enriched 

with sodium alginate
Articular cartilage treatment [93]

Cartilage β-TCP scaffolds seeded with 
autologous chondrocytes

Repair of OC defects [95]

Cartilage β-TCP/collagen type I Improve articular cartilage 
restoration and reconstruction

[96]

Joint 
arthroplasty

Alumina, zirconia, bioglasses, 
and HAp coatings for 
acetabular cup

Osteoconduction and 
osteointegration of prosthetic 
devices

[97]

Knee joint Scaffold of nano-β-TCP/
collagen type I and type II

Repair of articular OC defects 
of the canine knee joint

[90]

Bone defects 
and diseases

Bioglass, CaPs and CPCs Repair and regeneration of 
defects and damaged bone

[48, 98, 
99]

Deep OC defects Bilayered implant of β-TCP 
and fibrous collagen type I and 
type III

Bone reconstruction and 
cartilage regeneration

[100]

OC defect 
regeneration

Bilayered scaffolds of silk 
fibroin and silk-nano CaP

OC defect regeneration [94]

OC tissue 
engineering

Bilayered chitosan /HAp-based 
scaffolds

OC tissue engineering [101]
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Table 3.3 List of completed and ongoing clinical trials of bioceramics for OC applications

NCT number
Date and 
status Study

Patients 
age Follow-up Procedure

NCT0128034 2011–
2016 
completed

Chondral and 
Osteochondral lesions: 
Marrow stimulation 
techniques vs 
Maioregen (bioceramic 
scaffold)

18–
60 yrs

24 mths Marrow 
stimulation—
Drilling or 
microfractures

NCT00841152 2009–
2018

Comparison of two 
ceramic bone graft 
substitutes, bioactive 
glass (BAG) and 
beta-tricalcium 
phosphate (TCP), in 
filling of contained bone 
defect

Adult, 
senior

12 mths Bone defects

NCT00900822 2005–
2008 
completed

Comparison of 
Straumann bone 
ceramic and BioOss as 
bone grafting materials 
for bone augmentation 
in the posterior upper 
jaw

Adult, 
senior

3 yrs Bone 
augmentation

NCT02128256 2014–
2017 
phase 4

CERAMENT™|G—
bone healing and 
reinfection prophylaxis

Adult, 
senior

12 mths Device absorption 
and bone 
in-growth of 
CERAMENT™| 
G

NCT00200603 2005 Autograft versus 
calcium phosphate 
macroporous 
bioceramics as bone 
substitute for Tibial 
valgus osteotomy

Adult, 
senior

3, 6, 12 
and 24 
mths

Tibial valgus 
osteotomy

NCT01813188 2011–
2014 
completed

Noninferiority and 
lower morbidity of the 
use of bone marrow 
mononuclear cells 
seeded onto a porous 
matrix of calcium 
phosphate, for the 
consolidation of tibial 
bone defects 
(pseudoarthrosis), 
compared with 
autologous bone graft

18–
75 yrs

6 mths Autologous bone 
marrow cells 
seeded onto a 
porous tricalcium 
phosphate 
ceramic and 
demineralized 
bone matrix

(continued)
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Table 3.3 (continued)

NCT number
Date and 
status Study

Patients 
age Follow-up Procedure

NCT01824706 2012–
2016 
completed

A prospective, 
multicenter 
observational study 
evaluating the long term 
safety in terms of 
Explantation rate and 
number of infections of 
the custom-made 
bioceramic implant 
CustomBone™

Child, 
adult, 
and 
senior

2 yrs Craniectomy

NCT01742260 2013–
2017 
phase 1

A pilot study to 
demonstrate safety and 
feasibility of cranial 
reconstruction using 
Mesenchymal stromal 
cells and Resorbable 
biomaterials

18–
80 yrs

n.d. Repair of cranial 
defects

NCT02910232 2014–
2016 
completed

In vivo clinical trial of 
porous starch–
hydroxyapatite 
composite biomaterials 
for bone regeneration

20–
60 yrs

6 mths Bone void filler of 
foot fracture

NCT03302520 2017–
2020

Comparison of 
bioactive glass ceramics 
spacer and PEEK cages 
in posterior lumbar 
Interbody fusion

30–
80 yrs

n.d. Posterior lumbar 
interbody fusion 
(PLIF) surgery

NCT02503891 2015–
2019

AL-2 MP-1 (polyimide) 
Acetabular liner

21–
90 yrs

2 yrs Polymer on 
ceramic 
articulation 
system

NCT01751841 2012–
2020

Providing compelling 
evidence for the efficacy 
of Si-CaP in terms of 
resulting in satisfactory 
fusion

Child, 
adult, 
senior

12 mths Spinal fusion

NCT03302429 2018–
2020

Evaluation of platelet 
rich fibrin / biphasic 
calcium phosphate 
effect versus autogenous 
bone graft on 
reconstruction of 
alveolar cleft

Child 
(>8 yrs), 
adult, 
senior

n.d. Reconstruction of 
alveolar cleft 
defect in 
maxillary arch

NCT01409447 2009–
2011

Repair of articular 
Osteochondral defect

18–
60 yrs

12 mths Biphasic 
osteochondral 
composite 
implantation

(continued)
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There are already some engineered bioceramic based materials and scaffolds 
regulatory approved as: (a) bone grafts substitutes, namely CERAMENT™G, 
Bonalive (Vivoxid Ltd), NovoMax® (BioAlpha Inc.,), ChronOs (DePuySynthes), 
Straumann® BoneCeramic™, and Geistlich Bio-Oss®; (b) cartilage repair, namely 
Cartilage Repair Device (Kensey Nash Corporation), and (c) OC defects such as 
ChondroMimetic ®, MaioRegen®, and Agili-CTM.

3.5  Concluding Remarks and Future Outlook

Bioceramics have demonstrated very important successes for applications in ortho-
pedic and dental surgery. They are, however, potentially suitable for a wide range of 
essential TE purposes, namely, to restore the natural state and function of damaged 
OC tissue. Advanced strategies present some of the current challenges in this field, 
and may constitute a major step forward in the future. Bioceramics offer desirable 
characteristics such as biocompatibility, chemical inertness in biological medium, 
and hardness, but they have low resistance to traction. Ongoing research involves 
the chemistry, composition, and microstructure and nanostructure of the materials 
to improve their mechanical integrity upon implantation, and appropriate porosity 
for the cellular adhesion, proliferation, and differentiation. Although there have 
been significant advances in engineer new tissues, developments aimed at designing 
materials perfectly matching their biomedical purposes are necessary. Strategies 

Table 3.3 (continued)

NCT number
Date and 
status Study

Patients 
age Follow-up Procedure

NCT01183637 2010–
2014 
terminated

Evaluation of an 
Acellular Osteochondral 
graft for cartilage 
lesions

≥ 21 yrs 24 mths Microfracture

NCT01209390 2010–
2016 
terminated

A prospective, 
post-marketing registry 
on the use of 
ChondroMimetic® for 
the repair of 
Osteochondral defects

18–
65 yrs.

36 mths Chondromimetic

NCT01282034 2011–
2015 
completed

Study for the treatment 
of knee Chondral and 
Osteochondral lesions

18–
60 yrs

24 mths Marrow 
stimulation—
drilling or 
microfractures

NCT01471236 2011–
2018

Evaluation of the 
Agili-C biphasic 
implant in the knee joint

18–
55 yrs

24 mths Agili-C biphasic 
implantation and 
mini-arthrotomy 
or arthroscopy

Information obtained from: http://clinicaltrials.gov
n.d. not defined, yrs. years, mths months
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should be devoted on the clear understanding of the bioceramics–tissue interactions, 
and hierarchical structure for long-term service, and the related mechanical strength, 
especially the fatigue limit under periodic external stress.
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Chapter 4
Nanomaterials/Nanocomposites 
for Osteochondral Tissue

Ohan S. Manoukian, Connor Dieck, Taylor Milne, Caroline N. Dealy, 
Swetha Rudraiah, and Sangamesh G. Kumbar

Abstract For many years, the avascular nature of cartilage tissue has posed a clini-
cal challenge for replacement, repair, and reconstruction of damaged cartilage 
within the human body. Injuries to cartilage and osteochondral tissues can be due to 
osteoarthritis, sports, aggressive cancers, and repetitive stresses and inflammation 
on wearing tissue. Due to its limited capacity for regeneration or repair, there is a 
need for suitable material systems which can recapitulate the function of the native 
osteochondral tissue physically, mechanically, histologically, and biologically. 
Tissue engineering (TE) approaches take advantage of principles of biomedical 
engineering, clinical medicine, and cell biology to formulate, functionalize, and 
apply biomaterial scaffolds to aid in the regeneration and repair of tissues. 
Nanomaterial science has introduced new methods for improving and fortifying TE 
scaffolds, and lies on the forefront of cutting-edge TE strategies. These nanomaterials 
enable unique properties directly correlated to their sub-micron dimensionality 
including structural and cellular advantages. Examples include electrospun 
nanofibers and emulsion nanoparticles which provide nanoscale features for 
biomaterials, more closely replicating the 3D extracellular matrix, providing better 
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cell adhesion, integration, interaction, and signaling. This chapter aims to provide a 
detailed overview of osteochondral regeneration and repair using TE strategies with 
a focus on nanomaterials and nanocomposites.

Keywords Osteochondral · Nanomaterials · Regenerative medicine · Tissue 
engineering · Stem cells

4.1  Introduction

Theterm “osteochondral” is derived from the roots “osteo” meaning bone, and 
“chondro,” which refers to cartilage. Thus, osteochondral tissue is tissue composed 
of or related to bone and cartilage. Osteochondral tissue is found primarily in joints 
throughout the body, specifically at the smooth end of bones and the articular 
cartilage that cover them [1]. Injuries to osteochondral tissue are common in the 
field of orthopedics, and can result in pain and swelling, as well as instability of the 
joint. Current treatments include tissue transplantation, allografts, as well as the 
delivery of bioactive agents. However, each treatment carries a number of drawbacks. 
For example, “autografts and allografts are often associated with limited availability 
and risks of immunogenicity, respectively” [2]. The aim of tissue engineering is to 
repair and regenerate tissue, as well as to provide a viable tissue substitute. In 
practice, the discipline uses one or more of three key components: three-dimensional 
(3D) scaffolds, healthy harvested cells, and biologically active factors [2]. Any 
biomaterial used for tissue engineering must meet a number of requirements, 
including but not limited to biocompatibility, biodegradability, and bioactivity. 
Composites are often used in order to synthesize the beneficial properties of multiple 
constituents, and recent advances in nanotechnology have demonstrated the 
importance of nanoscale structural properties in signaling for cellular regeneration 
[3]. This chapter outlines the background and clinical relevance of nanomaterials 
for osteochondral regeneration, as well current tissue engineering techniques and 
the challenges the discipline faces.

4.2  Background and Clinical Relevance

4.2.1  Cartilage Tissue Biology

Cartilage is a smooth, elastic tissue found throughout the body. In addition to pro-
viding support to various structures in the body such as the rib cage, ear and nose, 
cartilage acts as a rubber-like padding between bones to minimize friction and pro-
vide protection at the joints. Cartilage is classified into three different types: fibro-
cartilage, elastic cartilage, and hyaline cartilage. Each type of cartilage differs based 
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on the amount of collagen and proteoglycans, two proteins that make up much of 
the structure of cartilage.

There are three types of joints in the body: fibrous, cartilaginous and synovial. 
Out of these three types, only synovial joints allow for a large degree of motion. 
This type of joint is covered by the thin, dense, translucent connective tissue known 
as hyaline cartilage. As it covers the articulating surfaces of bone, this type of 
connective tissue is also referred to as articular cartilage. The articular cartilage can 
be considered a “soft tissue composed primarily of a large extracellular matrix with 
a population of chondrocytes distributed throughout the tissue” [4]. Extracellular 
matrix (ECM) is composed mainly of tightly wound collagen fibers, which lend the 
matrix a high tensile strength. A proteoglycan–water gel is also distributed 
throughout the collagen framework, which allows the hyaline cartilage to withstand 
compressive forces by attracting and trapping large amounts of water. This structure 
allows it to perform well as a load-bearing material to support joint movement, 
showing a low coefficient of friction as well as high wear strength [5]. Figure 4.1 
displays the physical structure of cartilage tissue.

It should be noted that the composition and cellular organization of human adult 
articular cartilage vary depending on the regions of the matrix investigated, with 
different matrix proteins found in superficial and deep layers. These differences are 
both qualitative and quantitative. The interterritorial region of the matrix contains a 
collagen network composed of collagens II, IX, and XI while the pericellular matrix 
contains collagen VI, fibromodulin, and matrilin 3, but is deficient in or completely 
lacks type II collagen. The morphology of chondrocytes, the cells responsible for 
secreting the matrix or cartilage, differs as well, from more flattened nearer to the 
surface and rounder at the deeper zones [4].

Fig. 4.1 Ultrastructural level (10−6 m–10−8 m) of articular cartilage, displaying collagen fibrils 
and the proteoglycan matrix
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4.2.2  Cartilage Development

The formation of cartilaginous tissue occurs through a process known as chondro-
genesis, and takes place as early as during fetal development. Here, it is a precursor 
for the process known as endochondral ossification in which “hypertrophic cartilage 
is replaced by bone,” thus giving way to the early skeleton [4]. Chondrogenesis 
depends “upon signals initiated by cell–cell and cell–matrix interactions and is 
associated with increased cell adhesion and formation of gap junctions and changes 
in the cytoskeletal architecture” [6].

The process of chondrogenesis begins with the recruitment, proliferation and 
condensation of mesenchymal cells. In craniofacial bones, mesenchymal stem cells 
are recruited from neural crest cells of the neural ectoderm, whereas they are 
recruited from the sclerotome of the paraxial mesoderm and the somatopleure of the 
lateral plate mesoderm in axial and appendicular skeleton, respectively [6]. After 
condensation, these cells differentiate into chondroblasts, which synthesize the 
cartilage ECM and fibers. As the matrix grows, the chondroblasts mature into 
chondrocytes. In limb development, the chondrocytes either produce cartilage at the 
ends of bones or proliferate and undergo terminal differentiation “to hypertrophy, 
and apoptosis to permit endochondral ossification” [4]. Whether or not a chondrocyte 
goes down a certain path is determined by positive and negative signaling factors, 
such as Sox9 and Runx2 [6].

It has been noted that mechanical factors influence the development, mainte-
nance and degradation. Carter et al. report that different types of stresses can either 
inhibit or promote bone growth, or ossification. Specifically, intermittent hydro-
static compression stress is shown to inhibit ossification, and as a result maintains 
the cartilage phenotype. On the other hand, intermittent nondestructive octahedral 
shear stress, resulting in mild tensile stress, promotes ossification and bone growth 
(The differences in hydrostatic compression stress and octahedral shear stress are 
illustrated in Fig. 4.2). This trend is supported by the findings that “tensile strain of 

Fig. 4.2 Diagram displaying hydrostatic and octahedral shear stresses. In hydrostatic stress, 
σ1 = σ2 = σ2. In octahedral shear stress, σ1 + σ2 + σ3 = 0
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chondrocytes increases cell proliferation, maturation, and hypertrophy” while 
“intermittent hydrostatic pressure has been shown to up-regulate aggrecan and 
collagen II, while inhibiting proinflammatory mediators in chondrocytes” [7].

4.2.3  Cartilage Disease and Injury

Articular cartilage is mainly loaded in compression. Therefore, its defects are often 
related to trauma-induced injuries, but problems can also arise from pediatric 
growth plate disorders and congenital defects. Injuries to the tissue are fairly 
common; it has been reported that over 900,000 Americans suffer from articular 
cartilage injuries each year [8]. Once injured, self-recovery is generally poor due to 
the lack of blood flow to the area.

Cartilage diseases include such disorders as osteoarthritis, costochondritis, her-
niation of intervertebral discs, achondroplasia, and relapsing polychondritis. These 
diseases can be a result of a number of factors, such as the failure of chondrocytes 
within the cartilage failing to proliferate or the inflammation of cartilage in key 
areas of the body, but the focus of tissue engineering is to alleviate conditions that 
result specifically from cartilage degeneration.

Osteoarthritis is an example of a very common disorder resulting from the dete-
rioration of cartilage, with knee arthritis affecting an estimated 6% of adults over 
the age of 30, and hip arthritis affecting around 3% of the same demographic [9]. As 
increased functional loading in healthy joints by moderate exercise leads to an 
increase in articular cartilage thickness, it makes sense that the disease would be 
more prominent in those with a more sedentary lifestyle, such as the elderly [7]. In 
fact, the disease is the most common chronic condition affecting patients over the 
age of 70. Wood et  al. characterize the disease as “damage to hyaline articular 
cartilage [which]… involves the whole joint and has subsequent changes to the 
subchondral surface involving bone remodeling” [9]. Refer to Fig. 4.3 for a visual 
representation of the breakdown in hyaline cartilage that takes place in osteoarthritis.

4.2.4  Current Treatments

Most current treatments for osteochondral diseases such as osteoarthritis are symp-
tomatic, and attempt to regulate pain and improve mobility. Such treatments include 
self-care to prevent or reduce risks of disease and anti-inflammatory medication to 
reduce pain, as well as physical therapy. In some cases, the entire joint may be 
replaced by surgery. However, none of these measures address the root cause of 
cartilage degeneration in the joint. Tissue engineering offers the exciting prospect to 
repair or regenerate tissues, as well as providing alternative substitutes for the lost 
tissue. This chapter provides an outline for some of the tissue engineering approaches 
and objectives for osteochondral tissue being researched today.
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4.3  Tissue Engineering and Regenerative Medicine

4.3.1  Tissue Engineering Approaches and Objectives

The approaches to osteochondral tissue regeneration follow from the general tissue 
engineering objective to repair and restore the function of defect tissues caused by 
disease or injury. Tissue engineering approaches accomplish successful tissue repair 
when the resulting material is fully integrated with surrounding tissues and replicates 
the functionality of the native tissue, while showing no adverse effects. Biomaterial 
scaffold designs are a central feature in tissue engineering. Specifically, polymeric 
biomaterial scaffolds are used extensively. The approach to polymeric scaffold 
design is dependent upon the intended function of the scaffold. Scaffolds are 
typically used either as structural space fillers that promote tissue development or as 
delivery vehicles of therapeutic cell treatments. Biomaterials, cells, and bioreactors 
are the three components that are considered for use in osteochondral tissue 

Fig. 4.3 Degradation of hyaline articular collagen in the knee as a result of osteoarthritis
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engineering design. Combinations of biomaterials with cells and/or bioreactors 
constitute a strategy that has been extensively studied for tissue engineering 
applications. Biomaterial scaffolds can provide three-dimensional structural support 
or morphology and help transport and control delivery or cellular treatments or 
bioreactor molecules. The biomaterial scaffold, cells, and bioreactors can be used in 
tissue engineering designs in different combinations to promote tissue regeneration 
and integration to repair tissue defects with viable tissue substitutes. Understanding 
the architectural and molecular composition of cartilage as well as the cellular and 
biochemical interactions characteristic to both the development and function of the 
native tissue is imperative to engineer a material that matches the physiological, 
biomechanical, and biochemical signaling properties of the native tissue [10]. 
Biomaterial selection for scaffold design considers the biocompatibility, mechanical 
properties, biodegradability, three-dimensional architecture, and bioactivity of the 
material related to the native tissue [10]. Cartilage has a hierarchical structure with 
features that can be seen starting at its microstructure and continues down to the 
nanoscale. This hierarchical architecture inspires scaffold design that incorporates 
features starting at the nanoscale. Nanomaterials are used to replicate nanolevel 
features of native cartilage. Cellular and bioreactor components are subsequently 
added to scaffold materials to enhance their bioactivity in ways relevant to the 
capacity to regenerate cartilage tissue by facilitating the replication of developmental 
processes of cartilage formation. Another tissue engineering approach to mimic the 
native hierarchical structure of cartilage tissue is to create gradient scaffolds with 
layers representing the layered physiology of articular cartilage at the interface 
between cartilage and bone (Fig. 4.3).

4.3.2  Biomaterials

The three main classes of biomaterials are ceramics, metals, and polymers. Materials 
within these three classes can be classified as either natural biomaterials or synthetic 
biomaterials. Natural biomaterials are those derived from either an animal or plant 
source while synthetic biomaterials are synthesized in a lab [11].

Biomaterials can be further classified as biodegradable or nonbiodegradable. 
Biodegradability is an attractive feature for tissue engineering and regenerative 
purposes because it gives a material the capacity to initially function as a structural 
support then gradually degrade away as the new tissue moves in. A degradation- 
regeneration approach to tissue repair represents an ideal of tissue engineering to 
regenerate a fully integrated replication of native tissue. Tissue engineering methods 
that use biodegradable scaffold material eliminate the problem of long-term 
durability through the lifetime of the implant that must be considered for 
nondegradable implants. For biodegradable scaffolds, the implant material should 
ideally have a tunable degradation rate to ensure that the degradation and resorption 
of the implant material are compatible with the rate of new tissue generation [11].
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Replicating the mechanical properties is particularly important in osteochondral 
applications in order for the engineered tissue to mimic and restore the functionality 
of the native tissue. Osteochondral tissues act as support structures in the body and, 
therefore, scaffold materials intended to function as structural space fillers for 
osteochondral repairs must support mechanical loads while the new tissue 
development occurs. Polymer biomaterials are used in osteochondral tissue 
engineering applications to create both rigid scaffold structures as well as hydrogel 
scaffolds. The rigid polymers are used in applications where a three-dimensional 
structural support is a priority while hydrogel scaffolds are more ideal as cell carrier 
systems. Although polymeric scaffolds are the foundation of most tissue engineering 
methods, they do not always exhibit entirely ideal properties for their intended 
applications when used independently. Composite biomaterials are created for 
osteochondral tissue engineering applications to improve the scaffold properties to 
more closely match its intended function and to promote effective tissue repair. 
Composite biomaterials are also used in efforts to mimic the heterogeneous, 
hierarchical composition of native cartilage. Creating multilayered scaffolds is an 
approach incorporating composite biomaterials intended to regenerate both cartilage 
and subchondral bone tissue at the osteochondral interface.

4.3.2.1  Natural Biomaterials

Some advantages of natural biomaterials for tissue engineering applications are 
their bioactivity, biocompatibility, and biodegradability. Natural biomaterials are 
typically used in the form of polymer hydrogels. Immunogenic incompatibility is a 
concern when using scaffolds made from natural material, however. Common 
natural biomaterials used for osteochondral tissue engineering include alginate, 
chitosan, collagen, fibrin, and hyaluronan [12].

Collagen and hyaluronic acid are both essential components of the ECMError! 
Bookmark not defined. of native cartilage. Their natural derivation from 
mammalian tissue allows for the polymers to be recognized by cells, facilitating cell 
attachment and triggering ECM production unlike plant derived polymers [11]. 
Experimental results support collagen’s potential as a biomaterial useful in tissue 
engineering applications. An in vivo study using stem cell-seeded type II collagen 
scaffolds implanted into rabbits for articular cartilage repair showed results of 
chondrocyte-like cells and extracellular molecules found in the newly formed tissue 
and with no signs of inflammation after 8 weeks [13]. Chondrocytes and extracellular 
synthesis are characteristic to cartilage formation and markers of cartilage 
regeneration potential. Collagen scaffolds the most extensively used material in 
clinical applications [14]. Natural biomaterials, in general, have nonideal mechanical 
properties for the load-bearing functions that are characteristic to osteochondral 
tissues and therefore are used in combinations with other biomaterials. Collagen is 
an example of a material that is mechanically weaker than native cartilage but shows 
improved mechanical properties with the addition of other materials to create a 
composite. Chitosan is a biodegradable natural polymer that shows potential for 
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cartilage tissue engineering. A chitosan-pluronic hydrogel injected for cartilage 
regeneration yielded a proliferation of chondrocytes and synthesis of GAGs [15]. 
Another cell-seeded chitosan hydrogel was tested in  vivo and was found to fill 
cartilage defects completely 24  weeks after transplantation [16]. In addition to 
collagen, hyaluronan and fibrin have also been used clinically for cartilage 
reconstruction [17, 18]. A list of natural biomaterials and their applications can be 
found in Table 4.1.

4.3.2.2  Synthetic Biomaterials

Synthetic biomaterials allow for a higher degree of variability due to the opportunity 
to control some of their properties via processing methods. Controlling the 
composition and structure is a method used to obtain particular mechanical 

Table 4.1 Natural biomaterials and applications in tissue engineering

Material Applications

Alginate • Most common hydrogel scaffold
•  Microencapsulation with hydrogel beads for cell delivery (growth factors, stem 

cells)
•  Nanoparticle coatings (electrostatic interactions with oppositely charged 

materials)
• Electrospun nanofibers
• Encapsulate and culture chondrocytes
• Hydrogel coating to improve mechanical properties of ceramics

Chitosan • Cell encapsulation/entanglement
•  Bioactive molecule delivery, controlled drug release (i.e., growth factor 

microspheres)
• Scaffold for chondrocyte culture (hydrogels, fibers, sponges)
• Nano/microstructure surface patterning
• Support cell growth and adhesion of both bone and cartilage cell types

- Enhances bioactivity, stability, and biocompatibility
Collagen • Cell encapsulation

• Nanoparticles for sustained drug release
• Bioactive molecule delivery
• Hydrogels, sponge, composite nanofiber scaffolds

- Cell adhesion, migration, proliferation
• Supports bone and cartilage cell types
•  Used in combo with other materials because poor mechanical properties on its 

own
Fibrin • Chondrocyte encapsulation hydrogel microsphere

•  Deliver autologous chondrocytes to treat full thickness articular cartilage 
defects [18]

• Graft glue
Hyaluronan • Hydrogels

•  Interacts with stem cells/enhances cell attachment and supports differentiation 
into chondrocytes

• Chemically modified to create nanoparticles/nanofibers
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properties. Synthetic materials used in cartilage tissue engineering are primarily 
polymers. Synthetic polymer hydrogels are used for their high potential to entrap 
cells and provide biological stimuli for their migration, proliferation, and 
differentiation by providing a hydrated environment that facilitates diffusion [19]. 
Although synthetic polymers lack the bioactive capacity to integrate with 
surrounding host tissue, they can be functionalized with bioactive molecules. 
Functionalization of synthetic polymer scaffolds gives the material the ability of 
cellular interaction to facilitate cell attachment and stimulate matrix production and, 
therefore, greater potential to modulate cartilage regeneration.

The most common synthetic polymers used in osteochondral tissue engineering 
applications include poly(ethylene glycol) (PEG), polylactide (PLA) and its 
derivatives poly(L-lactide) (PLLA) and poly(lactic-co-glycolic acid) (PLGA), 
poly(ε-caprolactone) (PCL), poly(vinyl alcohol) (PVA), and polyglycolide (PGA). 
PEG in the form of both a hydrogel and rigid scaffold has been seeded with 
chondrocytes and proved to support their attachment, viability, proliferation and 
production of ECM [20]. PLGA scaffolds seeded with MSCs yielded hyaline-like 
smooth tissue after 12 weeks of implantation into the defect site within rabbit knees 
[21]. PGA seeded scaffolds show instances of higher expression of the cartilage 
specific protein, aggrecan, and collagen II when compared with PLGA seeded 
scaffolds [22]. Polymer scaffolds alone may still lack ideal mechanical strength and 
therefore composite material strategies are also used for synthetic biomaterials to 
give the scaffold its required characteristics. Synthetic biomaterials used in 
osteochondral tissue engineering application are listed in Table 4.2.

Table 4.2 Synthetic biomaterials and applications in tissue engineering

Material Applications

PEG • Hydrogel cell encapsulation with tunable hydrolytic degradation
• Stem cell nanoencapsulation
• Microspheres

PLA, PLLA, and 
PLGA

• Biodegradable porous scaffold
• Composite nanofiber scaffolds (hydroxyapatite nanoparticles)
•  Hydrogel microspheres encapsulation of nanoparticles for bioactive 

molecule delivery
• Modified to create nanosurface
• Maintains 3D structure

PU • Scaffolds with nanosurface modifications
PVA • Hydrogel reinforced with nanohydroxyapatite

• Binder in scaffold-free method
• Promotes cell adhesion

PCL • Electrospun nanofiber scaffolds
• Enhance bioactivity
• Porous scaffolds with surface modification for nanoscale roughness

PGA • Fibrous scaffolds
• Suitable mechanical properties, supports cell growth

O. S. Manoukian et al.



89

4.3.3  Nanomaterials and Nanocomposites

Nanobiomaterials can be introduced to create nanocomposite materials with a nano-
structure engineered to mimic the nanoscale level of the hierarchical composition of 
native cartilage. Adding nanoscale elements into the design improves the functional 
ability of the material to more closely resemble native tissue behavior with respect 
to both mechanical properties and biochemical activity.

4.3.3.1  Nanomaterial Strategies

Adding nanomaterials such as nanoparticles (NPs) or nanotubes create nanostruc-
tured composition of biomaterial scaffolds. Ceramic NPs help improve the mechan-
ical strength of polymer biomaterials [23, 24]. Adding hydroxyapatite nanoparticles 
to PVA hydrogels improves their mechanical properties and also creates a bioactive 
nanocomposite from the synthetic polymer that is not bioactive on its own [25]. NPs 
are also added for nanosurface modifications. Both metal and ceramic NPs can be 
used in combination with polymer scaffolds in osteochondral tissue engineering. 
The NPs are added to scaffolds through chemical treatments. The type and quantity 
of NPs added to the scaffold can control specific nanosurface properties such as 
surface area, roughness, and electrical charge.

Another nanomaterial used in tissue engineering is carbon nanotubes (CNTs). 
Similar to NPs, adding CNTs can alter mechanical and electrical properties of a 
material as well as influence cellular behavior by increasing the surface area within 
the scaffold giving it a higher affinity for cellular attachment. Nanoscale surface 
modifications can be made with physical and chemical treatment methods. 
Controlling the nanoscale porosity and roughness at the surface can influence 
scaffolds to promote cellular activity associated with cartilage regeneration. 
Nanoembossing of both polyurethane (PU) and PCL scaffolds creates highly porous 
surface with nanoscale surface roughness. The modified surfaces yield increases in 
chondrocyte numbers, intracellular protein production, and collagen secretion by 
chondrocytes when compared with the smooth surface scaffolds [26].

Nanostructured fibrous scaffolds are another method of introducing a nanoscale 
dimension to a material. Nanofiber scaffolds are created by electrospinning a 
polymer solution or through thermally induced polymer separation (TIPS) 
techniques. Nanofibers resemble the collagen fibrils of native cartilage. An additional 
osteochondral tissue engineering strategy using nanostructured scaffold designs 
incorporates nanocomposite materials in a layered orientation to create a multiphase 
construct. A layered nanocomposite design includes biomimetic nanoscale 
properties while also replicating the heterogeneous architecture of articular cartilage 
that is found as you move up from the subchondral bone to the articulating surface. 
Multilayered scaffolds with a gradient of nanoscale features create the most 
structurally similar 3D scaffold replication of native articular cartilage tissue. The 
layered composition of cartilage at the osteochondral junction is displayed in 
Fig. 4.4.
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Multilayer scaffolds show potential for tissue repair at the osteochondral junc-
tion where both tissue types must be repaired. In a recent study, by Castro et al. [10] 
a biphasic, layered, nanocomposite scaffold including both nanocomponents and a 
microstructure yielded results supporting this tissue engineering design approach 
and its feasibility for cartilage and bone repair. The high impact polystyrene(HIPS) 
mold of the scaffold is composed of an osseous layer characterized by a 40% in-fill 
density and a cartilage layer with a 0% in-fill density. The in-fill density controls the 
pore density of the respective layers that is representative of their natural composition. 
A cross-linked poly(ethylene glycol)-diacrylate (PEG-DA): PEG hydrogel is used 
as the bulk matrix material. Nanostructured hydroxyapatite nanoparticles (nHAs) 
are added to the osseous layer of the scaffolds and growth factors are added to the 
cartilage layer. The scaffold is seeded with stem cells and cultured in stem cell 
media. Scaffolds treated with nHA and the growth factor display higher levels of 
GAG (a biochemical marker for stem-cell chromogenic differentiation), the presence 
of proteins indicating type II collagen synthesis, and higher levels of calcium 
deposition.

The findings support that the addition of nHAs in physiologically relevant con-
centrations promotes cell adhesion and proliferation. The results demonstrate that 
the scaffold design provides 3D structural support for cellular attachment and effec-
tively facilitates osteochondral tissue regeneration by incorporating interconnected 
microchannels, a controlled porosity, nHA nanoparticles, and controlled bioactive 
factor delivery. This study clearly illustrates how cellular activity that influences 
tissue formation can be influenced by scaffold geometry and optimizes tissue regen-
eration and integration.

Fig. 4.4 Layered organization of cartilage tissue at the articulating surface in the knee joint
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4.3.3.2  Advantages of Nanomaterials and Nanocomposites

Scaffolds must provide support for cellular activity and suitable mechanical proper-
ties. Nanocomposites enhance the structural and mechanical properties and influ-
ence cellular activity. A more biomimetic structure improves mechanical 
characteristics of engineered scaffold materials. Mechanical properties of 
nanocomposite scaffolds match the properties of native cartilage more closely than 
scaffolds without nanofeatures. The addition of nanoparticles to hydrogels has 
resulted in native-like mechanical properties for the scaffold. The interconnection 
between structure and function is especially relevant for the ECM of cartilage tissue. 
Adding nanoscale features gives scaffolds the ability to stimulate cellular interaction 
that induces and promotes tissue regeneration. Controlled porosity can facilitate 
cellular infiltration and migration as well as nutrient flow within the scaffold. 
Cellular migration promotes tissue integration. Surface roughness and nanofeatures 
increase the surface area within the scaffold and give it a higher probability for cell 
attachments. Cell adhesion leads to increased cell proliferation and differentiation 
and thus, tissue generation. Therefore, nanostructured scaffolds also allow for a 
more controlled release of bioreactor elements to more closely replicate the dynamic 
kinematics of biochemical activity in native cartilage development. Nanomaterials 
and nanocomposites give engineered tissues a more biomimetic structural 
composition that promotes the restoration of native tissue functionality.

4.4  Stem Cell Strategies

Stem cells are capable of differentiating into various other types of cell types found 
throughout the body. As this multilineage, differential potential is what provides the 
means to recreate and rebuild tissue, stem cells are a fundamental pillar in tissue 
engineering.

There are various types of stem cells found in the adult body. The first type of 
cells is mesenchymal stem cells (MSCs). These types of stem cells are most 
commonly found in bone marrow, and are among the most popular type of cell used 
in tissue engineering due to their multipotency. The other types of stem cells are 
hematopoietic stem cells (HSCs) and skin or epidermal stem cells, found in bone 
marrow and the epidermis respectively. In regards to osteochondral tissue, 
mesenchymal stem cells are the stem cells of choice, considering that they are 
precursors to the chondrocytes.

Mesenchymal stem cells are capable of giving rise to chondrocytes when main-
tained in a 3D structure and treated with growth factors of the transforming growth 
factors-β (TGF-β) family. Studies have shown that TGF-β can induce in vitro chon-
drogenesis of mesenchymal stem cells when maintained in aggregates and pellets, 
as well as when seeded onto nanofibrous scaffolds when treated with proper growth 
factors. It should be noted that the material used to create the nanofibrous scaffolds 
has an effect on the tendency of MSCs to initiate chondrogenesis. In the previously 
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discussed study, the synthetic biodegradable polymer poly(ε- caprolactone) (PCL) 
was used [27]. Therefore, when utilizing stem cells to achieve tissue regeneration, 
one must consider the extracellular environment, growth factor interaction, and the 
material and structure of the scaffold onto which the cells are seeded.

4.5  Growth Factors

Growth factors, mentioned several times throughout this chapter, are naturally 
occurring substances, such as proteins or hormones, which are capable of stimulating 
cellular growth. In terms of osteochondral tissue engineering, growth factors are 
capable of providing more suitable culture conditions to tissue constructs by 
supporting chondrogenesis. There are many different types of growth factors 
available for use by researchers and engineers for a variety of different purposes. In 
addition to inducing differentiation in stem cells, certain growth factors have been 
shown to influence the physical properties of engineered cartilage. Factors such as 
bone morphogenetic protein-2 (BMP-2), IGF-1, and the previously mentioned 
TGF-β have been shown capable of increasing compressive and tensile properties of 
engineered cartilage tissues [Elder]. Proliferation of chondrocytes has been 
increased through the addition of growth factors such as TGF-β, fibroblast growth 
factor 2 (FGF-2) and platelet–derived growth factor BB (PDGF-BB) [28]. Other 
studies have shown that when insulin or IGF-1 was added, rabbit auricular 
chondrocytes showed “increased deposition of cartilaginous ECM, improved 
mechanical properties, and thicknesses comparable to native auricular cartilage 
after 4 weeks of growth” [29]. These and other studies show that growth factors play 
a vital role in influencing the effectiveness of stem cells in regenerating tissue.

4.6  Clinical Relevance

While the medical implications for successful tissue engineering are extensive 
throughout the body, the potential for improvement in osteochondral diseases alone 
merits a separate discourse. As mentioned earlier in the chapter, damages to articular 
cartilage alone affect hundreds of thousands of Americans every year. Osteoarthritis 
alone affects a significant number of the population. Not only is the osteochondral 
disease the most frequently cited cause of difficulty in walking, but the condition 
has a significant impact on the economy as well: absence from work and early 
retirement relating to the disease exceed 2% of the gross domestic product [9].

Current treatments for osteochondral disease such as osteoarthritis are palliative, 
and “on the basis of medical evidence … do not change the course of the disease”. 
Surgical treatments aim to completely replace the entire joint, and while they 
provide long-term relief for pain, they do not promote regeneration of tissue and are 
risky to implement in some elderly patients [30].

O. S. Manoukian et al.



93

Successfully incorporating effective tissue engineering solutions into a clinical 
setting could provide a greater degree of recovery to a wider pool of patients 
suffering from osteochondral disease than currently available solutions.

4.7  Challenges for OC Tissue Engineering

Several problems face researchers and engineers working to advance the field of 
osteochondral tissue engineering. These problems include but are not limited to 
biocompatibility regarding immune response, ethical challenges, and current 
scientific limitations.

4.7.1  Biocompatibility and Immune Response

In any field dealing with the body, biocompatibility is a primary concern. When a 
foreign body is introduced to an organism, that organism’s immune system will 
identify it and attempt to protect the surrounding tissue and organs. This can result 
in inflammation as well as breakdown of the implant. Such a response is associated 
with allografts, the transplantation of tissue, usually bone, from one person to 
another. If the body does not recognize the transplant as its own, it will attempt to 
reject it, resulting in an unsuccessful transplant. Therefore, it is of utmost importance 
to consider biocompatibility when designing implantable materials. The types of 
materials chosen to develop the implant and the inclusion of certain bioactive factors 
play an important role in this aspect.

4.7.2  Ethical Issues

When discussing the use of new technologies on living organisms, it is important to 
address the ethics involved that come along with it. For instance, stem cells are an 
important factor in any field of tissue engineering. Nanocomposites may be seeded 
with stem cells and growth factors in order to induce differentiation into cells that 
will promote tissue regeneration. However, the use of certain types of stem cells can 
be a controversial issue depending on the source. Although embryonic stem cells 
can easily differentiate into many different types of cells, some question the ethics 
of cell retrieval from undeveloped embryonic tissue. As such, most researchers use 
stem cells derived from different sources, including adipose-derived stem cells and 
human mesenchymal stem cells. These cells are also capable of differentiating into 
various other types of cells, and since they can be retrieved from adult tissue, their 
use avoids ethical scrutiny.
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4.7.3  Current Scientific Challenges

Perhaps the most obvious challenge is successfully integrating multidisciplinary 
techniques to accomplish a wide range of problems. There are currently issues that 
researchers and engineers do not have answers for yet. For instance, in just 
osteochondral tissue engineering, there is a major challenge to overcome the 
inability of “resident chondrocytes to lay down a new matrix with the same 
properties as it had when it was formed during development” [4]. This problem is 
seen at the more macro level when considering larger tissue engineering endeavors. 
Something as grand as complete limb regeneration, an ultimate goal of 
musculoskeletal tissue engineering, requires the “simultaneous formation of 
multiple types of tissues and the functional assembly of these tissues into complex 
organ systems” [2]. However, such multiscale organization is rarely reestablished 
after surgery, and it is even more difficult to restore functionality similar to the 
original tissue or organ to affect long term clinical outcome.

Despite these challenges, advances in tissue engineering are made every day, and 
it remains one of the most promising approaches for tissue and organ recovery. It is 
possible to envision a future where regenerative tissue engineering will continue to 
improve with new strategies and technologies that will ultimately push tissue 
engineering beyond individual tissue repair and be capable to address more complex 
tissue systems, organs, and limbs.
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Chapter 5
Nanofibers and Microfibers 
for Osteochondral Tissue Engineering

Zaida Ortega, María Elena Alemán, and Ricardo Donate

Abstract The use of fibers into scaffolds is a way to mimic natural tissues, in which 
fibrils are embedded in a matrix. The use of fibers can improve the mechanical prop-
erties of the scaffolds and may act as structural support for cell growth. Also, as the 
morphology of fibrous scaffolds is similar to the natural extracellular matrix, cells 
cultured on these scaffolds tend to maintain their phenotypic shape. Different mate-
rials and techniques can be used to produce micrfibers- and nanofibers for scaffolds 
manufacturing; cells, in general, adhere and proliferate very well on PCL, chitosan, 
silk fibroin, and other nanofibers. One of the most important techniques to produce 
microfibers/nanofibers is electrospinning. Nanofibrous scaffolds are receiving 
increasing attention in bone tissue engineering, because they are able to offer a 
favorable microenvironment for cell attachment and growth. Different polymers can 
be electrospun, i.e., polyester, polyurethane, PLA, PCL, collagen, and silk. Other 
materials such as bioglass fibers, nanocellulose, and even carbon fiber and fabrics 
have been used to help increase bioactivity, mechanical properties of the scaffold, 
and cell proliferation. A compilation of mechanical properties and most common 
biological tests performed on fibrous scaffolds is included in this chapter.

Highlights

• The use of microfibers and nanofibers allows for tailoring the scaffold properties.
• Electrospinning is one of the most important techniques nowadays to produce 

fibrous scaffolds.
• Microfibers and nanofibers use in scaffolds is a promising field to improve the 

behavior of scaffolds in osteochondral applications.
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Abbreviations

BDG Butylene diglycolate
bFGF Basic fibroblast growth factor
BMP Bone morphogenetic protein
BMSCs Bone marrow mesenchymal stem cells
BTDG Butylene thiodiglycolate
CPP Calcium pyrophosphate
CPP Casein phosphopeptide
GAG Glycosaminoglycan
HA Hydroxyapatite
hESC Human embryonic stem cells
hMSCs Human mesenchymal stem cells
PA Polyamide
PCL Polycaprolactone
PDLA Poly D,L-lactic acid
PEEK Poly(ether-ether-ketone)
PEG Poly(ethylene glycol)
PEO Poly(ethylene oxide)
PET Polyethylene terephthalate
PGA Poly glycolic acid
PLA Polylactic acid
PLGA Poly(lactic-co-glycolic acid)
PLLA Poly L-lactic acid
PVA Polyvinyl alcohol
PVA-MA Poly(vinyl alcohol)-methacrylate
PVP Polyvinylpyrrolidone
rhBMP Recombinant human morphogenetic protein
SBF Simulated body fluid
TCP Tricalcium phosphate
TFG-β1 Transforming growth factor-β1
TIPS Thermally induced phase separation

5.1  Introduction

The use of fibers into scaffolds is a way to mimic natural tissues, in which fibrils are 
embedded in a matrix. Their use can also improve the mechanical properties of the 
scaffolds and may act as structural support for cell growth. Furthermore, due to their 
large surface, microfibers and nanofibers can be functionalized by the addition of 
antibiotics, peptides, RNA or other substances in order to increase their bioactivity 
or prevent infections, among other possibilities. There are different materials used 
as fibers within the tissue engineering field, depending on the intended objective, 
manufacturing process and scaffold material. The materials used as matrix also 
show a wide range of possibilities, from natural polymers (gelatin or collagen) to 
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bioglass or even carbon fibers. Electrospinning appears to be the most used technique 
in literature for microfiber and nanofiber production, although novel techniques are 
also being employed widely.

In the last years, fibers have been produced in a gradually increased materials 
range, from synthetic polymers (PCL, PLA, polyester, polyurethanes, etc.) to 
natural ones (silk, fibroin, chitosan, cellulose, etc.), from metals (titanium alloys) to 
ceramic materials (bioglass or calcium phosphates, even carbon fibers have been 
used for reinforcement of hyaluronic acid matrices. The main advantage in 
introducing microfibers or nanofibers within osteochondral tissue engineering is the 
possibility of tailoring the properties of scaffolds; porosity, pore size, mechanical 
properties, resilience, flexibility, bioactivity, and hydrophilicity constitute just a 
short list of potential adaptations. What is also of high interest is the combination of 
different materials to obtain a wider range of properties, both from the biological 
and mechanical sides.

As a summary, this is a very promising field, which has suffered a huge develop-
ment in the last years, although further investigations on materials and manufactur-
ing techniques need still to be performed. The ability of fibrous scaffolds to mimic 
extracellular matrix makes them definitely suitable for osteochondral applications.

5.2  Types of Fibers

5.2.1  Synthetic Polymeric Fibers

Different materials have been used to obtain microfibrous scaffolds by electrospin-
ning, as this process is able to produce polymeric fibers from a molten or dissolved 
polymer at the micrometric and nanometric scale [1]. The benefit of using electros-
pinning in tissue engineering is that electrospun scaffolds show a similar morphol-
ogy to the fibrous components of the natural extracellular matrix (ECM) [2], and so 
cells cultured on them tend to maintain their phenotypic shape [3]. Even though, 
electrospinning is not yet so widely implemented due to its slow production.

Electrospinning has been used as an efficient processing method to manufacture 
nanofibrous structures, enhancing cell proliferation and osteogenic differentiation 
[4]. Moreover, the small scale pores of electrospun nanofibrous scaffolds prevent 
cell migration, guiding tissue regeneration along the surface of the nanofibrous 
membrane [5], while porous hierarchical structures enable cell penetration, 
increasing the surface area for cell adhesion [6]. Furthermore, nanofibers, due to 
their vast surface, can be functionalized with drugs, antibiotics, bioactive peptides, 
proteins, RNA, and DNA [7].

Electrospun synthetic polymeric fibers have been widely explored for tissue engi-
neering applications. Biodegradable materials like polylactic acid (PLA) or polycap-
rolactone (PCL) have suitable mechanical properties for the regeneration of cartilage 
and bone tissues and they degrade into nontoxic products. The use of polymeric micro 
– and nano – fibers allows obtaining wide wide range of proper-ties, as summarized 
in Tables 5.1 and 5.2 (also showing fibrous scaffolds in non – polymeric materials).

5 Nanofibers and Microfibers for Osteochondral Tissue Engineering
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Table 5.1 Mechanical properties under compressive tests for fibrous scaffolds

Scaffold materials Method of fabrication
Mechanical 
property Value Ref.

PLA nanofibers/
alginate-hyaluronic acid 
hydrogel

Electrospinning and 
aminolysis, 
esterification and 
cross-linking 
reactions

Young’s modulus 
for a 1:1 
hydrogel to fibers 
weight ratio

5.40 ± 0.90 kPa [54]

PLLA nanofibers/
collagen

Freeze-drying and 
electrospinning

Young’s modulus 
(week 12 after 
surgery)

∼ 0.57 MPa [5]

PLLA microfibrous 
sheets treated with 
1-ethyl-3-(3- 
dimethylaminopropyl) 
carbodiimide/
gelatin–nanoHA

Electrospinning and 
freeze-drying

Compressive 
strength analysis 
(wet state) of a 
six PLLA layered 
scaffold

∼ 6.0 MPa [2]

P(LLA-CL) and 
collagen type I yarn 
mesh/hyaluronate/TCP

Electrospinning and 
freeze-drying

Compressive 
strength of the 
yarn-collagen 
type I/
hyaluronate 
hybrid scaffold

∼ 0.25 MPa [20]

PCL microfibrous discs/
PLGA

Thermally induced 
phase separation and 
electrospinning

Compressive 
modulus

125 ± 22 kPa for 
90% porosity 
75 ± 25 kPa for 95% 
porosity

[4]

Increase in the 
elastic modulus 
between the first 
and last cycles of 
the test (%)

149 ± 45 for 90% 
porosity 135 ± 35 
for 95% porosity

Increase in the 
strain at peak 
during fatigue 
(%)

204 ± 72 for 90% 
porosity 152 ± 15 
for 95% porosity

Oriented PCL fibrous 
membrane/collagen type 
I and hyaluronic acid/
TCP

Electrospinning and 
freeze-drying

Compressive 
modulus of the 
chondral phase

0.205 ± 0.029 MPa [73]

Compressive 
modulus of 
cylindrical TCP 
specimens

216.04 ± 48.08 MPa

PVA nanofibers/
hyaluronate/type I 
collagen/fibrin

Sol-gel processing Young’s modulus 
at 20% strain of 
the scaffold 
enriched with 
liposomes, basic 
fibroblast growth 
factor and insulin

∼ 2.0 MPa [24]

(continued)
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Table 5.1 (continued)

Scaffold materials Method of fabrication
Mechanical 
property Value Ref.

Multiphasic calcium 
phosphate fibers/
chitosan

Freeze-drying Compressive 
yield strength for 
a 1:1 chitosan to 
fibers weight 
ratio

∼ 420 kPa [59]

Elastic modulus 
for a 1:1 chitosan 
to fibers weight 
ratio

∼ 3.87 MPa

Collagen fibers/
hydroxyapatite

Freeze-drying Young’s modulus 
of a 
50HA–50COL 
scaffold

∼ 7 kPa [72]

Fibrous collagen/PEG 
hydrogels

Lyophilization and 
photopolymerization 
processes

Tangent modulus 
at 15–20% strain

∼ 400 kPa [38]

Collagen-PCL 
nanofibers/PCL-coated 
45S5 bioactive glass

Foam replication 
process and 
electrospinning

Compressive 
strength of PCL 
dip-coated 45S5 
BG scaffolds

0.24 ± 0.06 MPa [7]

Collagen fibrils/alginate/
hyaluronic acid

Sol-gel processing Compressive 
stress at 30% 
strain

∼ 65 kPa [11]

Alginate/hydroxyapatite/
bacterial nanocellulose

∼ 80 kPa

Knitted silk-collagen 
sponge with 
hESC-MSCs

Knitting technique 
and freeze-drying

Young’s modulus 34.91 ± 5.08 MPa [17]

Silk fibers/regenerated 
fibroin

Freeze-drying Ultimate 
compressive 
strength for 
scaffolds seeded 
with autologous 
chondrocytes 
after 9 months

0.258 ± 0.158 MPa [14]

Young’s modulus 
for scaffolds 
seeded with 
autologous 
chondrocytes 
after 9 months

2.661 ± 1.79 MPa

Silk fibroin yarns/
polyethylene 
terephthalate

Knitting technique Elastic modulus 41.9 ± 17.1 kPa [53]

(continued)
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Scaffold materials Method of fabrication
Mechanical 
property Value Ref.

Pullulan/cellulose 
acetate

Electrospinning, 
cross-linking and 
freeze-drying

Young’s modulus 
of a P50/CA50 
scaffold

4.13 ± 0.68 MPa [50]

Compressive 
strength of a P50/
CA50 scaffold

0.43 ± 0.01 MPa

Strain of a P50/
CA50 scaffold 
(%)

27.64 ± 2.89

Table 5.1 (continued)

Table 5.2 Mechanical properties under tensile and flexural tests for fibrous scaffolds

Scaffold materials
Method of 
fabrication Test

Mechanical 
property Value Ref.

P(LLA-CL) and 
collagen type I 
yarn mesh/
hyaluronate/TCP

Electrospinning 
and freeze-drying

Tensile Tensile 
strength of the 
yarn-collagen 
type I/
hyaluronate 
hybrid 
scaffold

3.43 ± 0.15 MPa [20]

PCL microfibrous 
discs/PLGA

Thermally 
induced phase 
separation (TIPS) 
and 
electrospinning

Tensile Elastic 
modulus

∼ 7 MPa for 90% 
porosity ∼ 5 MPa for 
95% porosity

[4]

Ultimate stress ∼ 1.6 MPa for 90% 
porosity ∼ 1.1 MPa for 
95% porosity

Ultimate strain 400% for 90% porosity 
250% for 95% porosity

Increase in the 
elastic 
modulus 
between the 
first and last 
cycles of the 
test

∼ 120%

Increase in the 
strain at peak 
during fatigue

∼ 220%

(continued)
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Table 5.2 (continued)

Scaffold materials
Method of 
fabrication Test

Mechanical 
property Value Ref.

Oriented PCL 
fibrous 
membrane/
collagen type I 
and hyaluronic 
acid /TCP

Electrospinning 
and freeze-drying

Tensile Tensile 
strength for 
PCL fibrous 
membranes

4.07 ± 0.37 MPa [73]

Tensile 
modulus for 
PCL fibrous 
membranes

36.14 ± 3.58 MPa

Poly(butylene 
succinate) mesh

Electrospinning Tensile Elastic 
modulus of 
polymeric 
films

∼ 500 MPa [13]

Cellulose acetate 
nanofibers/
polyethylene 
terephthalate

XanoMatrix™ 
(commercial 
product)

Tensile Modulus of 
elasticity

∼ 0.509 GPa [45]

70S bioactive 
glass/silk fibroin

Electrospinning Tensile Young’s 
modulus

27.48 ± 3.96 MPa [52]

Elongation at 
break (%)

8.52 ± 1.43

Hydroxyapatite 
nanofibers/
cellulose

Electrospinning Tensile Tensile 
strength of 5% 
nano-HA 
scaffold

∼ 70.6 MPa [44]

Elastic 
modulus of 
5% nano-HA 
scaffold

∼ 3.12 GPa

Elongation at 
break of 5% 
nano-HA 
scaffold

∼ 5.56%

Collagen-PVA 
nanofibers/
collagen sponge

Freeze-drying and 
electrospinning

Tensile Young’s 
modulus

∼ 0.25 MPa [12]

Ultimate 
tensile 
strength

∼ 0.07 MPa

(continued)
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Table 5.2 (continued)

Scaffold materials
Method of 
fabrication Test

Mechanical 
property Value Ref.

Collagen-PCL 
nanofibers/
PCL-coated 45S5 
bioactive glass

Foam replication 
process and 
electrospinning

Tensile Young’s 
modulus of 
collagen-PCL 
fibrous meshes

23 ± 10 MPa [7]

Gelatin mesh Electrospinning Tensile Tensile 
modulus

426 ± 39 MPa [62]

Collagen mesh 262 ± 18 MPa

Elastin mesh 184 ± 98 MPa

Tropoelastin mesh ∼ 289 MPa

Pullulan/cellulose 
acetate

Electrospinning, 
cross-linking and 
freeze-drying

Tensile Young’s 
modulus of a 
P50/CA50 
scaffold

1.54 ± 0.13 MPa [50]

Ultimate 
tensile 
strength of a 
P50/CA50 
scaffold

0.11 ± 0.02 MPa

Strain of a 
P50/CA50 
scaffold (%)

33.93 ± 2.18

Titanium 
fibers/13–93 
bioactive glass

Freeform 
extrusion 
fabrication

Flexural Flexural 
strength of 
scaffolds 
made with 
0.4 vol% Ti 
fibers

14.9 ± 1.3 MPa [70, 
71]

Modulus of 
elasticity of 
scaffolds 
made with 
0.4 vol% Ti 
fibers

15.2 ± 4.1 GPa

Fracture 
toughness of 
scaffolds

0.79 ± 0.07 MPa·m1/2
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5.2.1.1  Polylactic Acid (PLA)

The use of polymers such as PLA in the fibrous form offers structural support to the 
cells and is more similar to gelatin or collagen naturally present in terms of resilience, 
fracture toughness, elasticity and flexibility [4].

Biodegradable microfibrous PLLA/PVA sheets were incorporated into a gelatin–
nanoHA matrix, achieving better cellular migration towards the center of the 
scaffold [4] and reducing the brittleness of the gelatin–nanoHA scaffolds.

The combination of collagen and electrospun PLLA nanofibers has been reported 
to synergistically promote osteochondral regeneration [5]. These tests have shown a 
more important osteogenic differentiation in cells seeded on collagen/PLLA scaf-
folds than in pure collagen ones, also leading to better cartilage formation and, in 
consequence, to better functional repairing of the osteochondral defects. This can be 
explained by the lower mechanical properties of collagen sponge to the subchondral 
bone, thus providing lower mechanical support for cartilage formation [5].

Apart from collagen, other natural polymers have been explored in combination 
with PLA fibers. For example, Mohabatpour et al. [8] proposed a hydrogel consisting 
of alginate-graft-hyaluronate. The presence of the nanofibers improved the 
mechanical properties of the hydrogel alone: the compressive modulus increased 
around 81%.

PDLLA nanofibers have also been used to coat bioglass scaffolds [9], with a 
decreased HA mineralization by increased the PDLLA thickness, thus ensuring a 
strong bond between the glass substrate and the PDLLA nanofibers and a smooth 
transition of the HA content; in vitro studies with chondrocyte cells shown good cell 
attachment and proliferation, leading to cell migration into the fibrous network. 
Hydroxyapatite and PLLA electrospun scaffolds have also been reported, showing 
differentiation of hMSCs, achieving chondrocyte-like phenotype with generation of 
a proteoglycan based matrix [10]. Copolymers derived from PLA, such as PLG 
(poly-D,L-lactide-co-glycolide) have been also explored for the treatment of 
osteochondral defects. For example, Toyokawa et al. [11] tested this type of material 
on the femoral condyles of rabbits.

5.2.1.2  Polycaprolactone (PCL)

Polycaprolactone is a biocompatible aliphatic polyester widely used in tissue 
engineering. Vaquette and Cooper-White [1] have combined electrospinning of 
PCL with a thermally induced phase separation (TIPS), also using PLGA. With 
this combination, they have been able to produce scaffolds made of electrospun 
membranes achieving better mechanical properties than scaffolds made by TIPS at 
shorter times and with no limits in the scaffold thickness. PLGA/PCL electrospun 
fibrous scaffolds also showed that rat bone marrow cells were infiltrated into the 
scaffold; GAG assays showed an abundant cartilage matrix after in vitro chondro-
genic priming, leading to new bone formation in in vivo analysis [12].

5 Nanofibers and Microfibers for Osteochondral Tissue Engineering
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Alginate hydrogels have been also combined with polycaprolactone fibrous 
matrices [13–15]. For example, the scaffolds proposed by Kook et al. [13] consisted 
of a nanofiber PCL matrix with infiltrated hydrogel and a second compartment of 
pure alginate hydrogel. The matrix was treated with oxygen plasma to improve the 
affinity with the alginate hydrogel. This structure allowed the coculture of different 
types of cells within the scaffold.

Bioactive glass scaffolds have been covered with PCL to enhance mechanical 
properties and collagen/PCL were electrospun over the coated scaffold [16]. This 
structure is justified by the high bioactivity of the PCL-coated bioglass scaffold, 
acting as support in the bone side, while the microfibers are intended for the cartilage 
side. Results from in vitro SBF tests show that HA crystals have grown along the 
surface of the collagen-PCL fibers, confirming their viability for osteochondral 
tissue engineering.

5.2.1.3  Other Synthetic Fibers

Anisotropic scaffolds have been obtained using 45S5 bioactive glass foam as sub-
strate, gelatin as adhesive and short polyamide (PA) fibers, placed on the top surface 
of the scaffold by electroflocking [17]. This technique allows tailoring the surface 
porosity of the scaffold by varying the flocking time. After submersing these scaf-
folds on SBF for 21 days, the surface was entirely covered by HA, thus meaning 
that mineralization also occurs over the PA fibrils.

Another application of fibrous scaffolds is related to the tailoring of scaffolds 
properties, not only referred to mechanical ones but also to degradation rates. Chen 
and collaborators [18] have fabricated electrospun scaffolds from a block 
poly(butylene succinate)-based copolyesters containing either butylene 
thiodiglycolate (BTDG) or butylene diglycolate (BDG) sequences. The molecular 
architecture of the polyesters (and the heteroatom they contained, O or S) made it 
possible to change the mechanical properties and the hydrolysis rate of produced 
scaffolds. As a conclusion, they have demonstrated that copolyesters containing 
thioether links were more favorable for chondrogenesis, while those with ether 
linkages enhanced scaffold mineralization.

5.2.1.4  Fibers Including Additives

To improve the bioactivity of the synthetic fibers, several additives have been 
proposed, especially natural polymers and biological substances. For example, 
PVA has been electrospun with liposomes, bFGF, and insulin to obtain nanofi-
brous scaffolds [7], which, even without been cell seeded prior to implantation, 
showed enhanced osteochondral regeneration towards hyaline cartilage and/or 
fibrocartilage.

The incorporation of nanoapatitic particles to a PLGA-based nanofibrous scaf-
folds [19] significantly improved the tissue response of a subcutaneous implanta-
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tion, thus demonstrating that the electrospun fibrous scaffolds made of PLGA/
PCL at 3/1 rates with up to 30% of nanoapatitic particles allow controlling the 
in vivo adverse reactions of PLGA materials, leading to optimized clinical appli-
cation of these materials in biomedical devices. Liu has proved that fibrous scaf-
folds made of electrospun hydroxyapatite/chitosan fibers show higher proliferation 
of BMSCs than the membranous compound [20], meaning fibrous scaffolds pro-
vide superior ability of bone reconstruction. Similarly, PLGA/PCL scaffold com-
bined with electrospun PCL, hyaluronic acid and chondroitin sulfate nanofibers, 
also demonstrated that this combination stimulates the different regions of osteo-
chondral tissue regeneration: collagen type II and aggrecan expression in the car-
tilage region and BMP-2  in the bone area [21]. Oriented poly(L-lactic 
acid)-copoly(ε-caprolactone) P(LLA-CL)/collagen type I(Col-I) nanofiber mesh 
made by electrospinning over a collagen I/hyaluronate sponge was fabricated to 
enhance the mechanical properties of the scaffold, also getting better infiltration 
[22]. These yarns were also produced over a TCP porous structure, obtaining 
improved repairing times and good compressive modulus.

Fibrous scaffolds made of PVA-MA and chondroitin sulfate–MA were obtained 
by electrospinning, obtaining fiber dimensions on the nanoscale for application to 
articular cartilage repair [23]. The low density of obtained nanofiber scaffolds 
allows immediate cell infiltration and optimal tissue repair, as shown in the in vitro 
tests. Furthermore, scaffolds containing chondroitin sulfate nanofibers lead to an 
increase in the deposition of type II collagen, specific to hyaline cartilage, enhanc-
ing the endogenous repair process without exogenous cells. Table 5.3 shows a sum-
mary of most usual in vitro tests in fibrous scaffolds and measured parameters.

Electrospinning has also been applied for the production of biphasic nanofiber 
scaffolds made of poly(lactide co-caprolactone, PLCL) and its mineralized form 
(obtained after activation in a NaOH solution, and then dipped alternatively in a 
CaCl2 and Na2HPO4 solutions) [24]. In vitro studies shown that PLCL favored ECM 
secretion of cartilage, while mineralized PLCL favored bone secretion; in vivo tests 
in small animal model (nude mice) revealed that new cartilage and bone tissues 
were formed in the implanted area. This polymers combination was also used by 
Cui [25], but impregnating the scaffold into a chitosan-AHP solution, although 
reported results were similar to those without chitosan. In this case, as scaffolds did 
not incorporate cells neither bioactive compounds, only bone was formed.

Nanofibers in scaffolds also allow encapsulating active principles. Drugs can be 
encapsulated in electrospun fibers [26] to achieve a controlled release of the actives 
during the scaffold degradation; several authors have reported the release of various 
compounds, such as TFG-β1 from PCL microfibers and nanofibers, BMP-2 from 
PEG/PCL core/shell nanofibers, and fenbufen from PLGA [26]. Fibrous scaffolds 
have also been applied to the control of fibrous capsule formation, which leads to 
tissue fibrosis [27]. Small interfering RNA (siRNA) has been used to virtually 
make disappear any gene of interest; Rujitanaroj and team have used this approach 
to modulate fibrous capsule formation by RNAi is collagen type I. siRNA–
poly(caprolactone-co-ethylethylene phosphate) nanofibers have been investigated 
for this purpose [27], leading to a significant decrease in fibrous capsule thickness; 
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the in vitro silencing of collagen I was sustained for at least 4 weeks, in contrast to 
conventional bolus delivery of siRNA. In this research, scaffolds were obtained by 
electrospinning PCL and PCLEEP nanofibers, in which siRNA was encapsulated 
together with cell penetrating peptides.

5.2.2  Cellulosic and Cellulosic Derivative Fibers

Cellulose fibers are mainly found to be used in scaffolds for the osseous part, as 
fibers can act as reinforcement, improving the scaffold stiffness. Bacterial 
nanocellulose has also been investigated as scaffold for cartilage tissue engineering 
[24, 28]. Regarding the treatment of osteochondral defects, Iamaguti et al. [29] used 
cellulose membranes in experimental trochleopasty in dogs. They found that this 
type of implant could support the migration of chondrogenic cells.

Cellulose fibers have been also tested in combination with other biocompatible 
materials, such as alginate [11], hydroxyapatite [30, 31] or gelatin [31, 32]. Channel- 
like pores can be obtained when using nanocellulose in an alginate based scaffold. 
The use of bacterial nanocellulose fibers lead to an increase in the stiffness of 
alginate scaffolds under compression tests; this is also observed for the introduction 
of collagen fibers. No toxic effects have been found for scaffolds containing 
cellulose, as cell culturing is not influence by the presence of nanocellulose in 
alginate scaffolds [24]. Chenghong et al. [30] obtained an electrospun scaffold of 
nanofibrous cellulose and nanohydroxyapatite. The addition of the hydroxyapatite 
strengthens the matrix: a content of 5% of hydroxyapatite is able to provide a 
scaffold with a Young’s modulus of 3.12  GPa. Moreover, the presence of 
nanohydroxyapatite also implies an improvement on the bioaffinity of the hybrid 
scaffolds compared to pure cellulose ones.

Besides, derivatives from cellulose have been also proposed as suitable materials 
to be used in osteochondral regeneration. For example, XanoMatrix™ is a hybrid 
material of polyethylene terephthalate and cellulose acetate that was studied by 
Bhardwaj and Webster [33]. These authors report suitable adhesion and proliferation 
of chondrocytes for in vitro testing. Furthermore, the cells aligned along the fibers 
resembling the structure of the natural cartilage. The strategy proposed by Atila 
et  al. [34] was the electrospinning of pullulan and cellulose acetate and their 
subsequent cross-linking with trisodium trimetaphosphate. The cross-linking is a 
useful tool to maintain the characteristics of the scaffolds after soaking the samples 
in PBS because the pullulan component is not dissolved.

Hydroxyapatite coated carboxymethylcellulose nanofiber mat was analyzed by 
Yamaguchi et al. [35]. This nonwoven mat has potential applications for bone tissue 
regeneration, owing to its ability to support the growth of osteoblastic cells as shown 
by the authors.
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5.2.3  Mineral Fibers

The use of ceramic fibers in scaffolds is mainly justified by the mechanical prop-
erties achieved, as these fibers act as reinforcement of hydrogels or polymer 
matrices. Calcium phosphate salts, like hydroxyapatite, have been used for this 
purpose. In the last years, other compounds such as bioactive glasses and silicate 
based ceramics have been investigated [39]. Also, bioactive mesoporous particles 
have been found to shown hemostatic properties, and so healing materials also 
tend to be in the form of fibers [36].

Fibers from different materials have been used in calcium phosphate cements to 
increase the similarity in mechanical properties to the natural bone, mainly in terms 
of toughness, ductility and fatigue resistance. Chitosan, PA, PCL, PLLA, PGA, 
carbon and glass fibers have been used to this purpose [40, 41]. The addition of 
fibers with higher resorption rate than the calcium phosphate matrix would allow 
creating macropores, thus favoring cell colonization and angiogenesis.

5.2.3.1  Glass Fibers

Bioglass nanofibers can be produced in several ways [36, 37]. Concentrating a laser 
on a bioglass monolith nanofibers can be produced [36]. These fibers, due to their 
small diameter and their bioactivity, are rapidly dissolved in SBF, leading to 
hydroxycarbonate apatite tubes. Electrospinning technique has also been recently 
used to produce nanofibrous scaffolds of bioactive glass [37–39]. Due to their high 
surface area, bioactive glass nanofibers degrade quickly, converting to HA. The bio-
activity of these glass nanofibers is maintained over a larger SiO2 compositional 
range when compared to melt-derived glasses. Electrospinning can take place from 
organic or inorganic solutions, being after heated to 600–700 °C to decompose any 
residual group; fibers prepared in this way exhibit a diameter in the micro to submi-
cron range and are commercially available. Because of their rapid degradation rate, 
they have a huge potential in the regeneration of non-loaded bone and in the healing 
of soft tissue.

Submicron 45S5 bioglass fibers (with and without copper) were used in gelatin/
collagen scaffolds at a 70/30 ratio (30% of submicron bioglass fibers) [39]. Those 
scaffolds doped with copper have provided better behavior in terms of cell prolifera-
tion and distribution, demonstrating that copper-doped bioglass fibers are non-cyto-
toxic and that their surface is ideal for osteoblast attachment, growth, viability, and 
bone regeneration.

In some cases, small amounts of polymer (polyvinyl butyral, PEO or PVA) were 
firstly introduced to the sol to obtain optimal viscosity for the process; a burning 
stage was later needed to decompose the polymer and obtain the glass fibers. Hybrid 
scaffolds (silica and PCL, PLGA, or PLLA) have been successfully electrospun. 
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Bioactive glass particles have demonstrated to be useful in bone defects regeneration, 
although approved compositions are not suitable for making fibers. Scaffolds with 
50% porosity made from these materials, with 75  μm thick, were completely 
degraded in 6 months after implantation in rabbit tibia.

5.2.3.2  Calcium Phosphate Fibers

Calcium phosphate compounds are widely used in bone regeneration because of 
their osteoconductive properties [42, 43]. Zhang and collaborators [3] developed a 
woven-bone-like beta-tricalcium phosphate (β-TCP)/collagen scaffolds by sol-gel 
electrospinning, preparing pure β-TCP fibers with dimensions close to mineralized 
collagen fibrils in woven bone. They have observed that osteoblasts showed 3D 
morphologies and multicellular layers, shortening to time to produce new bone.

Polycrystalline CaP fibers can be obtained by electrospinning an aqueous solu-
tion of CaCl2 and H3PO4, using PEO as spinning aid [44]. Fibers from 10 to 25 μm 
of diameter were obtained after pyrolysis and sintering to remove the polymer. The 
so prepared fibers show no cytotoxicity under in vitro tests.

Multiphasic calcium phosphate fibers (HA, β-TCP and CPP) have been used as 
reinforcement of chitosan matrices, finding an increase in compressive properties, 
pore size and density and a decrease of porosity and swelling ratio [45]. Calcium 
phosphate was formed on the scaffold surface after immersion of the scaffolds in a 
PBS solution, demonstrating their in vitro bioactivity. Fibers were obtained by dis-
solving Ca(NO3)2  ·  4H2O and (NH4)2HPO4 in distillated water at pH 3 and with 
small amounts of urea; the precipitated formed was treated with ethanol and sub-
jected to 800 °C for 2 h. Chitosan scaffolds were obtained by freeze-drying of a 
chitosan solution containing up to 50% of fibers. Urea has demonstrated to modify 
the structure of precipitated calcium phosphate fibers [46], depending on the urea 
concentration and reaction time. Low concentration of urea leads to the production 
of whisker-like monetite/HA fibers, while higher concentrations tend to produce a 
combination of whisker-like fibers and spherulites, made of HA and octacalcium 
phosphate. Reaction times of 10 days allow producing HA monophasic whiskers.

HA fibers can be prepared by treating a block of β-Ca(PO3)2 fibers with Ca(OH)2 
particles heating it at 1000 °C and then treating it with a HCl solution [47]. Also, 
hydrolysis of TCP in a water-aliphatic alcohol solution at 80 °C and growing the 
HA fibers in an agar gel system, using Ca(NO3)2 · 4H2O and (NH4)2HPO4 solution 
have been reported to be used for HA fibers obtaining. Wu and collaborators have 
obtained them by electrospinning a mixture of its precursors (a mixture of 
Ca(NO3)2 · 4H2O and (C2H5O)3PO with a polymer additive), and then annealing the 
electrospun fibers (containing the polymer) at 600 °C for 1 h [48]. By this proce-
dure, HA fibers about 25 μm were obtained. Other researchers have used P2O5 and 
Ca(NO3)2 · 4H2O as precursors to also obtain submicron fibers by electrospinning, 
but in this case from a mixture of the gel formed from the mentioned salts with PVP 
in water and ethanol/water [47]; post-heating is also required to obtain the HA 
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fibers. Diameters of 567 ± 70 nm and 122 ± 32 nm for fibers were obtained starting 
with a PVP concentration and 50 and 100% in water, respectively. This is due to the 
higher conductivity and lower viscosity of the water solution, in comparison with 
the 50% ethanol/water one. Also, composition studies show that after sintering the 
fibers were made of carbonated hydroxyapatite, as the human bone.

Similarly, the use of PLGA dissolved in hexafluoroisopropanol has been used to 
produce electrospun fibers of nanohydroxyapatite [49]; thermal processing at 
1100 °C is required to evaporate the polymer. These authors also propose the use of 
PVA or PVP as sacrifice polymers, indicating that polymers with low melting point, 
such as PCL, are not an option, due to their incapacity to maintain the fibrous struc-
ture during the thermal treatment stage. On the other hand, considerations about the 
low mechanical properties of the so obtained fibers are made in the paper, fact which 
would need to be solved prior to their use as scaffolds reinforcement.

5.2.3.3  Silica Fibers

Silica fibers, coming from natural sponges skeletons, with an average diameter of 
10 μm, have also been used to produce composite scaffolds based on PEEK; to 
increase mechanical properties, both materials were pretreated by atomization and 
using citric acid [50]. The composite was prepared by compression molding at 
350 °C. The use of silica fibers has led to an increase of over 50% in elastic modulus 
at flexural testing and of 26.7% in microhardness. High cytocompatibility of the 
composite was found, as the metabolic activity of fibroblasts was also increased.

Silica fibers have also been produced from tetraethyl orthosilicate, which is 
hydrolyzed and condensed by water, ethanol and HCl [51]; the solution produced is 
then electrospun to obtain a nonwoven mesh, which is thermally treated at 300 °C 
for 3 h. Wide diameter distribution of the fibers is found: from 0.7 to 6 μm. The 
produced mesh show good cellular behavior, allowing preosteoblastic differentia-
tion and osteoconductivity.

5.2.4  Fibers from Animals: Collagen, Silk, and Fibrin

5.2.4.1  Collagen

Collagen is mainly used in scaffolds for chondral applications, as it is naturally 
found in cartilage regions. Collagen fibrils have been added to the chondral part of 
biphasic alginate-based hydrogels to improve their mechanical properties, as well as 
to act as a binding site for living cells [24]. As for cellulose fibers, an increase in the 
collagen amount of an alginate scaffold reduces the pores density, while the pores 
diameter is not affected. Collagen in the alginate scaffolds shows no cytotoxicity 
and does not affect the cells growth.
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Collagen–PVA nanofibers have been electrospun onto a collagen sponge to make 
aligned and random composites [52]. Average diameters for the random nanofibers 
was 203 ± 74.91 nm and 301.05 ± 96.53 nm after glutaraldehyde cross-linking, 
while for aligned fibers diameters were significantly smaller: 94.82  ±  25.57  nm 
before and 198.20 ± 33.61 nm after cross-linking. The swelling ratio was higher for 
the random nanofibers composite, due to the capillary effect. The aligned composites 
scaffolds showed higher mechanical properties, making them more suitable for 
articular cartilage repair, while both scaffolds showed similar cell proliferation and 
secretion of cartilage II.

Multiphasic composite scaffold made of an upper collagen I fiber layer and a 
lower part made of PLA, β-TCP and HA, seeded with hMSCs, showed chondrogenic 
differentiation and a homogeneous cell distribution when cultured in a TGF-β1 
medium. Cells were also surrounded by a proteoglycan and collagen type II; also a 
high deposition of GAGs was measured [53].

Fibrous collagen has also been used as reinforcement of PEG hydrogels [54], 
obtaining increased modulus and toughness, and decreasing lateral expansion under 
compressive loading.

In other medical fields, these materials are also showing promising results; for 
instance, PLLA meshes have been filled in with collagen fibers for the reconstruction 
of abdominal wall with good results [55].

5.2.4.2  Silk

Silk fibroin, extracted from silk fibers, shows low immunogenicity, cell affinity, tun-
able degradation rates [56], and impressive mechanical properties [57], which pro-
vide exceptional advantages over other polymers [58]. The use of embedded silk 
fibers into a regenerated silk matrix led to the obtaining of scaffolds with great 
mechanical properties and high porosity levels; it was also found that silk fibers 
boost the degradation rates, due to an increased number of immigrated cells into the 
silk matrix. If chondrocytes are seeded in the scaffold, results are better [58]. Similar 
studies also reported that transplantation of mesenchymal stem cells grown in a silk 
fibroin/hydroxyapatite scaffold can enhance tissue repairing [59]; also, scaffolds 
made of silk fibroin containing mesenchymal stem cells and chondroitin provided 
improved behavior [60].

Silk fibers have also been used by Chen and collaborators to produce a knitted 
structure in which openings collagen microsponges were placed [27]. Again, 
seeding the scaffold with hESC-MSCs in in vivo tests provided good tendon healing, 
with cells differentiation into the tenocyte-lineage morphology. Ribeiro et al. [61] 
also proposed silk-based biotextiles for bone regeneration. They produced a silk 
fibroin-PET fabric and they tested the osteogenic differentiation on its surface of 
human adipose-derived stem cells. The alkaline phosphatase activity quantification 
showed a higher differentiation on the silk fibroin-PET samples than on PET fabrics 
taken as reference.
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Christakiran et al. [62] developed scaffolds consisting on an osteogenic matrix of 
70S bioactive glass and a chondrogenic matrix of silk fibroin. They evaluated the 
suitability of these scaffolds for the treatment of osteochondral defects by culturing 
chondrocytes from pigs on the silk membrane and MG63 (osteosarcoma cell line) 
on the bioactive glass side. They tested two types of silk: non-mulberry and mulberry 
based ones. The authors concluded that the non-mulberry silk based membrane per-
forms better both from the mechanical and the biological points of view.

5.2.4.3  Other Proteins: Fibrin, Elastin

PLGA sponges have also been used in combination with fibrin fiber, BMSC, plas-
mid DNA TGF-β1. After culturing for 4 weeks under in vitro conditions and implan-
tation for 12 weeks, cartilage defects were completely repaired in rabbits, being the 
new cartilage well integrated with the surrounding tissue and subchondral bone. 
GAGs confirmed similar amount and distribution of collagen type II in the new 
cartilage and in the hyaline one [63, 64].

Apart from collagen and gelatin, α-elastin [65] has also been electrospun to 
obtain 0.6–3.6 μm width and from 1.4 to 7.4 μm for tropoelastin, depending on the 
electrospinning parameters (concentration of the solution and delivery rate). Elastin 
fibers have also found to be more brittle than the other three, although cell viability 
is higher for elastin, followed by collagen.

5.2.5  Carbon Fibers

Carbon fiber is a not biodegradable material that can be obtained both at the nano 
[66] and micro levels. This feature has attracted the interest of the researchers to 
include this material as scaffolding in tissue engineering [67]. For the treatment of 
osteochondral injures, carbon fibers are potentially interesting because they enable 
the restoration of damaged cartilage [68, 69]. Besides, Aouri et al. [66] demonstrated 
they are also an effective support for the delivery of recombinant human 
morphogenetic protein 2 (rhBMP-2). This characteristic was useful to promote bone 
regeneration. In fact, in this study, SEM observation of samples implanted in mice 
showed that the carbon fibers and the bone matrix were fully integrated.

Bencano et al. [69] carried out the in vivo assessment of using carbon fibers to 
treat osteochondral defects. They evaluated the histological progression of the 
osteochondral defects created on the articular surface of the patella of a population 
of rabbits and treated with carbon fiber implants. They found that a year after the 
treatment, the defects had been covered with hyaline cartilage tissue.

Carbon nonwoven fabrics have a higher surface area and an interconnected pore 
structure, providing increased surface area for cell attachment as well as convenient 
channels for nutrients transportation, diffusion of gases and cell migration [68]. 
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However, even though carbon fibers are biocompatible they do not have enough 
biological activity to stimulate the cells proliferation. To overcome this limitation, 
different modifications have been proposed, such as coatings with hyaluronic acid 
[68]. This has proofed to provide good cellular attachment and viability and higher 
speed of tissue regeneration regarding the non-modified carbon nonwovens at 
in vitro and in vivo studies. Several authors have explored the possibility of obtaining 
carbon fibers doped with osteoinductive components by previously mixing this 
component with polyacrylonitrile, precursor of the carbon fibers [67, 70–72]. 
Following this strategy, Fraczek-Szczypta et al. [67] obtained carbon nonwovens 
with different ceramic nanoparticles (bioglass and wollastonite). The improvement 
of the bioactivity of the fabrics was evaluated by the assessment of the apatite 
forming ability of the material when immersed in SBF solution for 21 days. All the 
fibers tested promote the apatite precipitation. However, the apatite layer was more 
uniformly distributed on the nonwoven samples containing wollastonite. On the 
other hand, Zhang et al. [70] demonstrated that the presence of bioglass in a carbon 
nanofiber matrix accelerates the proliferation rate of BMSCs when compared to 
pure carbon nanofiber and, besides, it improves the differentiation ability of the 
cells.

Another approach is the utilization of composite materials. However, the main 
limitation for the manufacturing of composite materials containing carbon fibers is 
their poor dispersion and chemical inertness in the common matrix used for tissue 
engineering applications [73]. For example, Chlopek et al. [74] proposed a composite 
of carbon fibers (d = 7 μm) in a PGLA matrix. They followed the degradation profile 
of these implants and pure PGLA ones in vivo on a population of New Zealand 
rabbits for 48 weeks. In this study, they conclude that the presence of the carbon 
fibers accelerates bone regeneration and the overall process of resorption of the 
implant. On the other hand, Shi et  al. [75] activated carbon fiber via a high 
temperature process and subsequent air plasma treatment. With these activated 
carbon fibers, a composite material with PLGA was obtained. This composite 
exhibited an improvement on the porosity when compared to the pure PLGA 
scaffolds.

5.2.6  Titanium Fibers

Thomas et al. [76, 77] have produced printed glass scaffolds reinforced with tita-
nium fibers to increase the mechanical properties of the bioactive glass. They 
started from a composite paste made of bioactive glass and titanium microfibers 
(16 μm diameter, up to 0.4% in volume fraction) and extruded it at 0–90° orienta-
tion. The use of titanium fibers led to an increase in the fracture toughness of about 
70%, with an increase of flexural strength near 40%. It has also been demonstrated 
that the introduction of titanium fibers do not affect bioactivity, as HA is precipi-
tated after 2  weeks of immersion in SBF solution in the same extent and 
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morphology that in bioglass scaffolds. Biodegradation tests on these scaffolds have 
also been performed by these researchers [76, 77], showing that compressive 
strength in bioglass is reduced by 30% after 4 weeks in SBF, while this reduction is 
near 40% for titanium fiber/glass scaffolds (67 MPa and 88 MPa for glass and Ti/
glass scaffolds, respectively, after 4 weeks test).

5.3  Conclusions

As we observe, the most important technique to obtain fibrous scaffolds is electros-
pinning. The combination of different materials allows obtaining a wide range of 
properties, both from the mechanical and biological points of view; what makes 
fibrous scaffolds especially interesting for osteochondral applications as they are 
able to mimic extracellular cartilage matrix.

Even if the background in this field is quite large, more effort is needed in order 
to continue evaluating other material alternatives and their combinations. 
Furthermore, the adhesion between materials in the scaffold needs to be studied in 
more detail. Also, other manufacturing techniques, less common, should be further 
investigated.
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Chapter 6
Micro/Nano Scaffolds for Osteochondral 
Tissue Engineering
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Abstract To develop an osteochondral tissue regeneration strategy it is extremely 
important to take into account the multiscale organization of the natural extracellu-
lar matrix. The structure and gradients of organic and inorganic components present 
in the cartilage and bone tissues must be considered together. Another critical aspect 
is an efficient interface between both tissues. So far, most of the approaches were 
focused on the development of multilayer or stratified scaffolds which resemble the 
structural composition of bone and cartilage, not considering in detail a transitional 
interface layer. Typically, those scaffolds have been produced by the combined use 
of two or more processing techniques (microtechnologies and nanotechnologies) 
and materials (organic and inorganic). A significant number of works was focused 
on either cartilage or bone, but there is a growing interest in the development of the 
osteochondral interface and in tissue engineering models of composite constructs 
that can mimic the cartilage/bone tissues. The few works that give attention to the 
interface between cartilage and bone, as well as to the biochemical gradients 
observed at the osteochondral unit, are also herein described.
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6.1  Introduction

The osteochondral (bone to cartilage) interface plays a critical role is the physiology 
of joints, since it is the anchorage site of hyaline articular cartilage and subchondral 
bone. In addition, it provides the mechanical structure to support the energy transfer 
of biomechanical movements from the joint to the skeleton. Unfortunately, damaged 
osteochondral tissue is difficult to treat due to the poor regenerative capacity of 
hyaline cartilage. The presence of complex biological and chemical gradients from 
the cartilage surface to the underlying subchondral bone is also difficult to recover 
from injury. As a result, interfacial tissue engineering (TE) has focused on overcom-
ing challenges of connecting various dissimilar tissue types in an effort to better 
match physiological, biomechanical, and biochemical signaling properties [1].

In the development of scaffolds for osteochondral tissue engineering, efforts 
have been made to develop or improve new or combined processing strategies to 
obtain repeatable porous constructs with controlled porous morphology, preferably 
at different scale levels (e.g.. combination of nanoelements and microelements or 
pores), comprising different materials that are spatially organized and having the 
capability to deliver relevant molecules such as growth factors in a controlled way 
[2]. Such scaffolds have been designed to address particular aspects of the osteo-
chondral tissue, namely the vascularization, the deposition of calcium phosphates in 
predefined regions, the guidance of regeneration certain directions (through gradi-
ent delivery of factors or anisotropic porous architecture), the development of dif-
ferent tissues (i.e., osteochondral defects), or the inhibition of calcification and cell 
adhesion. Recent achievements on the development of osteochondral scaffolds, fac-
ing the abovementioned aspects, are described in this book chapter.

6.2  The Multiscale Organization of the Osteochondral 
Extracellular Matrix

The extracellular matrix (ECM) throughout osteochondral tissue, which is itself 
secreted and modulated by the encapsulated chondrocytes, presents complex gradi-
ents of biochemical cues, such as varying concentrations of glycosaminoglycans 
and glycoproteins within each region of the tissue, or biophysical (topographical 
and mechanical) cues, such as nanosized, spatially patterned interactions (with a 
periodicity of 67 nm) provided by mechanically robust collagen fibers (Fig. 6.1) [3].

Hyaline cartilage is a stratified, multilayered tissue that is anchored to the sub-
chondral bone. Both the phenotype and orientation of the cells (chondrocytes), and 
the composition and architecture of the extra cellular matrix (ECM) varies substan-
tially along the depth of this complex tissue. The complex architecture throughout the 
articular cartilage to the subchondral bone interface that constitutes osteochondral 
tissue spans millimeter (macro) through to nanometer length-scales (Fig. 6.1) [4].
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At the macroscale, adult articular cartilage is a multizonal material in which 
three layers (i.e., superficial, middle, and deep zones), accounting for different ECM 
composition, orientation and cell phenotypes, can be distinguished. The uppermost 
superficial zone of cartilage is characterized by squamous chondrocytes surrounded 
by collagen fibrils aligning parallel to the articular surface. In the middle/intermedi-
ate zone, rounded chondrocytes are embedded in collagen fibrils less organized 
relative to the surface. In the deep zone, vertical columns of chondrocytes and col-
lagen fibrils are organized perpendicular to the articular surface. The highest con-
centration of proteoglycans is found in the deep zone [6]. The base of the deep zone 
displays the tidemark that represents the onset of the calcified area, serving as a 
transitional zone between the soft cartilaginous tissue and underlying hard bone. 
The calcified area is rich in hydroxyapatite and alkaline phosphatase and poor in 
chondrocyte number, serves as an interface between the soft cartilage and the sub-
chondral bone and defines a gradient in mechanical properties between these two 

Fig. 6.1 Hierarchical organization of cartilage and bone over different length scales. Articular carti-
lage forms a wear-resistant, load-bearing surface that covers bone in diarthrodial joints (a). It is 
organized into distinct zones (b) where the organization of the collagen structures varies considerably 
(c). Resident chondrocytes (d) are surrounded by super-aggregates of aggrecan/hyaluronic acid and 
macrofibrillar collagen networks (e). Bone mineralizes to form a calcified outer compact layer, which 
comprises many cylindrical Haversian systems or osteons (f). The osteocytes within these systems (g) 
are surrounded by the well-defined nanoarchitecture of the ECM—a dense network of aligned col-
lagen I fibers, which provide templates for the self-assembly of hydroxyapatite crystals (h) [5]
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tissues [3]. Below the deep zone is the subchondral bone plate. Subchondral bone is 
a nanocomposite material composed of glycoproteins, such as collagen, laminin, 
and fibronectin, and hydroxyapatite (HA). Underneath the subchondral bone plate, 
the subchondral trabecular bone, accounts for a spongy-like structure that is highly 
vascularized. Trabecular bone is a cellular solid with an interconnected porous 
structure. The pores have ~1 mm of diameter and the walls (trabeculae) have few 
micrometres in thickness. The pores appear aligned in the direction of the applied 
load and the structure is formed by various cell types (i.e., osteocytes, osteoblasts, 
and osteoclasts), ECM and vasculature (the bone marrow) [3]. Bone is vascularized 
as well as innervated, and others cells such as neurons and endothelial cells are also 
present and may play a relevant role in bone biology. In fact, it is generally consid-
ered that bone vascularization itself is one of the main reasons for the active self-
repair capacity of bone [6].

6.3  Scaffold Properties for Osteochondral Tissue 
Regeneration

In tissue engineering approaches, to restore function or regenerate tissues, one 
needs a template—a scaffold—that will act as a temporary matrix for cell prolifera-
tion and ECM deposition [7]. Moreover, the scaffold also acts as a template for the 
neo-tissue vascularization and can actively participate in the regenerative process 
through the release of growth/differentiation factors [8]. In this sense, a 3D scaffold 
can influence the structure and development of the engineered tissue [9].

The selection of the most appropriate biomaterial to produce a scaffold for bone, 
cartilage or osteochondral tissue engineering applications is a very important step. 
The physicochemical properties of the biomaterial will determine, to a great extent, 
its choice aiming to target a defined tissue composition. After selecting the adequate 
biodegradable polymer, the next step is to develop or choose an adequate processing 
method [10]. The selected processing method should not affect the biomaterials 
properties and characteristics, namely their biocompatibility or chemical properties. 
The processing method should be accurate and reproducible, regarding pore size, 
distribution, and interconnectivity. That means that different scaffold batches should 
exhibit minimal variations in their properties, when processed from the same set of 
processing parameters and conditions.

Besides the choice of adequate biomaterials and processing method, the architec-
ture of the processed scaffold is an important factor to take into consideration. 
Indeed, the macrostructural, microstructural, and nanostructural properties of the 
biomaterials can modulate biological response and the clinical success of the scaf-
fold. Such properties affect cell adhesion, expansion, and also their gene expression 
and the preservation of their phenotype [7]. In general, all fabrication technologies 
aim to incorporate a hierarchical element, often in the form of controlled porosity or 
aligned structures, to imitate the native tissue spatial architecture [11].
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Scaffolds should be biocompatible, well integrated in the host’s tissue without 
eliciting an immune response [12]. Scaffolds must possess an open pore, fully inter-
connected geometry in a highly porous structure with large surface area. This will 
allow cell in-growth, an accurate cell distribution throughout the porous structure, 
and will allow the neovascularization of the construct [13]. Porosity and intercon-
nectivity are also important for an accurate diffusion of nutrients, gases and to remove 
metabolic waste resulting from the cell metabolism. This is of particular importance 
regarding bone tissue engineering, particularly due to the high rates of mass transfer, 
even under in  vitro culture conditions [14]. The porosity always influences other 
properties of the scaffolds such as the mechanical stability. This property should 
always be balanced with the mechanical needs of the particular tissue that is going to 
be regenerated. Adequate pore size is also important since if the pores employed are 
too small, pore occlusion by the cells may happen. This will allow cellular penetra-
tion, ECM production and neovascularization of the inner areas of the scaffold [15].

The surface properties, both chemical and topographical, can control and affect 
cellular adhesion and proliferation [16]. Chemical properties are related with the 
ability of cells to adhere to the biomaterial, as well as with the protein adsorption. 
Topographical properties are of particular interest when the topic is osteoconduc-
tion. The scaffold should also be osteoinductivity that is able to support formation 
of bone within and/or upon the scaffold [17].

The mechanical properties and biodegradability also have an important role. In 
vitro, the scaffolds should have adequate mechanical strength to withstand the 
hydrostatic pressures and to maintain the spaces required for cell in-growth and 
matrix production. In vivo, and because cartilage and bone tissue are always under 
continuous stress, the mechanical properties of the implanted construct should ide-
ally be compatible with those of living cartilage and bone, so that an early mobiliza-
tion of the injured site can be possible. Furthermore, the scaffolds degradation rate 
must be appropriate to the growth rate of the neotissue, in such a way that by the 
time the injury site is totally regenerated the scaffold is totally degraded [18].

6.4  Micro/Nano Scaffolds for Bone Tissue, Envisioning 
Osteochondral Regeneration

Recently, additive manufacturing techniques have been employed to develop hierar-
chical and functionally graded scaffolds. These technologies are characterized by 
reproducible and highly organized microarchitecture with patient-specific geometry 
through precise control over scaffold design and structure (porosity, pore size, and 
interconnectivity), while allowing for the incorporation of bioactive factors render-
ing the fabricated scaffolds more biomimetic [19].

The incorporation of microscale and nanoscale features on a same scaffold can 
improve both the mechanical properties and tissue regeneration, through toughening 
mechanics and better cell adhesion, respectively. Particularly, the multiscale network 
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observed in natural ECMs can be fabricated by the combination of additive manufac-
turing (AM) and electrospinning (ES) techniques to produce bimodal scaffolds [20]. 
The resultant multiscale scaffold contained large pore size essential for cell and mass 
transportation, while the fibrous component provided suitable structures for cell 
attachment. Moreover, while the 3D rapid prototype scaffold provides structural 
integrity and mechanical properties, the micro–nano scale of the electrospun fibers 
mimic the biophysical structure of natural ECM (Fig. 6.2) [21]. Biological results, 
when human osteobastic cells were dynamically seeded on these hierarchical fibrous 
scaffolds, showed significantly higher proliferation and maturation. Particularly, scan-
ning electron microscopy (SEM) observation demonstrated that the osteoblastic cells 
preferentially adhered and spread on the electrospun NFMs, constituting an innova-
tive strategy to enhance cell seeding efficiency/cell adhesion into the microfibrous 
scaffolds. In a complementary approach, the same hierarchical fibrous scaffolds were 
able to provide a favorable environment for the proliferation and osteogenic differen-
tiation of human Wharton’s jelly derived stem cells [22]. Biochemical data demon-
strated that these constructs were in an early mineralization process, because of a 
significant higher fold change of osteogenic genes typically expressed in the mineral-
ization phase, as well as the identification of calcium and phosphorous elements.

The combination of electrospun nanofibers with microscale to macroscale fibers, 
processed by other polymer processing techniques (i.e., wet-spinning and fiber extru-
sion), was been explored by our research group. In a first and simplest approach, elec-
trospun nanofibers were directly deposited over a prefabricated wet-spun microfibrous 
scaffold [23, 24]. This combined structure was obtained by a two-step methodology 

Fig. 6.2 SEM and micron computed tomography analysis of the starch-based rapid prototyped (a, 
c) and hierarchical fibrous scaffolds (b, d). Reproduced with permission from [21]
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and structurally consist of a nano-network incorporated on a macro-fibrous support. Its 
biological functionality was demonstrated by the culturing of human osteoblast-like 
cells, bone marrow stromal cells, and endothelial cells (i.e., human umbilical vein 
endothelial cells and microvascular endothelial cells) [24–26]. This micro/nano struc-
ture was developed to mimic the highly organized fibrous structure of bone tissue, not 
forgetting the vascular network that is identified as the main pitfall in bone tissue engi-
neering and the major hurdle for the clinical application of engineered constructs.

With the intent to reproduce not only the multiscale organization of osteochon-
dral tissue, but also its organic–inorganic composition, it was proposed the develop-
ment of biphasic scaffolds comprising a polycaprolactone (PCL) cartilage phase and 
a PCL-tricalcium phosphate (TCP) matrix that served as the bone component. The 
scaffolds were built using the fused deposition modeling (FDM) process, seeded 
with mesenchymal stem cells (MSCs) via fibrin encapsulation, and patched with a 
20% PCL-collagen electrospun mesh to prevent cell loss and facilitate the diffusion 
of nutrients from the synovial space [27]. Implantation of such scaffold in a critical 
size defect, which was created in the medial condyle of the rabbit model, indicated 
favorable outcomes in the cartilage region, with a reduced incidence of fibrocarti-
lage and improved GAG content when compared to cell-free and mesh-free scaf-
folds. Furthermore, besides the implant structure and composition, the implantation 
site appeared to affect the in vivo outcomes (medial condyle vs. patellar groove).

In a similar attempt to create a biphasic scaffold, with a bone and periodontal 
compartment, FDM was used in addition to an in-house developed melt electrospin-
ning device [28]. Medical grade PCL-TCP membrane scaffolds, acting as the bone 
compartment, were fabricated using FDM and then coated with calcium phosphate 
(CaP), while the periodontal compartment was electrospun through a melt electros-
pinning device. A biphasic scaffold was then assembled by compressing a partially 
fused CaP-coated bone compartment (FDM scaffold) onto a periodontal compart-
ment (melt electrospun mesh). Subcutaneous implantation of the biphasic scaffold 
in rats confirmed tissue integration between both compartments, forming a tissue 
structurally resembling native periodontal tissues, establishing high levels of vascu-
larization and tissue orientation in both bone and periodontal compartments. Despite 
the dissimilarity between potential tissue engineering applications, this work pres-
ents a relevant approach on the development of complex tissues adjacent to bone, 
such as the osteochondral tissue.

6.5  Micro/Nano Scaffolds for Cartilage Tissue, Envisioning 
Osteochondral Regeneration

So far, most part of these stratified scaffolds were developed envisioning their appli-
cation in the regeneration of bone tissue. However, the hierarchical organization of 
collagen fibers is cartilage has been also addressed by the combination of AM with 
ES. The first approaches on producing 3D micro–nano fibrous scaffolds involve the 
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intercalation of electrospun nanofibers, prefabricated or deposited on time, in 
between rapid prototyped microfibers [29–32]. Briefly, PCL or PCL/collagen nano-
fiber meshes were directly electrospun over rapid prototyped (i.e., by 3D plotting or 
by direct polymer melt deposition) microfibers, during shorter deposition periods. 
Cell culture experiments demonstrated the preferential adhesion of bovine or porcine 
primary chondrocytes to the electrospun nanofiber matrices, as well as a statistically 
significant increment of cell proliferation on the micro–nano fibrous scaffolds.

In another attempt, nanostructured porous polycaprolactone (NSP-PCL) scaffold 
were produced by the combination of rapid prototyping and thermally induced 
phase separation methods [33]. The NSP-PCL scaffold expresses macro, micro, and 
nanopores to benefit mechanical strength, chondrocyte adherence, viability, and dif-
ferentiation. When implanted in an osteochondral rabbit model, the NSP-PCL scaf-
fold design promotes cartilage ingrowth, but not bone ingrowth.

Keeping the combined use of FDM and ES, a multiphasic scaffold was devel-
oped comprising a biphasic PCL scaffold which pores were filled with a 2% algi-
nate hydrogel [34]. To integrate the alginate and PCL components, the alginate 
hydrogel was partially decrosslinked and press-fitted on top of the biphasic scaffold, 
which enabled alginate to partially infiltrate the pores of the PCL-FDM scaffolds, 
and then recrosslinked. Histological analysis of the constructs implanted subcutane-
ously in rats showed that some alginate constructs had been separated from the PCL 
scaffolds possibly due to gradual weakening of the interface region.

Another example is the alternation of electrospun PCL fibers with 3D inkjet 
printing of rabbit chondrocytes in a fibrin–collagen hydrogel, which resulted in 
1  mm thick five-layer tissue constructs [35]. The hybrid scaffold demonstrated 
enhanced mechanical properties compared to conventional hydrogel constructs gen-
erated using inkjet printing alone. Furthermore, these tissue constructs produced 
cartilage-specific ECM both in  vitro and in  vivo (subcutaneous implantation in 
immunodeficient mice), as evidenced by the deposition of type II collagen and gly-
cosaminoglycans. This work demonstrated that the combination of controllable 
scaffold properties with a cell delivery printing process would enable the production 
of highly functional tissue constructs.

6.6  Micro/Nano Scaffolds for Osteochondral Regeneration

Despite the large amount of works reporting the development of micro–nano scaf-
folds for bone or cartilage tissue engineering approaches, few works addressed the 
repair of osteochondral defects. Scaffolds targeting the repair of full-thickness 
osteochondral tissue have combined diverse types of materials such as hydrogels or 
porous sponges, mimicking the “articular cartilage region,” with porous or fibrous 
rigid scaffolds (made from polymeric or inorganic ceramic-type materials (or com-
binations of both)) to mimic the “bone region” [36]. As an example, porous bilay-
ered scaffolds produced by freeze-drying and salt leaching techniques, and built up 
by fully integrating a silk fibroin (SF) layer and a silk-nanoCaP layer, were 
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developed for osteochondral tissue regeneration (Fig. 6.3) [37]. The silk-nanoCaP 
layer of the bilayered scaffolds promoted better osteogenesis differentiation of rab-
bit bone marrow mesenchymal stromal cells under osteogenic conditions as com-
pared with the SF layer. Furthermore, these scaffolds allowed tissue ingrowth and 
induced only a very weak foreign body reaction when subcutaneously implanted in 
rabbit. When implanted in a rabbit knee critical defect, the bilayered scaffolds sup-
ported cartilage regeneration in the top silk layer, and encouraged large amounts of 

Fig. 6.3 The interface of the bilayered scaffolds. (a) Macroscopic image of the bilayered scaffolds 
(scale bar: 3 mm). (b) SEM image of the interface region in the bilayered scaffold (scale bar: 500 
μm). Z1, Z2, Z3, and Z4 indicate different regions from the silk layer to the silk-nanoCaP layer, 
around the interface area. (c) EDX elemental analysis of calcium ions in Z1, Z2, Z3, and Z4 
regions [37]
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subchondral bone ingrowth and angiogenesis in the bottom silk-nanoCaP layer. 
Using a different processing approach, taking advantage of the sol-derived 70S bio-
active glass and of silk fibroin (Indian non-mulberry Antheraea assama), a bilayer 
electrospun mats were proposed to the repair of osteochondral defects [38]. In vitro 
biological studies revealed that the biphasic mats presented spatial confinement for 
the growth and maturation of both osteoblasts (MG63 cell line) and chondrocytes 
(primary porcine ear-derived chondrocytes).

Despite these particular studies based on the use of silk fibroin as biomaterial 
scaffold, most of the reports relies on the use of additive manufacturing techniques 
for the production of 3D osteochondral scaffolds [39]. The addition of multiple 
printing techniques and novel scaffold designs may give rise to advanced 3D print-
ing technologies capable of fabricating higher quality scaffolds for cartilage tissue 
engineering. Specifically, a multi-head tissue/organ building system (MtoBS) that 
enabled dispensing of biologically relevant biomaterials, such as PCL and alginate 
hydrogel, was developed to manufacture 3D tissue and organs [40]. Envisioning the 
building of an osteochondral tissue, PCL and two alginate solutions with osteoblas-
tic and chondrocytic cell lines were sequentially dispensed, keeping their viability 
up to 7 days. Considering these promising results, the MtoBS, which overcomes the 
drawbacks of current cell printing technology, constitutes an interesting method for 
dispensing multiple cells and biomaterials for heterogeneous tissue regeneration.

Another approach to generate osteochondral scaffolds also relies on the combina-
tion of novel nano-inks, composed of organic (i.e., chondrogenic transforming 
growth-factor beta 1) and inorganic (i.e., nanocrystalline hydroxyapatite) bioactive 
factors, with advanced tabletop stereolithography 3D printing technology [41]. A 
series of hierarchical constructs were successfully fabricated which closely mimic 
the native 3D extracellular environment, with nanocomponents, microarchitecture, 
and spatiotemporal controlled release of bioactive cues [1]. Experimental data dem-
onstrated that these osteochondral scaffolds promote human bone marrow-derived 
MSCs adhesion, proliferation, and osteo and chondral differentiation. Also with the 
attempt to control the release kinetics of transforming growth factor-β3 (TGF-β3) 
and/or insulin-like growth factor-1 (IGF-1), biodegradable bilayered oligo 
(poly(ethylene glycol) fumarate) composite hydrogels were developed aiming to 
mimics the distinctive hierarchical structure of native osteochondral tissue [42]. It 
was achieved higher amounts of active TGF-β3 released when it was incorporated 
with gelatin microparticles, as compared to gel phase loading. Single delivery of 
IGF-1 showed higher scores in subchondral bone morphology, as well as chondro-
cyte and glycosaminoglycan amount in adjacent cartilage tissue of a rabbit full-thick-
ness osteochondral defect model after 12 weeks, when compared to a dual delivery 
of IGF-1 and TGF-β3. The lack of synergy between IGF-1 and TGF-β3, regardless 
of TGF-β3 release kinetics, demonstrates that the dual delivery of GFs does not nec-
essarily confer an improved healing response over the single delivery of GFs in vivo.

In another work that combines 3D bioprinting with multi-nozzle electrospinning, 
osteochondral scaffolds with multiscale structures are capable of controlling release 
of multiple biomolecules, namely gentamycin sulfate (GS) and desferoxamine 
(DFO) [43]. Blend electrospun GS/polyvinyl alcohol (PVA) and coaxial electros-
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pun core PVA-DFO/shell PCL fibers were deposited in between gelatin/sodium 
alginate struts. The composite scaffold showed its potential to delivery multiple 
biomolecules with various release profiles over space and time, achieving functional 
gradient osteochondral scaffolds. In another dual-release approach, a hybrid twin-
screw extrusion and electrospinning process was developed for generating osteo-
chondral tissue engineering scaffolds with controlled gradations of concentrations 
of insulin and β-GP) [44]. In this demonstrative study, the concentration of insulin 
increased from one side of scaffold to the other, whereas β-GP phosphate concentra-
tion decreased. The use of both insulin and β-GP at graded concentrations led to the 
differentiation of human adipose-derived stromal cells (ADSCs) in a location-
dependent manner: higher chondrocytic cell counts and increasing total collagen 
deposition with increasing concentration of insulin, and different extents of miner-
alization generated by the β-GP concentration distribution.

Very recently, a biomimetic osteochondral scaffold with continuous multilayer 
architecture and gradient composition, made of PCL and hydroxyapatite (HA)/PCL 
microspheres, was also produced via selective laser sintering technique [45]. In 
vitro and a rabbit osteochondral defect model demonstrated that the multilayer scaf-
fold could successfully induce the formation of multiple tissue types, including 
articular cartilage and subchondral bone. Due to its controllable forming process, 
flexible structural design, tailored composition and tunable biomechanical proper-
ties, this multilayer scaffold provides a successful platform for the enhanced repair 
of osteochondral defects.

6.7  Concluding Remarks and Future Trends

The repair of osteochondral defects requires a tissue engineering approach that aims 
at mimicking the physiological properties and structure of two different tissues (i.e., 
cartilage and bone) using specifically designed scaffold–cell constructs [39]. 
Furthermore, the transitional zone between these two tissues, i.e., the tidemark, 
should also be considered in this approach. While polymeric (or even composite) 
materials offer many possibilities to the field of tissue engineering, they inherently 
lack the plethora of biological cues provided by the native tissue microenvironment, 
through cell–ECM and cell–cell communication that facilitate tissue remodeling 
and repair.

Engineering interactions between culturing cells and biomaterial scaffolds (the 
“interactome”) through mimicry of the hierarchical nature of the native ECM is 
potentially of great relevance to eliciting control over the molecular and structural 
cues capable of determining cell fate decisions (e.g., cell migration, proliferation, dif-
ferentiation, and apoptosis) and neo-tissue formation to achieve functional osteochon-
dral tissue repair [3]. Therefore, in the recent past, multilayered or stratified scaffolds 
targeting osteochondral repair consisted of only two distinct zones resembling the 
bone–cartilage interface either chemically, mechanically, or structurally [36]. There 
are multiple ways to achieve stratification and gradient-based composition. One sim-
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ple approach is to build composite scaffolds through multilayered scaffold design, to 
generate structural templates for the cartilaginous layer, the tidemark and calcified 
cartilage, and the subchondral bone [46]. Such complex but necessary structure is 
usually accomplished by using two or more different materials. However, these 
approaches lacked the ability to mimic the architecture of articular cartilage, leading 
to isotropic cartilaginous tissues that fail to resemble the structure and depth-depen-
dent characteristic of native tissue, and consequently, its mechanical properties.

The scientific literature has shown that the structural stratification alone is not 
sufficient for establishing effective transition between two tissues as different as 
cartilage and bone, prompting the need to also establish biochemical gradients, par-
ticularly in the interface region [47]. Such biochemical gradients can be achieved by 
embedding the growth factors, non-growth factor inductive agents (e.g., hydroxy-
apatite) and other signaling molecules (therapeutic drugs, genes) into the scaffold. 
Indeed, osteochondral scaffolds are being designed to facilitate tissue-specific 
growth-factor delivery, mimic connective tissue ECM, be chondroinductive or 
osteoinductive, and recapitulate the stratified nature of the osteochondral tissue 
through multiphasic designs [36].

Despite the success of numerous proof-of-concept studies, it is not clear from an 
accumulation of successes and failure paradigms that the herein described approaches 
recapitulate the intricate hierarchical organizations of physical structures found in 
native ECM environments [11]. From our perspective, the successful development 
of an osteochondral tissue engineering strategy is dependent on the specific biologi-
cal mechanisms under investigation, which determine the level of complexity. This 
may vary from the simplest coculture systems to complex bioreactors to generate 
close-to-native osteochondral constructs, which may have the capability of incorpo-
rating other joint tissues, such as the vasculature. Therefore, future attempts to rep-
licate the biological organization of cartilage interfaced with bone may be achieved 
by recapitulating in vitro key aspects of the in vivo developmental biology.
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Chapter 7
Mimetic Hierarchical Approaches 
for Osteochondral Tissue Engineering

Ivana Gadjanski

Abstract In order to engineer biomimetic osteochondral (OC) construct, it is neces-
sary to address both the cartilage and bone phase of the construct, as well as the 
interface between them, in effect mimicking the developmental processes when gen-
erating hierarchical scaffolds that show gradual changes of physical and mechanical 
properties, ideally complemented with the biochemical gradients. There are several 
components whose characteristics need to be taken into account in such biomimetic 
approach, including cells, scaffolds, bioreactors as well as various developmental 
processes such as mesenchymal condensation and vascularization, that need to be 
stimulated through the use of growth factors, mechanical stimulation, purinergic 
signaling, low oxygen conditioning, and immunomodulation. This chapter gives 
overview of these biomimetic OC system components, including the OC interface, 
as well as various methods of fabrication utilized in OC biomimetic tissue engineer-
ing (TE) of gradient scaffolds. Special attention is given to addressing the issue of 
achieving clinical size, anatomically shaped constructs. Besides such neotissue 
engineering for potential clinical use, other applications of biomimetic OC TE 
including formation of the OC tissues to be used as high-fidelity disease/healing 
models and as in vitro models for drug toxicity/efficacy evaluation are covered.

Highlights

• Biomimetic OC TE uses “smart” scaffolds able to locally regulate cell pheno-
types and dual-flow bioreactors for two sets of conditions for cartilage/bone

• Protocols for hierarchical OC grafts engineering should entail mesenchymal 
condensation for cartilage and vascular component for bone

• Immunomodulation, low oxygen tension, purinergic signaling, time dependence 
of stimuli application are important aspects to consider in biomimetic OC TE
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7.1  Introduction

In an osteochondral defect, the osteochondral (OC) unit is disturbed. Native, healthy 
OC unit is organized in a stratified, hierarchical way, with avascular/aneural carti-
laginous zonal layer composed of chondrocytes embedded in the organic extracel-
lular matrix (ECM), situated above the osseous, i.e., bone, part. Bone component 
comprises subchondral trabecular (cancellous) bone, highly vascular, enervated, 
with three different cell types (osteoblasts, osteocytes and osteoclasts) in the ECM 
composed of organic matrix and inorganic hydroxyapatite crystals. Osteochondral 
tissues are closely connected through the OC interface and function as one unit due 
to various mechanisms formed during development by the process of endochondral 
ossification.

In order to attempt any kind of reconstructing such a complex stratified structure 
comprised of vastly different components, a multifaceted approach needs to be 
implemented, which addresses both tissues as well as the connections between 
them, in effect mimicking the developmental processes.

Such approach is termed biomimetic osteochondral tissue engineering  
(OC TE) which aims to recapitulate in vitro the main elements of the in vivo devel-
opment, i.e., of the endochondral ossification. In practice, this means fabrication 
of the stratified hierarchical constructs that should, ideally, achieve the structure of 
the native OC unit. This aim is proving to be very difficult, due to the complexity 
of  the OC unit both from the developmental and structural aspects, particularly 
when the goal is to engineer living, clinically sized, physiologically stiff neotissue 
grafts, customized to the patient and to the defect requiring treatment.

Besides such neotissue engineering for potential clinical use, other applications 
of biomimetic OC TE include formation of the OC tissues to be used as high fidelity 
disease/healing models and as in vitro models for drug toxicity/efficacy evaluation 
[1, 2].

There are several components to take into account in biomimetic OC TE:

 (a) Cells: type/source, differentiation protocols

• Cell-free techniques

 (b) Scaffolds: biomaterials, architecture/design and microstructure, fabrication 
methods

• Scaffold-less techniques

 (c) Bioreactors: design, parameters
 (d) Other components:

• Growth factors
• Mechanical stimulation
• Purinergic signaling
• Low oxygen conditioning
• Immunomodulation
• OC interface engineering methods
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Majority of these components are the same whether the goal is to engineer neo-
tissue for potential clinical use or a model system for drug evaluation or disease 
modeling. However, for the former—the formation of large, clinically sized OC 
grafts composed of the neotissue, an additional aspect is preferred: anatomical 
shape. To this aim, the use of additive manufacturing and custom-tailored bioreac-
tors is of particular importance. Conceptually, there are several ways these compo-
nents can be implemented to achieve stratified hierarchical structural 
organization in the engineered OC construct, [3–6]:

 1. Scaffold-free cartilage layer and scaffold for the bone layer
 2. A different scaffold for each layer, including the OC interface: biphasic, tripha-

sic, multilayered (particularly when mimicking the zonal structure of the carti-
lage layer)

 3. A single heterogenous scaffold for the whole OC construct = scaffolds with mor-
phological/physical gradients

 4. A single homogenous scaffold for the whole OC construct = scaffolds with bio-
chemical gradients

However, up to now, there was no defined scaffold structure and biomaterial that 
was able to meet all the necessary requirements for the formation of a native-like 
OC-tissue [1] which is why the current state-of-the-art approach in OC TE is to 
use multilayered hybrid scaffolds, with biochemical, structural and mechani-
cal gradients.

The OC constructs can be either cell-free or loaded with the primary OC cells 
(chondrocytes/osteoprogenitors) or with cells with both chondrogenic and osteo-
genic capacity, i.e., stem and stromal cells.

7.1.1  Cells as Biomimetic System Component

For the small OC lesions, a cell-free approach might be implemented, where only 
scaffold and the growth factors are used to initiate localized repair and endogenous 
cell recruitment [7]. However, for the larger, unconfined OC defects, with lesions in 
the wound bed, the use of cells as part of the OC graft is necessary [3].

There are two main types of cells used in cellular therapy of osteochondral 
defects: primary cells (chondrocytes and osteoblasts-like, i.e., osteoprogenitor 
cells), preferably autologous and stem/stromal cells, autologous or allogeneic, iso-
lated from various tissues. In this chapter, only the tissue engineering methods are 
covered, while different methods of cellular therapy of OC defects such as ACI 
(autologous chondrocyte implantation), MACI (Matrix-induced autologous chon-
drocyte implantation), and mosaicplasty are covered in detail elsewhere [6].
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7.1.1.1  Chondrocytes

Even though these are the native cells of the cartilage, there are several drawbacks 
to the use of mature chondrocytes in OC TE: (1) harvesting is not very efficient due 
to following factors: i) very low number of chondrocytes in the native cartilage tis-
sue—only 5% of total cartilage volume ~ 1 million cells/cm3 [8]; (2) aggressive 
enzymatic procedure with collagenase needs to be performed to decompose the 
collagen from the extracellular matrix (ECM), which can also harm the cells (3) 
phenotype instability of chondrocytes in 2D (monolayer) cell culture [9] that is usu-
ally used in order to achieve high cell numbers: chondrocytes in the monolayer 
undergo dedifferentiation, stop expressing the chondrogenic markers (e.g., collagen 
II and aggrecan) and lose their distinctive spherical shape while attaining fibroblast- 
like morphology [10].

Various methods have been utilized in order to achieve maximum harvest yield 
with optimal cell viability while preserving the chondrocyte phenotype [11–13]. 
Majority of these are implemented on animal chondrocytes that are usually used as 
control cells in the experiments with engineered constructs.

7.1.1.2  Mesenchymal Stromal Cells (MSCs)

In spite of described drawbacks, chondrocyte-based cartilage tissue engineering 
remains a useful source of information, particularly when performed in combina-
tion with (human) mesenchymal stromal cells (MSCs)-based engineering 
methods [14].

Important to mention is that physiologic mechanical properties can be achieved 
when engineering cartilage from primary chondrocytes, while the highest compres-
sive moduli reported for cartilage engineered from human MSCs (without enabling 
mesenchymal condensation—see below) was only ~ 50% of the normal values [15].

The use of human chondrocytes in OC TE is still largely prevented by additional 
challenges: donor-site morbidity and low ECM production in culture.

These challenges can be potentially overcome through the use of human mesen-
chymal stromal cells (MSCs) that possess a number of characteristics advanta-
geous to the OC TE: (i) can be isolated from various sources with very low donor-site 
morbidity (e.g., from the adipose tissue); (ii) can maintain multipotency even after 
multiple passages and (iii) can be induced to both chondrogenesis and osteogenesis 
[16–18].

In addition, MSCs represent a very natural choice of cells for OC TE, since they 
originate from mesenchymal connective tissues of mesodermal nature that, in the 
course of development, give rise to all osteochondral components.

Here it is important to note the common confusion regarding the name of this 
type of cells. Minimal classification criteria for “mesenchymal stem cells” were 
established by the International Society for Cell Therapy (ISCT): A) plastic adher-
ence B) osteogenic, chondrogenic, and adipogenic differentiation in the bulk culture 
(not on a single-cell clone) C) cell surface expression of CD73, CD90, and CD105 
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concurrent with absent expression of CD11b or CD14, CD45, CD34, CD79a, or 
CD19, and human leukocyte antigen (HLA)-DR [19].

The problem is that only a minority of the cells in the bulk culture (less than 
half of total cell number) that fulfill these criteria (A-C) also exhibit: (1) high 
proliferative capacity (colony-forming ability—CFU-F) [20] and (2) multipotency 
(when appropriately tested on the basis of a single cell clone) [21].

This is why it is not accurate to use the term “mesenchymal stem cells” for the 
bulk cell population, which is exactly what happens in majority of the tissue engi-
neering studies: the term is non-critically extended to all fibroblast-like cells 
obtained after one or more culture passages starting from primary bone marrow 
(and later adipose tissue, cord blood, umbilical cord) mononuclear cells [21].

The only way to detect multipotent stem cells in the bulk population is to assay 
their colony-forming capacity (CFU-F) according to the initial Friedenstein’s func-
tional definition [18, 22]. Only the cells that are able to give rise in vitro to fibroblast 
colonies (i.e., possess CFU-F ability) can be called stem cells, provided they also 
exhibit another property: multipotency. If the cells of one single colony are capable 
of giving rise to at least three cell types (adipocytes, osteoblasts and chondrocytes) 
then the initial cell that gave rise to the colony was multipotent.

Interestingly, when individual clones were analyzed for their proliferative and 
differentiation capacities, data showed that only ~34% of CFU-F cells exhibit 
trilineage potential, ~60% osteogenic and chondrogenic, while 6% can differentiate 
into only one line (these are termed “committed progenitors”) [21, 23].

Different methods were used to select for the “real mesenchymal stem cells”, 
by concentrating the CFU-F in some phenotypically defined populations, but they 
only allowed enriching of the “real MSC” population to a limited extent.

In conclusion, in order to term cells as multipotent mesenchymal stem cells they 
need to fulfill two basic conditions: be able to form clonogenic colonies (CFU-F) 
and differentiate into osteogenic, chondrogenic, and adipogenic lineages. If the 
CFU capacity has not been evaluated, the most accurate is to term the cells as 
Mesenchymal Stromal Cells.

As mentioned, majority of the tissue engineering studies performed up to now 
did not pay attention to these aspects. This renders most of the results difficult to 
transfer to a clinical setting because the conclusions drawn from such studies do not 
reflect the behavior of the “real stem cells”. In fact, the use of such heterogenous 
populations of mesenchymal cells, without preselection for CFU-F, led to various 
results such as generation of fibrocartilage and hypertrophic chondrocytes [24] and 
even non-articular cartilage formation within the defect, after implantation [25, 26].

Based on the above, the abbreviation MSCs in this chapter refers to the mesen-
chymal stromal cells. It is worth noting that there are initiatives (spearheaded by 
Dr. Arnold Caplan) to change the name of exogenously supplied MSCs (in clinical 
setting) to Medicinal Signaling Cells to more accurately reflect the fact that these 
cells home in on sites of injury or disease and secrete bioactive factors that are 
immunomodulatory and trophic (regenerative). These cells do not differentiate into 
neotissue, but stimulate via various biofactors the patient’s own site-specific and 
tissue-specific resident stem cells and progenitors that construct the new tissue [27].
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Concerning the use of MSCs for engineering the osseous component of the OC 
construct, the osteogenic capacity has been confirmed for MSCs derived from vari-
ous sources, where the most used are bone marrow-MSCs (BMSCs) and adipose- 
derived stromal cells (ASCs). The other MSC types are covered in detail in an 
excellent review by Vonk et al. [18].

• BMSCs, isolated from bone marrow stroma are the most studied source for bone 
regeneration. One of the challenges associated with BMSCs use is high inter- 
patient variability in cell numbers within specific bone marrow aspirate (0.001–
0.01% of the nucleated marrow cells) [28] which makes it necessary to expand 
them in culture to reach clinically relevant numbers for therapeutic purposes 
[29]. As described above, during expansion, one needs to keep in mind the het-
erogeneity of the cell population.

• ASCs came to use more recently, but are becoming a solution-of-choice due to 
the high cell numbers present in lipoaspirates harvested through liposuction 
techniques [30], that are less invasive than bone marrow aspiration. On average, 
several liters of lipoaspirate with a relatively high frequency of ASCs (1–5% of 
isolated nucleated cells) can be obtained [28]. In fact, the stromal vascular 
fraction of adipose tissue contains more MSCs compared with bone marrow 
(as measured in a colony-forming unit fibroblast (CFU-F) assay) [18]. Isolation 
protocols involve density gradient centrifugation of collagenase-digested tissue 
(lipoaspirate or minced adipose) followed by selection and culture of adherent 
cell populations. Various studies report successful cultivation of bone-like tissue 
using scaffolds seeded with ASCs [31, 32].

However, it should be stated that the transplantation of MSCs into bone defects 
primarily enhances bone repair via immunomodulatory effects, as opposed to their 
direct differentiation into bone-forming cells [28].

7.1.1.3  Osteoblast-Like Cells

Cells with osteoprogenitor characteristics can be harvested from adult bone tissue 
and periosteum, via preparation of explant cultures from dissected tissues, or enzy-
matic release of progenitor cells from endosteal and periosteal layers [28, 33, 34]. 
Osteogeneicity of these cells is confirmed when cultured on porous scaffolds yield-
ing bone-like tissue [35, 36]. Importantly, these cells were also confirmed to have 
mesenchymal multipotency, demonstrated by single-cell lineage analysis [37].

7.1.1.4  Pluripotent Stem Cells

Pluripotent stem cells show unlimited self-renewal and can differentiate into all 
three germ layers (ectoderm, endoderm and mesoderm). The fact they can differen-
tiate into mesodermal derivatives is of most importance for OC engineering, because 
of the mesenchymal condensation phenomenon—see below.
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Human Embryonic Stem Cells (hESC)

hESCs have been used in a number of studies for inducing osteogenic and chon-
drogenic differentiation: through embryoid bodies (EBs) [38]; by coculture/condi-
tioned culture with fully differentiated chondrocytes [39], MSCs [40], ESC-derived 
MSCs [41]; or by directed differentiation to chondrogenic and osteogenic cells 
[42, 43].

It is important to note that, in their directed differentiation protocol, Oldershaw 
et al. demonstrated that hESCs progress through primitive streak or mesendoderm 
to mesoderm, before differentiating into a chondrocytic cell aggregates [43], con-
firming the importance of recapitulating the stage of mesenchymal condensation—
explained in detail below.

Human Induced Pluripotent Stem Cells (hiPSCs)

When findings by Yamanaka, Takahashi and Gurdon enabled obtaining autologous 
pluripotent cells from somatic cells (fibroblasts, keratinocytes, blood cells) of a 
patient, these naturally seemed like a go-to solution for clinical use.

However, now, more than 10  years after publication of the key papers by 
Yamanaka and Takahashi, our knowledge on human induced pluripotent stem cells 
is still not sufficient to allow for a straightforward clinical application of hiPSCs 
[44]. One of the biggest challenges, raising real safety concerns, is the genomic 
instability of hiPSCs, which became obvious particularly with the advance of high- 
throughput technologies such as next-generation sequencing [45].

The application of hiPSCs in OC engineering is also somewhat limited by the 
current protocols for chondrogenic differentiation that are complicated and ineffi-
cient primarily due to the need for intermediate embryoid body (EB) formation, 
required to generate endodermal, ectodermal, and mesodermal cell lineages [1].

Recently, Nejadnik et al. reported a new, straightforward approach for chondro-
genic differentiation of hiPSCs, which avoids embryoid body formation and instead 
is driving hiPSCs directly into mesenchymal stromal cells (MSC) and chondro-
cytes. hiPSC-MSC-derived chondrocytes showed significantly increased expression 
of chondrogenic genes compared to hiPSC-MSCs. Following transplantation of 
hiPSC-MSC and hiPSC-MSC-derived chondrocytes into osteochondral defects of 
arthritic joints of athymic rats, MRI studies showed engraftment, and histological 
correlations showed the production of hyaline cartilage matrix [46].

Suchorska et al. compared four methods to generate chondrocyte-like cells from 
hiPSCs: (1) monolayer culture with addition of defined mesodermal and chondro-
genic growth factors (GFs) (DIRECT protocol), (2) EBs differentiated in chondro-
genic medium with TGF-β3 cells (TGF-β3 protocol), (3) EBs differentiated in 
chondrogenic medium conditioned with human chondrocytes (HC-402-05a cell 
line) (COND protocol) and (4) EBs differentiated in chondrogenic medium condi-
tioned with human chondrocytes and supplemented with TGF-β3 (TGF-β3 + COND 
protocol). Two fastest and most cost-effective methods were the monolayer culture 
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with GFs (DIRECT) and the medium conditioned with human chondrocytes 
(COND) [47]. De Peppo et al. engineered functional bone substitutes by culturing 
hiPSC-derived mesenchymal progenitors on osteoconductive scaffolds in perfusion 
bioreactors, and confirmed their phenotype stability in a subcutaneous implantation 
model [48].

Along these lines, Wu and colleagues state in their recent review that efficient 
in vitro differentiation of hiPSCs into downstream cells, such as mesenchymal stem/
stromal cells (MSCs), osteoblasts or osteocyte-like cells is necessary to limit unde-
sired tumorigenesis associated with the pluripotency of hiPSCs [49]. They also give 
good comparisons of the current techniques utilized to confer the induction of hiP-
SCs into the osteogenic lineage, an evaluation of osteogenic potentials of cells 
derived from each technique and cells derived from different somatic origins and 
comparisons of hiPSC-derived MSCs and BMSCs [49].

7.1.1.5 Mesenchymal Condensation: Necessary Requirement 
for Chondrogenesis

From the recent studies using both hESC and hiPSCs, a conclusion emerged that in 
order to achieve proper differentiation into chondrocytic lineage, one needs to enable 
the mesenchymal condensation (precartilage condensation) to occur (Fig. 7.1).

Mesenchymal condensation is a key event in the chondrogenic commitment, 
after which tissue-specific transcription factors and structural proteins begin to 
accumulate [52, 53]. Main coordinators of this process are transforming growth 
factor-β (TGF-β) family proteins and Wnt/β-catenin signaling [54, 55].

In vitro, the mesenchymal condensation is mimicked through the self-assembly 
methods [56, 57] with TGF-β supplementation. Ng et al. used TGF-β and thyroxine 
for both cartilage maintenance and chondrocyte terminal (hypertrophic) differentia-
tion, respectively [58]. Through such biomimetic recapitulation of physiological 
spatiotemporal signals, Ng and colleagues produced and maintained cartilage discs 
with functional and phenotypically stable hyaline cartilage with accompanying 
progressive deep-zone mineralization. The discs remained stable and organized fol-
lowing implantation [58]. Such recapitulation of both temporal and structural 
aspects of native development is the very essence of the biomimetic approach.

Bhumiratana and Vunjak-Novakovic report that clinically sized pieces of human 
cartilage with physiologic stratification and biomechanics can be grown in vitro by 
recapitulating some aspects of the developmental process of mesenchymal conden-
sation [57, 59]. By exposure to TGF-β, MSCs were induced to aggregate into con-
densed mesenchymal bodies (CMBs) which then formed in vitro an outer boundary 
after 5 days of culture, as indicated by the expression of mesenchymal condensation 
genes and deposition of tenascin. Before setting of boundaries, the CMBs could be 
further fused into homogenous cellular aggregates, without using a scaffolding 
material, giving rise to well-differentiated and mechanically functional cartilage. 
The formation of cartilage was initiated by press-molding the CMBs onto the sur-
face of a bone substrate. By image-guided fabrication of the bone substrate and the 
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molds, the OC constructs were engineered in anatomically precise shapes and sizes. 
Importantly, the cartilage engineered in this way possessed physiologic compres-
sive modulus and lubricative property (Young moduli >0.8 MPa, and friction coef-
ficients <0.3). This method could be highly effective for generating human 
osteochondral tissue constructs, and for repairing focal cartilage defects to replace 
currently used dissociated chondrogenic cells [1].

7.1.2  Scaffolds as Biomimetic Systems Component

Even though the scaffold-less techniques are gaining impetus, particularly for 
generating self-assembling tissues [60], scaffolds are still one of the key compo-
nents for OC tissue engineering. The biggest challenge is how to achieve similar 
degree of complex hierarchical structure as in the native OC unit, task particularly 
daunting for the zonal cartilage layer and the complex OC interface, for which many 
characteristics are still unknown.

Fig. 7.1 Importance of mesenchymal (precartilage) condensation in chondrogenesis. Pluripotent 
cell types (ESC and iPS) have to differentiate into multipotent MSCs in order to form precartilage 
condensation required for efficient further differentiation into chondrocytes. Chondrocytes, as 
fully differentiated cells, have lower differentiation potential compared to fibroblasts, which can 
still be induced to direct differentiation [50] as well as to conversion to iPS cells [51]. Adapted with 
permission of Springer from Gadjanski I, Spiller K and Vunjak-Novakovic G. Stem Cell Reviews 
and Reports [52]
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Because of this, the prevalent approach is to use multicomponent systems and 
hybrid scaffolds combining the concepts mentioned earlier.

Scaffolds for the cartilaginous part are frequently hydrogel-based, fostering 
spherical morphology of the chondrocytes/chondrogenic cells due to hydrogel high 
water content [61]. Importantly, cell-laden hydrogels, or cell-hydrogel hybrid con-
structs, can be manufactured in patient-specific anatomical shapes [62]. Injectable 
hydrogels are particularly convenient materials for in vivo applications. An emerg-
ing class of bioinspired polymers for cartilage and bone tissue engineering are gly-
copolypeptides that mimic naturally occurring glycoproteins, that have been 
processed into injectable hydrogels, by enzymatic cross-linking of glycopeptides in 
the presence of horseradish peroxidase (HRP) and hydrogen peroxide (H2O2) [63]. 
However, hydrogels, due to their isotropic nature and poor mechanical characteris-
tics, cannot fully mimic the zonal hierarchical structure of the native articular carti-
lage. This can be improved by adding nanofibers and microfibers, for which 
electrospinning and melt electrospinning writing techniques are particularly useful 
[64]. Nanoparticles can be added as well, and loaded with chondrogenic/osteogenic 
growth factors [65]. In fact, hydrogels with cells and growth factors are proving 
very useful in engineering OC interface and achieving biochemical gradients [62].

Regarding to above, recent study by Zhu et al. reports a method for rapid forma-
tion of tissue-scale gradient hydrogels as a 3D cell niche with tunable biochemical 
and physical properties. They used photocrosslinkable, multi-arm PEG hydrogel 
system as a backbone and chondroitin sulfate methacrylate, mixed with two cell- 
containing precursor solutions (chondrocytes and hMSCs), which, upon exposure to 
light, quickly formed insoluble cell-laden gradient hydrogels mimicking zonal 
structure of the native cartilage. The method enabled rapid (~2 min) formation of 
tissue-scale hydrogels (3 cm × 1 cm × 3 mm) with stiffness and/or ECM molecule 
gradient cues, while enabling homogeneous cell encapsulation in 3D [66].

Still, multilayered scaffolds can mimic stratified structure to a higher degree, 
especially important for treatments of full-thickness OC defects. Cartilaginous layer 
mechanical properties are obtained through the use of hydrogels or porous sponges, 
while more rigid, porous and fibrous scaffolds are implemented for the bone region 
[8, 67]. Native ECM components (proteins, GAGs, cell adhesion molecules) are 
mimicked via chemical functionalization either by chemical binding of peptides on 
a polymer scaffold [68] or by fabricating a 3D scaffold from self-assembling pep-
tides [67].

The native biological cues are simulated through attached or encapsulated growth 
factors. To this aim, decellularized extracellular matrices (ECM) are receiving 
increasing interest as materials capable to induce cell growth/differentiation and 
tissue repair by physiological presentation of embedded cues [69]. Such ECM are 
derived from preexisting tissue (native ECM) after isolation and subsequent decel-
lularization (demineralized bone matrix, Matrigel) [70], and, as recently described 
by Bourgine et al., through designed human cell lines serving as intrinsic tools to 
achieve efficient ECM deposition and decellularization, offering added possibility 
of targeted enrichment in the content and delivery of specific molecules. This inter-
esting study reports engineering of ECM materials with customized properties, 
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based on genetic manipulation of immortalized and death-inducible hMSCs, 
cultured within 3D porous scaffolds under perfusion flow. The strategy allows for 
robust ECM deposition and subsequent decellularization by deliberate cell- apoptosis 
induction. As compared to standard production and freeze/thaw treatment, this 
grants superior preservation of ECM, leading to enhanced bone formation upon 
implantation in calvarial defects [69].

Proper OC scaffold design should provide hierarchical structure, desired 
mechanical and mass transport properties (stiffness, elasticity, permeability, diffu-
sion) and ability for processing into precise anatomical shapes [71]. Adequate 
porosity needs to be achieved as well. Pores of ≤400 μm are recommended by most 
groups for enhancing new bone formation and the formation of capillaries, and the 
minimum pore size of ~100 μm, as smaller pores limit cell migration and mass 
transport [72, 73].

Hierarchical organization needs to comprise all the levels—from nanoscopic to 
microscopic to macroscopic, in order to meet frequently conflicting requirements 
for mechanical function, mass transport, and biological regulation [74].

To this aim, various fabrication methods, particularly computer-aided additive 
manufacturing (CAM), in combination with finite element modeling (FEM) and 
computational fluid dynamics (CFD) are being developed and implemented [75, 76].

Probably the most utilized method out of CAM technologies is the 3D printing 
which enables generation of the architectural details that were previously impossi-
ble to fabricate. In addition, 3D printing techniques (stereolithography, fused depo-
sition modeling, and selective laser sintering) allow incorporation of gradients into 
polymer scaffolds to achieve even higher degree of native-like structural, biochemi-
cal and mechanical environment. 3D printing can be combined with other 
approaches, such as self-assembly of nanoparticles [77]. An excellent recent review 
by Bracaglia et  al. covers various 3D techniques for design and fabrication of 
polymer- based gradient scaffolds in detail [78], while Guo et  al. in their review 
cover the applications of 3D printing for recapitulation of zonal structure of articu-
lar cartilage [79]. Importantly, anatomically shaped scaffolds can be made by CAM, 
tailored to the patient by using the CT images of the defect for creating the CAD 
(computer-aided design) model [71].

Regarding the use of CAM in OC TE, an interesting study by Hendrikson et al. 
analyzed the influence of additive manufactured scaffold architecture on distribu-
tion of surface strains and fluid flow shear stresses and expected osteochondral cell 
differentiation [80]. They compared four scaffold designs that only differed in the 
pore shape while the fiber diameter, spacing, and layer thickness remained constant. 
Different architectures were obtained by changing the angle of layer deposition and 
lateral shifting of the layers. Also, μCT-based models of the scaffolds were pre-
pared, and stress and strain distributions within the scaffolds were predicted using 
CFD and FEM. The results show a distinct effect of the scaffold architecture on 
surface strains and fluid flow shear stresses under mechanical compression and 
imposed fluid flow. This implies that regions of the scaffold could be designed 
favoring specific cell differentiation stimuli. Coupling with biophysical loading 
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regimes a priori in silico could accelerate the design of scaffolds and optimize the 
loading regimes [80].

One of the CAM methods is biofabrication or 3D bioprinting [81] that allows for 
the direct incorporation of the live cells in the scaffold fabrication process. There are 
three major types of 3D bioprinting techniques that are currently available: (1) ink-
jet bioprinting [82] (2) microextrusion bioprinting [83], and (3) laser-assisted bio-
printing [84]. However, it is still challenging to bioprint clinically sized constructs, 
mostly due to the poor mechanical properties and limited structural integrity of the 
printed construct. To overcome this limitation, various modifications are tested, 
such as FRESH method where the tissue construct is built by embedding the printed 
cell-laden hydrogel within a secondary hydrogel that serves as a temporary, ther-
moreversible, and biocompatible support [85]. Other option is to combine multiple 
processing methods, e.g., electrospinning with 3D bioprinting [86].

Currently, one of the main applications of 3D bioprinting is the fabrication of 
mini-tissues for disease modeling [87]. Lozito et al. constructed an in vitro system 
with 3D microtissues designed for biological studies of the osteochondral complex 
of the articular joint [54]. The model was constructed by seeding hMSCs from bone 
marrow and adipose tissue aspirates into photostereolithographically fabricated bio-
material scaffolds with defined internal architectures. Concerning OC disease- 
modeling, hiPSCs are also frequently used in the so-called “disease-in-a dish” 
models. Diseases to be modeled include of course osteoarthritis, but also the numer-
ous hereditary osteochondral dysplasias which result from genetic disorders caus-
ing defective cartilage and bone differentiation, formation, and growth and for many 
of which the disease-causing mutations are already known [88]. Reprogramming 
patient-specific cells with a genetic predisposition and engineering disease-specific 
genetic variations into healthy control hiPSC cell lines promises to recapitulate 
“diseases in a dish” more realistically than immortalized human cell lines and will 
be an invaluable complementation for animal models [89]. In addition to repro-
gramming patient-specific cells, novel gene editing methods, such as zinc-finger 
nuclease (ZFN), transcription activator-like effector nuclease (TALEN), and clus-
tered regularly interspaced short palindromic repeats (CRISPR)/Cas9 [90] allow 
introducing genetic defects into well-characterized hiPSC lines [89]. Generating 
stable hiPSC cell lines enables high-throughput drug screening and positions human 
disease pathophysiology at the core of preclinical drug discovery [91], potentially 
leading to personalized regenerative medicine therapies [92].

7.1.3  Bioreactors as Biomimetic System Component

Bioreactor is a necessary component for maintenance of differentiated cell pheno-
types and promoting the OC construct maturation by providing exchange of nutri-
ents and metabolites, control of environmental factors as well as biophysical 
signaling and mechanical cues. In general, a bioreactor of OC TE should comprise 
two different compartments—for cartilage and bone, while enabling the interface 
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formation in between. The compartments should allow for specific culture media 
perfusion as well as biophysical and mechanical stimulation needed for the tissue in 
question.

Even though some studies report good results with chondrogenesis of undiffer-
entiated hMSCs in chondrogenic medium even in static culture [93], majority uti-
lizes dynamic loading with physiological frequency (1  Hz) to provide both the 
mechanism for fluid transport through the tissue and the necessary biophysical 
stimuli [94]. It has been detected that moderate amplitude strains (5%) applied at 
1 Hz stimulate chondrogenesis of hMSCs and enable stable chondrocyte-like phe-
notype, while higher strains and lower frequencies have a negative effect on chon-
drogenesis [95].

Bioreactor cultivation of the bone, as a tissue that should be vascularized, requires 
interstitial flow of culture medium through the tissue space, facilitating exchange of 
nutrients—particularly oxygen, metabolites, and regulatory factors to and from the 
cells, over minimal diffusional distances, while providing shear stress [96]. In the 
ideal scenario, the medium would be perfused through a network of channels with 
endothelial lining, serving as precursors of the vascular network to connect at a later 
point to the blood supply of the host. Such bioreactor systems are conceptually 
biomimetic, since they enable convective-diffusive mass transport similar to that 
occurring in  vivo, between blood and tissue, along with dynamic hydrodynamic 
shear that is an important regulatory factor for bone development and maintenance 
[1, 96].

In the exemplary study on the effects of medium perfusion achieved through 
cultivation in a bioreactor, Grayson et al. showed that perfusion culture of predif-
ferentiated osteoblasts or undifferentiated hMSCs with cocktail medium elicited the 
best osteogenic responses [93]. Bioreactors can be tailored to fit the specific shape, 
particularly important when engineering anatomically shaped constructs, to provide 
direct fluid flow through the tissue and/or gradients of biophysical/mechanical cues 
needed for spatiotemporal recapitulation of cell differentiation, assembly and ECM 
production [97, 98].

For the detailed overview of the principles of different bioreactor designs, and 
important parameters to mimic physiological phenomena in OC TE the work by 
Vunjak-Novakovic, Bhumiratana et al. and Martin et al. is recommended [3, 96, 99, 
100].

7.1.4  Other Components in Biomimetic OC TE

7.1.4.1  Growth Factors

There are several key growth factors used in OC TE. These are members of the 
transforming growth factor-β (TGF-β) superfamily (including Bone Morphogenetic 
Proteins—BMPs, Growth and Differentiation Factors—GDFs [101]), fibroblast 
growth factor (FGF) family, insulin-like growth factor-1 (IGF-1), and 
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platelet-derived growth factor (PDGF) [8]. Growth factors act through modulation 
of the local microenvironment (making it chondroinducive or osteoinducive), ana-
bolic cellular effects, and increased matrix production. Additionally, some (e.g., 
PDFG) are important for vascularization, since they can induce angiogenesis and 
direct cell migration and support vessel maturation and stabilization [102].

The sequential addition of growth factors (GFs) to cell culture medium has 
proven useful in stimulating chondrogenesis in vitro [52]. GF addition in a sequence 
similar to native development, e.g., basic FGF (bFGF) or FGF2 followed by BMP2 
or IGF1, TGFβ2 or TGFβ3, increased proliferation and subsequent chondrogenic 
differentiation [52, 103]. Similarly, exposure of chondrocytes seeded in agarose 
gels to TGFβ3 for 2 weeks followed by unsupplemented culture medium resulted in 
enhanced cartilage formation and mechanical properties compared to prolonged 
exposure to TGFβ3 [104]. The exposure of MSCs in poly(ethylene glycol) (PEG) 
hydrogels to TGFβ1 for just 7 days resulted in enhanced proteoglycan production 
compared to prolonged culture, but decreased collagen production [105]. Figure 7.2 
shows the sequence of events and time-dependent GF involvement in native chon-
drogenesis, which should be mimicked in OC TE.

Fig. 7.2 Sequence of events and time-dependent involvement of growth factors during native 
chondrogenesis. Adapted with permission of Springer from Gadjanski I, Spiller K and Vunjak- 
Novakovic G. Stem Cell Reviews and Reports [52]
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Similarly, sequential GF application proved important for osteogenesis as well. 
Aksel et al. showed that vascular endothelial growth factor (VEGF) addition in the 
early phase rather than a continuous presence of both VEGF and BMP-2 enhanced 
odontogenic/osteogenic differentiation of human dental pulp stem cells (DPSCs) 
[106]. It was also shown that early delivery of an angiogenic factor (bFGF) com-
bined with sustained exposure to an osteogenic factor (Sonic hedgehog—Shh) can 
recapitulate the critical aspects of natural bone repair [107]. These data emphasize 
the importance of controlled duration of GF application.

Generally speaking, in the biomimetic OC construct, the chondrogenic growth 
factors (e.g., TGF-β family) should be supplied in the cartilage phase (in combina-
tion with dynamic loading), while the osteogenic growth factors, e.g., BMPs (com-
bined with medium perfusion) should be applied in the bone phase.

7.1.4.2  Vascularization

Native bone tissue is highly vascularized, and its development and function are 
coordinated by synergistic interactions between the bone cells and vascular cells. 
The blood vessels supply oxygen and nutrients, as well as calcium and phosphate, 
the building blocks for mineralization [108]. To a certain degree, the emerging vas-
culature serves as a template for bone development. Following biomimetic approach, 
the bone phase in the OC construct should be engineered by synchronizing vascular 
and bone development in 3D scaffolds [71, 109]. Ideally, the OC construct would 
provide paracrine signaling between the bone and vascular cells, as well as larger 
vascular conduits that can help quickly connect the blood to the tissue and establish 
vascular perfusion following implantation of engineered tissue constructs [1]. 
However, in practice this is proving very difficult to achieve. Certain advancements 
have been made through harnessing the proangiogenic effects of immune cells.

7.1.4.3  Immunomodulation

Immune response is a major regulator of vascularization and overall functionality of 
engineered tissues, through the activity of different types of macrophages (proin-
flammatory M1 and anti-inflammatory M2 phenotype) and the cytokines they 
secrete [1]. Regarding their contribution to angiogenesis, human macrophages 
polarized to the M1 or M2 phenotypes behave in different ways. Spiller et al. showed 
that M1 macrophages express and secrete factors that promote the initiation of 
angiogenesis, especially VEGF. M2 macrophages secrete factors involved in later 
stages of angiogenesis, particularly PDGF-BB isoform, which recruits stabilizing 
pericytes [110]. In addition, M2 macrophages can express high levels of tissue 
inhibitor of metalloprotease-3 (TIMP3), which inhibits angiogenesis by blocking 
the actions of metalloproitenase-9 (MMP9) and VEGF [111] and prevents the 
release of the inflammatory cytokine TNFα [112]. TIMP3 also stabilizes vascula-
ture formation from endothelial cells in vitro [113].
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It is clear that coordinated efforts by both M1 and M2 macrophages are required 
for angiogenesis and scaffold vascularization [110]. hMSCs have been shown to 
promote macrophage differentiation toward an M2-like phenotype with a high tis-
sue remodeling potential and anti-inflammatory activity, but also a protumorigenic 
function [114]. This is in line with previously mentioned hypothesis that many 
effects of the hMSCs used in regenerative medicine are due to their immunomodu-
latory effects and not to direct differentiation into specific cell types [115].

To harness immunomodulatory signals to the highest degree, researchers start 
using “smart” scaffolds that enable sequential release of immunomodulatory factors 
recruiting the waves of M1 and M2 macrophages [110]. Spiller et al. designed scaf-
folds for sequential release of pro-M1 (interferon-gamma; IFN-γ) and pro-M2 
(interleukin-4—IL4) signals to achieve bone regeneration where IFN-γ was physi-
cally adsorbed onto the scaffolds, while IL4 was attached via biotin–streptavidin 
binding [116] (Fig. 7.3).

7.1.4.4  Low Oxygen Tension Conditioning

Oxygen gradients are established early in embryonic development, since the grow-
ing tissues of the embryo rapidly deplete local oxygen and nutrient supplies pro-
vided via diffusion. During endochondral ossification, the cartilaginous anlage 
develops into the fetal growth plate, becoming more hypoxic as it grows [117]. 

Fig. 7.3 Paradigm of the biomimetic approach in OC tissue engineering. CMBs condensed mes-
enchymal bodies, GF growth factors, MF macrophages. Detailed explanations in the text
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Articular cartilage remains hypoxic in adult stage, with spatial oxygen gradient of 
<1% in the deepest layers, up to <10% at the cartilage surface. Chondrocytes are 
very adapted to low oxygen tensions present in the avascular environment, but they 
also promote (by secreting angiogenic stimuli) localized vascularization at the 
periphery of the cartilage, the key process for the continued development and 
growth of bone [118]. Oxygen levels and vascularization are connected through the 
action of hypoxia-inducible factors (HIF) and vascular endothelial growth factor 
(VEGF). Levels of oxygen in the tissue modulate HIF signaling cascades, the essen-
tial mediators of the complex homeostatic responses that enable cells to survive and 
differentiate in low oxygen environment. VEGF is a downstream target of the HIF 
pathway and a potent angiogenic factor. Osteoblasts express HIF-1α and HIF-2α, 
which modulate bone development and homeostasis and angiogenesis. Some of the 
effects of HIFs on bone and angiogenesis are mediated by VEGF. It is clear that 
HIFs and VEGF have critical roles in skeletal development and bone homeostasis. 
Such close spatial and temporal association of osteogenesis and vascularization is 
now termed as angiogenic-osteogenic coupling [118, 119].

It is obvious from abovementioned data that ambient O2 concentration of 21% O2 
represents hyperoxic environment for osteochondral cells and should not be used 
for the in  vitro cultivation. Such hyperoxia disturbs the HIF-signaling pathways 
since when oxygen tension is >5%, the half-life of HIF-1α is very short (<5 min) 
[120]. This can impair normal anaerobic glycolysis in cartilage and posttransla-
tional modifications of type II collagen [121].

Ambient O2 concentrations are even more detrimental when considering stem/
stromal cells that normally reside in “hypoxic” niches in  vivo and are well 
adapted to low O2 tensions. The “hypoxic”, or more precisely physioxic (or in 
situ normoxic) oxygen concentration in adult tissues varies between 1 and 11% 
[122], while the O2 concentration at the cellular level is estimated to be 1.3–2.5% 
or even <1% [21, 123]. Atmospheric 21% O2 represents a hyperoxic environment 
for stem/stromal cells which start losing the phenotypic and molecular markers 
of stemness [21]. This is the reason why low oxygen conditioning—i.e., cultiva-
tion of cells in low O2 tension environment is proving very efficient in stem/
stromal based OC TE.  If maintenance in low O2 is technically challenging in 
long-term culture, it is beneficial to perform at least a transient preconditioning, 
followed by the switch to ambient O2 concentration. Yodmuang et al. showed, 
using juvenile chondrocytes, that such transient culture of 5% O2 increases 
expression of cartilaginous genes including COL2A1, ACAN, and SOX9 and 
increased tissue concentrations of GAG and type II collagen, with accompanying 
increase in the equilibrium Young’s modulus [124]. Henrionnet et al. performed 
similar study on hMSCs and concluded that better chondrogenic differentiation 
is achieved when reduced oxygen tension (5% O2) is applied during both expan-
sion and differentiation times, avoiding the in vitro osteogenic commitment of 
the cells and subsequently the calcification deposition [125].
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7.1.4.5  Purinergic Signaling

External mechanical stimulation leads to activation of mechanotransduction cas-
cades that promote chemical signaling inside the cell [126]. These intracellular 
mechanotransduction pathways are still not fully defined [127]. Relatively recently, 
ATP (adenosine 5′-triphosphate) has been indicated as one of the first molecules to 
be released from chondrocytes into extracellular space in response to mechanical 
stimulation [128, 129], subsequently binding to purinergic P2 receptors and activat-
ing calcium signaling pathways [130]. Garcia and Knight suggested putative mech-
anism of ATP release via hemichannels (formed of connexin-43 subunits) in 
response to cyclic compression [131]. Since then a number of studies has shown 
that exogenous ATP supplementation, even in the absence of mechanical stimula-
tion, can promote ECM biosynthesis and accumulation providing energy supply to 
fuel that process [132], increase mechanical properties, particularly through struc-
tural organization of the bulk phase and territorial ECM [133]. Exogenous ATP 
effects are proven to be dose- and time-dependent, where high doses can promote 
catabolic responses, necessitating the optimization of therapeutic dose range and 
application timing (e.g., transient vs. continuous) to the cell type and culture system 
[133–135]. Furthermore, MSCs have been shown to respond to extracellular ATP as 
well, even more receptively than the chondrocytes. Gadjanski et al. detected that 
exogenous ATP induced 72% vs. 16% increase in GAG content for human MSCs 
and chondrocytes, respectively [134], while Steward et al. showed that purinergic 
signaling regulates the TFG-β3-induced chondrogenic response of MSC [136]. A 
mathematical model was defined showing ATP release changes in loaded vs. 
unloaded cell constructs (chondrocytes and hMSCs) over time [137]. Such model 
can be of value in determining the potential for pharmacological manipulation of 
the purinergic mechanotransduction in the engineered osteochondral tissues.

Mechanosensitive purinergic signaling in bone has also been confirmed, where 
extracellular ATP has been shown to modulate multiple processes including cell 
proliferation, differentiation, function, and death [138]. Osteoblasts and osteoclasts 
have been reported to express nearly all the P2Y and P2X receptors to which the 
extracellular ATP can bind [139].

Additional important aspect to keep in mind is that any mechanical stimulus 
applied to cells in vitro, even as subtle as fluid movements after a medium change, 
can increase basal ATP release [140] which was recently again brought to attention 
in an informative review by Burnstock and Knight [141] who urge the researchers 
to always include this aspect in the interpretation of their data.

7.1.4.6  OC Interface Engineering

In order to engineer a native-like osteochondral interface and complex cell–cell 
communication between cartilage and bone, it is necessary to fine-tune scaffold 
properties such as graded molecular composition, structure, and biomechanics, 
i.e., to specify and precisely implement multiple gradients in scaffolding of the 
OC construct.
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As mentioned several times, one approach is to build composite scaffolds through 
multilayered scaffold design, to generate structural templates for the cartilaginous 
layer, the tidemark and calcified cartilage, and the subchondral bone, while allowing 
the transitional interface layer to efficiently connect cartilage and bone. Usual 
method for fabrication of composites is by using two or more different materials [1]. 
Integration between layers (and with native tissue upon implantation) is achieved by 
suturing [142], cell-mediated ECM formation, use of fibrin and other glues [97], or 
simply by press fitting [143]. However, such layered composites are susceptible to 
delamination if the layers are not well connected. To overcome this, the gradient 
scaffolds are used, which sport gradual changes of physical and mechanical proper-
ties, ideally complemented with the biochemical gradients. Such scaffolds can 
achieve better transition between cartilaginous and osseous components.

Cross et al. present a fabrication method for a scaffold with graded mechanical 
properties. They used two natural polymers (gelatin methacryloyl (GelMA) and 
methacrylated kappa carrageenan (MκCA)) reinforced with 2D nanosilicates to 
mimic the native tissue interface. The addition of nanosilicates results in shear- 
thinning characteristics of prepolymer solution and increases the mechanical stiff-
ness of cross-linked gradient structure [144]. D’Amora et al. formulated a method 
for achieving chemical gradients in which CAM and surface modification are com-
bined. They first aminolyzed poly(ε-caprolactone) surface and subsequently cov-
ered it with collagen via carbodiimide reaction. These 2D constructs were 
characterized for their amine and collagen contents, wettability, surface topography 
and biofunctionality. This functionalization treatment was extended to the 3D 
printed PCL scaffolds, demonstrating the possibility to manufacture 3D constructs 
with chemical gradients for OC interface engineering [145]. Dormer et al. achieved 
biochemical gradients by distributing the microspheres loaded with chondrogenic 
(TGF-β1) and osteogenic (BMP-2) factors into the two regions of a PLGA scaffold, 
to produce opposing growth-factor gradients for the formation of cartilage and bone 
[146]. In addition, therapeutic molecules can be surface-tethered to the micro-
spheres [147]. Using “raw materials,” i.e., components like chondroitin sulfate and 
bioactive glass, in 3D scaffolds was suggested for establishing continuous gradients 
of both material composition and signaling factors [148].

For now, the best approach seems to be to couple biochemical and structural 
gradients toward achieving native-like OC interface architecture and integration in 
large OC constructs intended for implantation [1, 149].

7.2 Concluding Remarks

The current state-of-the-art approach in OC TE is to use multilayered hybrid scaf-
folds, with biochemical, structural and mechanical gradients that eventually lead to 
functionally graded OC scaffolds. To this aim, the use of additive manufacturing 
and custom-tailored bioreactors is of particular importance. More research is being 
directed towards harnessing immunomodulation and low oxygen conditioning in 
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order to improve vascularization and overall functionality of the engineered scaf-
fold, while the complexities of cell-cell communication between osseous and carti-
laginous components are being investigated in order to achieve a more native-like 
osteochondral interface.
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Chapter 8
Porous Scaffolds for Regeneration 
of Cartilage, Bone and Osteochondral 
Tissue

Guoping Chen and Naoki Kawazoe

Abstract Porous scaffolds play an important role as a temporary support for 
accommodation of seeded cells to control their functions and guide regeneration of 
functional tissues and organs. Various scaffolds have been prepared from biodegrad-
able polymers and calcium phosphate. They have also been hybridized with bioac-
tive factors to control differentiation of stem cells. Except the composition, porous 
structures of scaffolds are also extremely important for cell adhesion, spatial distri-
bution and tissue regeneration. The method using preprepared ice particulates has 
been developed to precisely control surface and bulk pore structures of porous scaf-
folds. This chapter summarizes the design and preparation of porous scaffolds of 
biodegradable polymers and their hybrid scaffolds with calcium phosphate nanopar-
ticles and bioactive factors. Their applications for regeneration of cartilage, bone 
and osteochondral tissue will be highlighted.

Highlights

• Porous scaffolds of naturally derived polymers and their hybrid scaffolds with 
biodegradable synthetic polymers have been prepared for cartilage tissue engi-
neering. The surface and bulk pore structures of the scaffolds are controlled by 
using preprepared ice particulates. The scaffolds facilitate cartilage tissue engi-
neering when they are used for three-dimension culture of chondrocytes.

• PLGA–collagen–BMP4 and collagen–CaP nanoparticles–dexamethasone hybrid 
scaffolds have been prepared and used for culture of mesenchymal stem cells. 
The hybrid scaffolds facilitate osteogenic differentiation of mesenchymal stem 
cells and ectopic bone tissue regeneration during in  vitro culture and in  vivo 
implantation.
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• Osteochondral tissue engineering has been realized by laminating two different 
layers of cartilage and subchondral bone or by using stratified scaffolds for 
simultaneous regeneration of cartilage and subchondral bone.

Keywords Porous scaffold · Hybrid scaffold · Biodegradable synthetic polymer · 
Calcium phosphate · Bioactive factor · Cartilage · Bone · Osteochondral

8.1  Scaffolds for Cartilage Tissue Engineering

8.1.1  Porous Scaffolds with Funnel-Like Surface Pore 
Structures

Scaffolds with interconnected pore structures are extremely important for homoge-
neous cell adhesion and distribution in the porous scaffolds, thus facilitating carti-
lage tissue engineering. Although a number of three-dimensional porous scaffolds 
have been developed from various types of biodegradable polymers, not all the scaf-
folds can ensure homogenous tissue formation in the scaffolds. In general, cells are 
easily allocated and distributed in the peripheral areas, resulting in tissue regenera-
tion only in the outermost peripheral layers of the scaffolds. Uniform cell delivery 
and distribution throughout the entire scaffold are desirable for functional tissue 
engineering.

Some methods have been developed for controlling pore structure of scaffolds, 
such as pore size, porosity and interconnectivity [1–4]. Porogen-leaching method 
offers many advantages for the easy manipulation and control of pore size and 
porosity. However, the porogen materials cannot initiate the formation of surround-
ing pores. As a result, isolated pores are often formed in the scaffold, a situation 
which is not desirable for tissue engineering scaffolds.

A method by using preprepared ice particulates as a porogen material has been 
developed to efficiently control the pore structure of scaffolds [5]. To make the sur-
face pores open, embossed ice particulates have been used. To increase the pore 
interconnectivity, free ice particulates have been used to initiate the formation of 
new ice crystals during the preparation of porous scaffolds [6].

Embossed ice particulates have been used to prepare collagen porous scaffolds 
with funnel-like open surface pore structures for cartilage tissue engineering [7]. At 
first, embossing ice particulate templates are prepared by freezing microsized water 
droplets on a perfluoroalkoxy (PFA)-film wrapped copper plate at −30  °C.  The 
water droplets are formed by spraying pure water onto the PFA film with a trigger 
sprayer. Templates with ice particulates having three different diameters of about 
180 μm, 400 μm and 720 μm are prepared and used for preparation of collagen 
porous scaffolds. Subsequently, the ice particulate templates are moved and kept in 
a low-temperature chamber for 1 h to maintain their temperatures at −1 °C, −3 °C, 
−5 °C or −10 °C. An aqueous solution of porcine type I collagen is poured onto 
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each of the embossing ice template with a 1-mm thick silicone frame to maintain the 
collagen thickness. The collagen solution is stored at −1 °C for 24 h for cooling 
before being poured onto the templates. The collagen solution does not freeze dur-
ing cooling at −1 °C in the absence of a nucleating agent. After being poured on the 
ice particulate templates, the top of the collagen solution is covered with a glass 
plate wrapped with polyvinylidene chloride film and the whole set is placed in a low 
temperature chamber. The temperature of the chamber is kept at −1  °C, −3  °C, 
−5 °C, or −10 °C to initiate the growth of ice crystals. The chamber is kept at this 
temperature for 1 h to allow the formation of ice crystals. Subsequently, the frozen 
collagen solution and the template are moved to a freezer with a temperature of 
−80 °C for 5 h. Finally, the frozen construct is freeze-dried for 24 h and the freeze- 
dried collagen sponges are cross-linked for 4 h by glutaraldehyde vapor that is satu-
rated with 25% aqueous glutaraldehyde solution at 37 °C. The unreacted aldehyde 
group is blocked by treatment with 0.1 M aqueous glycine solution. The collagen 
sponges are washed with Milli-Q water, freeze-dried and kept at 4 °C before further 
investigation. Control collagen sponges are prepared by using the same procedure 
at −3 °C but without the use of the ice particulate template.

The ice particulates have hemispherical morphology (Fig. 8.1a). Large surface 
pores are visible on the top surface (Fig. 8.1b). SEM observation shows large hemi-
spherical pores are formed on the surface of the collagen sponges (Fig. 8.1c). The 
collagen sponge has a hierarchical porous structure of two layers: a surface porous 
layer and a bulk porous layer. The surface porous layer is composed of large open 
pores and the bulk porous layer is composed of inner bulk pores that are intercon-
nected with the large surface pores and extended into the bulk body of the sponge. 
Such structure is very similar to a funnel and therefore the collagen sponges pre-
pared by this method are referred as funnel-like collagen sponges.

By using ice particulates of different sizes (180 μm, 400 μm, and 720 μm) and 
different freezing temperatures (−1 °C, −3 °C, −5 °C, and −10 °C), 6 types of col-
lagen sponges with different pore structures and 1 control collagen sponge are pre-
pared. They were designated in abbreviated form as: 400 μm_-1 °C (400 μm ice 
particulate template and freezing temperature of −1  °C), 400 μm_−3  °C, 400 
μm_−5 °C, 400 μm_−10 °C, 180 μm_−3 °C, 720 μm_−3 °C and control (with no 
embossing ice particulate template). The size of the large surface pores in the 

Fig. 8.1 Photomicrograph of ice particulates with a mean diameter of about 400 mm (a), gross 
appearance (b) and top surface SEM image (c) of 400 µm_3 ºC funnel-like collagen sponge. 
Reproduced with permission [7]
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funnel- like collagen sponges is determined by the embossing ice particulates and is 
very close to the size of the respective ice particulates. The size of the inner bulk 
pores is determined by the temperature of freezing. Therefore the pore sizes of 
funnel-like collagen sponges can be controlled by the ice particulate size and freez-
ing temperature.

The funnel-like collagen sponges are used for three-dimensional culture of 
bovine articular chondrocytes to investigate their pore structure on cartilage tissue 
engineering. Bovine articular chondrocytes that are isolated from knee articular car-
tilage of an 8-week-old male calf are subcultured once and the subcultured chondro-
cytes are seeded in the funnel-like and control collagen sponges. The cell–scaffold 
constructs are cultured in DMEM serum medium. After in vitro culture for 2 h, the 
chondrocyte distribution in the 400 μm_−3  °C funnel-like and control collage 
sponges is estimated by observing cell nuclei that are stained with Hoechst 33,258. 
A domain of the collagen sponge 600 μm high is scanned using a laser scanning 
confocal microscope (Fig. 8.2). The cells adhere on both the funnel-like and control 
collagen sponges. However, the cell distribution is dissimilar. Cell nuclei are 
observed in the whole funnel-like collagen sponge, indicating that the cells are 
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Fig. 8.2 LSCM observation of cell adhesion in the 400 µm −3 ºC funnel-like collagen sponge 
(a- d) and control collagen sponge (e-h). (a) and (e) are the gross images of sponges viewing from 
XZ direction. (b-d) and (f-h) are images of sections at certain depth viewing from XY direction as 
shown in the insert. Blue dots indicate cell nuclei stained with Hoechst 33,258. Scale bar = 200 µm. 
Reproduced with permission [7]
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evenly distributed in the funnel-like collagen sponge, spanning all parts of the 
sponge. However, in the control collagen sponge, the cells only accumulate on the 
top surface (200~300 μm). Few cells are observed in areas beneath the surface layer 
of the control collagen sponge.

SEM observation shows that chondrocytes are distributed more homogeneously 
in the funnel-like collagen sponges than in the control collagen sponge. In a com-
parison of the funnel-like collagen sponges, the chondrocytes adhere and distribute 
more homogeneously in the 400 μm_−1 °C, 400 μm_−3 °C and 720 μm_−3 °C 
funnel-like sponges than in the 400 μm_−5 °C, 400 μm_−10 °C and 180 μm_−3 °C 
funnel-like sponges.

After in vitro culture for 1 week, the cell–scaffold constructs are subcutaneously 
transplanted into athymic nude mice for 3 weeks. Hematoxylin and eosin staining 
shows that the tissue regenerated in the control sponges has a middle-hollow structure, 
which may be due to the limited penetration of cells into the inner parts of the sponge 
(Fig. 8.3). The 400 μm_−5 °C, 400 μm_−10 °C and 180 μm_−3 °C funnel-like col-
lagen sponges show nonhomogeneous cell distribution: more cells are in the top layer 
and fewer cells are in the bottom layer of the sponges. The cells and ECM are rela-
tively homogeneously distributed in the 400 μm_−1  °C, 400 μm_−3  °C and 720 
μm_−3 °C funnel-like collagen sponges. The tissue formed in the 400 μm_−3 °C 
sponge is thicker than that formed in the 400 μm_−1 °C and 720 μm_−3 °C sponges.

Expression of genes encoding type I collagen, type II collagen, and aggrecan of 
the implants is analyzed by real-time RT-PCR. The cells express higher levels of 
Col2a1 and Acan genes in the funnel-like collagen sponges than they do in the con-

Fig. 8.3 HE staining photomicrographs of the cell–scaffold constructs after 3  weeks in  vivo 
implantation. Reproduced with permission [7]
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trol collagen sponge. The Col2a1 and Acan gene expression level of the 400 
μm_−3 °C sponges is the highest among all the funnel-like and control collagen 
sponges. These results indicate the formation of cartilage-like tissue in the collagen 
sponges. The 400 μm_−3 °C funnel-like collagen sponge supports chondrogenesis 
more strongly than do the other collagen sponges. The 400 μm_−3 °C funnel-like 
collagen sponge provides optimal surface pores and inner bulk pores for cell seed-
ing, cell infiltration and distribution.

8.1.2  Collagen Porous Sponges Prepared with Free Ice 
Particulates

Free ice particulates are prepared and used to prepare collagen sponges with inter-
connected pore structure [8]. Ice particulates are prepared by spraying Milli Q water 
into liquid nitrogen using a trigger sprayer. The ice particulates are sieved by sieves 
with 335 and 425  μm mesh pores to obtain ice particulates having a diameter 
between 335 and 425 μm. Two groups of collagen sponges are prepared. Group A: 
the collagen sponges are prepared using a 2% (w/v) aqueous collagen solution with 
a ratio of ice particulates/collagen solution of 25%, 50% and 75% (w/v). Group B: 
the collagen sponges are prepared using 1%, 2% and 3% (w/v) aqueous collagen 
solution with a ratio of ice particulates/collagen solution of 50% (w/v).

The collagen sponges are prepared by using the free ice particulates (Fig. 8.4a). 
At first, collagen solution is prepared by dissolving freeze-dried porcine type I col-
lagen in a solution (10:90 (v/v)) of ethanol and 0.1  M acetic acid (pH  3.0) at 

Fig. 8.4 Preparation scheme for the ice–collagen sponges prepared by using ice particulates as a 
porogen material (a), a phase-contrast photomicrograph of ice particulates (b) and a photo of the 
ice–collagen sponge (c). Reproduced with permission [8]
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4 °C. The acetic acid/ethanol mixture is used to decrease the freezing temperature 
of the collagen solution below −4 °C. Before mixing, the ice particulates and col-
lagen solution are kept in a −4 °C chamber for 6 hours to balance the temperature. 
Subsequently, the ice particulates are added to the collagen solution and mixed thor-
oughly with a steel spoon to ensure that the ice particulates and collagen solution 
are homogeneously mixed. The mixture is poured onto a PFA-film wrapped copper 
plate with a 10 mm thick silicone frame, flattened with a steel spatula and covered 
with a glass plate wrapped with polyvinylidene chloride film.

The manipulation was conducted in a −4 °C chamber. After mixing, the whole 
set is kept at −80 °C for 6 h. The frozen structures are freeze-dried for 3 days in a 
freeze-dryer under a vacuum of 20 Pa to form collagen sponges. Finally, the freeze- 
dried collagen sponges are cross-linked for 6 h with glutaraldehyde vapor. After 
cross-linking, the scaffolds are immersed in a 0.1 M aqueous glycine solution to 
deactivate any unreacted aldehyde groups. The scaffolds are washed 6 times with 
pure water. The washed scaffolds are freeze-dried again for SEM observation. The 
control collagen sponge is prepared by the same procedure with a 2% (w/v) concen-
tration of collagen solution without the use of ice particulates.

The preprepared ice particulates are spherical (Fig. 8.4b). The collagen sponges 
prepared with ice particulates are defined as ice–collagen sponges (Fig.  8.4c). 
SEM observation shows that there are interconnected large pores and small pores 
in the ice–collagen sponges (Fig. 8.5). The large pores were spherical and of the 
same size as the ice particulates. The small pores have a random morphology and 
different sizes. The small pores surround the large spherical pores. The large pores 
are negative replicas of the preprepared ice particulates, while the small ice par-
ticulates are from the ice crystals that are formed during freezing. The density of 
the large spherical pores is low when 25% ice particulates are used to prepare the 
ice–collagen scaffolds and increases with increasing percentages of ice particu-
lates. The ice–collagen sponges prepared with 50% ice particulates have the most 
homogenous pore structure. When 75% ice particulates are used, some collapsed 
large pores are observed due to an insufficient amount of collagen matrix and 
incomplete mixing.

The effect of the collagen concentration on the pore structure is investigated by 
fixing the ice particulate ratio at 50% (w/v) and changing the collagen concentration 
from 1 to 3% (w/v). Collapsed large pores are observed in ice–collagen sponges 
prepared with 1% and 3% aqueous collagen solutions. The collapsed large pores in 
collagen sponges prepared with the 1% aqueous collagen solution can have occurred 
because the low concentration results in a less dense collagen matrix surrounding 
the large pores. When a 3% aqueous collagen solution is used, the imperfect struc-
tures may result from incomplete mixing because the 3% collagen solution is too 
viscous. The ice–collagen sponge prepared with the 2% collagen solution and an ice 
particulate/collagen solution ratio of 50% shows the most homogeneous pore struc-
ture. The control collagen sponge prepared without ice particulates has a heteroge-
neous lamellar pore structure (Fig. 8.5 k and l).
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Fig. 8.5 SEM images of cross sections of the ice–collagen sponges prepared with 2% aqueous 
collagen solution and ice particulates at a ratio of ice particulates/collagen solution of 25% (a, b), 50% 
(c, d) and 75% (e, f); ice–collagen sponges prepared with a ratio of ice particulates–collagen solution 
of 50% and a collagen solution concentration of 1% (g, h) and 3% (i, j) and control collagen sponge 
prepared with 2% aqueous collagen solution without the use of ice particulates (k, l). The freezing 
temperature was −80 °C. The images are shown in low (a, c, e, g, i, k) and high (b, d, f, h, j, l) magni-
fication. Reproduced with permission [8]
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Young’s modulus of the ice–collagen sponges prepared with 2% collagen and 
25% ice particulates, 2% collagen and 50% ice particulates, 3% collagen and 50% 
ice particulates is significantly higher than that of the control collagen sponge. 
When collagen concentration is fixed at 2% and the ratio of ice particulates is 
changed, Young’s modulus of the ice–collagen scaffolds increases in the following 
order: 75%<25%<50%. The ice–collagen sponge prepared with 50% ice particu-
lates has the highest Young’s modulus. The differences in the mechanical properties 
are mainly ascribed to the different pore structures. The spherical pores formed by 
ice particulates are thought to resist mechanical loading, therefore reinforcing the 
collagen sponges. The high mechanical strength of the collagen sponge prepared 
with 50% ice particulates should be due to the most appropriate packing of the large 
spherical pores and appropriate filling of the collagen matrix between the large 
spherical pores. The low mechanical strength of the collagen sponge prepared with 
75% ice particulates should be due to the partially collapsed large pore structure. 
Young’s modulus increases as the collagen concentration increases, which can be 
explained by the presence of a dense collagen matrix surrounding the large pores 
when the collagen concentration increases.

The ice–collagen sponges are used for three-dimensional culturing of bovine 
articular chondrocytes. Bovine chondrocytes are seeded on one side of the ice–col-
lagen and control collagen scaffolds. After in vitro culture for 1 week, the ice–col-
lagen sponge prepared with 2% collagen and 50% ice particulates shows the most 
homogeneous cell distribution due to its homogeneous pore structure. The ice–col-
lagen sponges prepared with 25% and 75% ice particulates at a fixed collagen con-
centration of 2% and different collagen concentrations at a fixed ratio of ice 
particulates of 50% show less homogenous cell distributions than the scaffolds pre-
pared with 50% ice particulates and 2% collagen solution. However, they show a 
more homogeneous cell distribution than the control collagen scaffold.

The cell distribution throughout the scaffold is a premise for uniform tissue for-
mation. From the above results, the ice–collagen sponges prepared with 2% colla-
gen and 50% ice particulates shows the most homogeneous cell distribution. 
Therefore, this scaffold is chosen for cartilage regeneration and compared to the 
control collagen sponge. The chondrocyte/scaffold constructs after 1 week in vitro 
culture are transplanted subcutaneously in athymic nude mice for 8 weeks. Gross 
appearance indicates that the ice–collagen sponge implant maintains its original 
shape, while the control collagen sponge implant deforms (Fig. 8.6a, b). The high 
mechanical strength of the ice–collagen scaffold protects it from cell-mediated con-
traction and suppression by the surrounding tissue during transplantation. 
Hematoxylin and eosin staining shows a uniform spatial distribution of cells, a uni-
form ECM distribution and homogeneous tissue formation in the ice–collagen 
sponge (Fig. 8.6c, d). However, the control collagen sponge shows an uneven cell 
distribution and some void spaces remain in the control sponge (Fig. 8.6e, f).

The sGAG–DNA ratio increases significantly from 1 week of in vitro culture to 
8 weeks of in vivo transplantation, which indicates that the chondrocytes produce 
ECM continually during in vivo transplantation. The sGAG–DNA ratio in the ice–
collagen sponge is significantly higher than that in the control collagen scaffold. 
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The result indicates that the ice–collagen sponge is more favorable to the production 
of cartilaginous ECM and chondrocyte maturation than the control scaffold.

Immunohistological staining of aggrecan and type II collagen shows that aggre-
can and type II collagen in the ice–collagen sponge are much more homogeneously 
and strongly stained than those in the control sponge. The compression Young’s 
modulus of the regenerated cartilage tissue in the ice–collagen sponge and in the 
control collagen sponge are 199.0 ± 8.7 and 118.7 ± 7.5 kPa, respectively. Cartilage 
regenerated in the ice–collagen sponge has significantly higher mechanical property 
than that regenerated in the control collagen sponge. The ice–collagen sponge pro-
motes cartilage tissue regeneration more strongly than do the control collagen 
sponge.

8.1.3  PLGA–Collagen Hybrid Scaffolds for Cartilage Tissue 
Engineering

Porous scaffolds prepared from biodegradable synthetic polymers and naturally 
derived polymers have their respective advantages. Naturally derived polymers such 
as collagen and hyaluronic acid have hydrophilic surfaces and specific cell interac-
tion peptides, which are excellent for cell growth, but their weak mechanical prop-
erty makes it very difficult to withstand compression when implanted into the 
cartilage defect. On the other hand, biodegradable synthetic polymers such as 
poly(lactic acid) (PLA), poly(glycolic acid) (PGA) and their copolymer poly(lactic- 
co- glycolic acid) (PLGA) can easily be formed into designed shapes with relatively 

Fig. 8.6 Gross appearance (a, b) and photomicrographs of HE staining (c-f) of engineered carti-
lage after 8 weeks of in vivo implantation of the cells/scaffold of the ice–collagen sponge prepared 
with 50% ice particulates and 2% aqueous collagen solution (a, c, d) and the control collagen 
sponge (b, e, f). Reproduced with permission [8]

G. Chen and N. Kawazoe



181

high mechanical strength, but their hydrophobic surface is not favorable for cell 
seeding. They do not have specific cell interaction motif either. Ideal scaffold for 
cartilage tissue engineering should have good cell affinity and enough mechanical 
strength to serve as an initial support.

Therefore, hybrid scaffolds have been prepared by forming microsponges of 
naturally derived polymers in the openings of a porous synthetic polymer skeleton 
[9]. The hybrid scaffolds exhibit the properties of high mechanical strength, ease of 
handling, easy cell seeding and uniform distribution and facilitate the formation of 
cartilage tissue in in vivo and in vitro experiments. As an example, three types of 
PLGA–collagen hybrid scaffolds having different thickness are prepared by form-
ing collagen microsponges in the openings of a PLGA knitted mesh and collagen 
sponge on one or both sides of the PLGA knitted mesh (Fig. 8.7) [10]. In the THIN- 
type PLGA–collagen hybrid scaffold, web-like collagen microsponges are formed 
in the openings of the synthetic polymer knitted mesh. The collagen microsponges 
are connected by the collagen fibers that lay on the PLGA fiber bundles. The SEMI- 
type PLGA–collagen hybrid scaffolds are prepared by forming a thick collagen 
sponge layer on one side of the thin PLGA–collagen hybrid scaffold. The 
SANDWICH-type PLGA–collagen hybrid scaffolds are prepared by forming a 
thick collagen sponge layer on both sides of the thin PLGA–collagen hybrid scaf-
fold. The thickness of the collagen sponge layer can be adjusted depending on the 
size of engineered cartilage.

Fig. 8.7 Gross view of the THIN-, SEMI- and SANDWICH-type PLGA–collagen hybrid 
scaffolds. (a, b, c) top view of the scaffolds, (d, e, f) bottom view of the scaffolds and (g) side view 
of the scaffolds. Reproduced with permission [10]
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Bovine chondrocytes after once subculture are seeded in the THIN-, SEMI- and 
SANDWICH-type PLGA–collagen hybrid scaffolds. After in  vitro culture for 
1 week, the cells–scaffold constructs are transplanted subcutaneously in the dorsa of 
athymic nude mice for 2, 4 and 8 weeks. Cartilage-like tissues are regenerated and 
appear glistening white (Fig. 8.8).

All the three groups of transplants show a spatially even cell distribution, natural 
chondrocyte morphology and abundant cartilaginous extracellular matrix deposi-
tion. The SEMI- and SANDWICH-type PLGA–collagen hybrid scaffolds show 
larger cell accommodation, greater cell seeding efficiency, higher production of 
GAGs per DNA and higher expression of type II collagen and aggrecan mRNA 
and therefore thicker newly formed cartilage is observed when compared to the 

Fig. 8.8 Gross view of the implants of cell-seeded scaffolds 2, 4 and 8 weeks after implantation. 
(a, d, g) gross view of THIN scaffold 2, 4 and 8 weeks after transplantation, (b, e, h) gross view 
of SEMI scaffold 2, 4 and 8 weeks after transplantation and (d, f, i) gross view of SANDWICH 
scaffold 2, 4 and 8 weeks after transplantation. Bar = 1.0 mm. Reproduced with permission [10]
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THIN-type PLGA–collagen hybrid scaffold. Histological structure and mechanical 
property of the engineered cartilage using the SEMI- and SANDWICH- type 
PLGA–collagen hybrid scaffolds match the native bovine articular cartilage better 
than do that regenerated in the THIN-type PLGA–collagen hybrid scaffolds. These 
scaffolds with the designed structure can be used for tissue regeneration of articular 
cartilage with an adjustable thickness.

8.2  Scaffolds for Bone Tissue Engineering

8.2.1  PLGA–Collagen–BMP4 Hybrid Scaffolds for Bone 
Tissue Engineering

In bone tissue engineering, porous scaffolds can provide 3D space for cell growth 
and extracellular matrix formation and structural support for the newly formed bone 
tissue. Biodegradable polymers have been frequently used to prepare tissue engi-
neering scaffolds due to their versatile properties. Naturally derived polymers such 
as collagen and synthetic polymers such as PLGA have been extensively studied for 
tissue engineering. Furthermore, the hybridization of mechanically weak collagen 
sponges with mechanically strong synthetic polymer skeletons has been shown to 
combine the advantages of both collagen and synthetic polymers. The hybrid scaf-
folds show high mechanical strength and good cell interaction and show great poten-
tial for tissue engineering applications. Despite these advances, the great challenge 
involves increasing the osteoinductive capacity because the scaffolds alone are very 
limited in the regenerative stimulation of large bone defects. One strategy to 
solve this problem is the incorporation of cell growth factors into the 3D scaffolds.

Growth factors such as bone morphogenetic proteins (BMPs) are often employed 
to promote bone regeneration. BMPs are osteoinductive growth factors that can 
induce bone formation both in vivo and in vitro. They have been widely used in tis-
sue engineering approaches for the repair of bone injuries and bone defects. One of 
the BMP family proteins, BMP4, has been shown to be one of the attractive factors 
that induces osteogenic differentiation of osteoblasts and osteo- progenitors and pro-
motes bone formation. The BMPs can be delivered by direct injection and release 
from a carrier. Compared to these conventional administrations, the immobilization 
method has attracted much attention as a new delivery method. It has been reported 
that immobilized growth factors can be more efficiently used than free growth fac-
tors, and therefore, the amount of growth factors required can be reduced. 
Furthermore, the immobilized growth factors can be localized and retained in the 
designated location to maintain the stimulation effect for a long period. Immobilized 
growth factors can mimic the in vivo microenvironment where growth factors bind 
to extracellular matrices to regulate their bioactivities. Typically, chemical cross-
linking is used to immobilize growth factors into biomaterials and scaffolds. 
However, crosslinking by covalent bonds may cause structural changes in large pro-
tein molecules. Use of fusion proteins of growth factors with a binding domain 
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derived from the extracellular matrix is another attractive strategy for  immobilization 
of growth factors into the respective extracellular matrix while maintaining their 
bioactivity. A collagen binding domain (CBD) derived from fibronectin has been 
shown to prolong the retention of the growth factors at the site of injury, thereby 
enhancing its activity. Adding CBD to BMP4 may increase the binding capacity of 
BMP4 to collagen-containing scaffolds for immobilization while maintaining its 
high bioactivity.

BMP4 has been spatially immobilized into a PLGA–collagen hybrid scaffold 
using a CBD-BMP4 fusion protein [11]. BMP4 is first fused to a polypeptide sequence 
that is derived from the fibronectin CBD in a way that does not affect the bioactivity 
of the fusion protein. The CBD-BMP4 is produced from transgenic silkworms. 
Subsequently, CBD-BMP4 is immobilized into the PLGA–collagen hybrid scaffold. 
The BMP4-immobilized PLGA–collagen hybrid scaffold has the same pore structure 
as that of the PLGA-collagen hybrid scaffold where cobweb-like collagen micro-
sponges are formed in the openings of the synthetic PLGA mesh (Fig. 8.9a). Human 
bone marrow-derived mesenchymal stem cells (hMSCs) are seeded and cultured in 
the PLGA–collagen–BMP4 hybrid scaffold. The hMSCs adhere to the hybrid scaf-
fold and show uniform distribution in the hybrid mesh (Fig. 8.9b, d). The cells prolif-
erate and produce ECM that fills the spaces in the mesh after 24 h of culture (Fig. 8.9c).

After in vitro culture for 24 h, the cells/scaffold constructs are subcutaneously 
transplanted in athymic nude mice for 4 weeks. The hMSCs in the PLGA–collagen–
BMP4 hybrid scaffolds show higher ALP activity than the cells cultured in the 
PLGA–collagen hybrid scaffolds treated with free BMP4, CBD or PBS. The hMSCs 

Fig. 8.9 SEM micrographs of the BMP4-immobilized collagen–PLGA hybrid scaffold before cell 
culture (a) and after MSC culture for 1 h (b, d) and 24 h (c). (d) is a higher magnification of (b). 
Scale bar = 100 μm. Reproduced with permission [11]
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cultured in the PLGA–collagen–BMP4 hybrid scaffold show obvious positive stain-
ing of deposited calcium.

Gene expression results indicate that the hMSCs cultured in the PLGA–collagen–
BMP4 hybrid scaffold show higher expression of genes encoding type I collagen 
(COL1A1), alkaline phosphatase (ALPL), osteopontin (SPP1) and osteocalcin 
(BGLAP) compared with the hMSCs cultured in the PLGA–collagen hybrid scaffold 
treated with free BMP4, CBD or PBS after 2 and 4  weeks transplantation. The 
PLGA–collagen–BMP4 hybrid scaffold shows strong osteogenic induction activity 
to hMSCs.

8.2.2  Collagen–CaP–DEX Hybrid Scaffolds for Bone Tissue 
Engineering

To mimic the extracellular matrix composition of bone, collagen and calcium 
phosphate (CaP) are hybridized to prepare collagen–CaP hybrid scaffolds. To further 
render the scaffolds with good osteoinductivity, dexamethasone (DEX), as a low- 
molecular- weight osteoinductive cue, is incorporated in scaffolds to compose colla-
gen–CaP–DEX hybrid scaffolds [12]. At first, DEX is added in Ca(NO3)2  ·  4H2O 
aqueous solution. The mixture solution is reacted with (NH4)2HPO4 aqueous solution 
to prepare DEX-loaded BCP nanoparticles (NPs). Subsequently, the DEX- loaded 
BCP NPs are mixed with collagen aqueous solution and preprepared ice particulates. 
The mixture is frozen and freeze-dried to form collagen–CaP–DEX hybrid scaffolds. 
Finally, the freeze-dried hybrid scaffolds are cross-linked with 50  mM 1-ethyl-3- 
(3-dimethylaminopropyl) carbodiimide and 20 mM N-hydroxysuccimide in an 80% 
(v/v) ethanol aqueous solution at room temperature under gentle shaking for 8  h. 
After cross-linking, the hybrid scaffolds are washed three times with Milli-Q water 
and immersed in a 0.1 M glycine aqueous solution to block unreacted NHS residues.

The ratio of BCP NPs/collagen can affect the pore structure and mechanical 
property of the hybrid scaffolds. When the mass ratio of BCP NPs–collagen is 1:1, 
the hybrid scaffolds have the best interconnected pore structure and still very high 
mechanical property. Therefore, the BCP NPs–collagen mass ratio of 1:1 is used for 
preparation of the hybrid scaffolds. The Collagen–CaP–DEX scaffolds have well 
interconnected large pores (Fig. 8.10a). The spherical large pores are distributed 
homogeneously throughout the scaffolds and their size was almost equal to the size 
of the preprepared ice particulates used as porogen material. The spherical large 
pores should be derived from the preprepared ice particulates, while the small pores 
should be derived from the new ice crystals formed during freezing process. During 
the pre-freezing process, many small ice crystals should be in situ-formed around 
the preprepared large ice particulates. The small pores provided good interconnec-
tions among the spherical large pores. The surface of spherical large pores in the 
Collagen–CaP–DEX is much rougher than that of the control Col scaffold. The 
DEX-loaded BCP NPs are homogeneously embedded into the collagen matrices on 
the pore walls and therefore increase the pore surface roughness of the hybrid scaf-
folds (Fig. 8.10b).
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The loading amount and cumulative release amount of DEX from the collagen–
CaP–DEX hybrid scaffolds increase with increasing of the DEX feeding amount in 
the DEX-loaded BCP NPs embedded in the hybrid scaffolds. The release of DEX 
can last over 35 days. The hMSCs are cultured in the hybrid scaffolds. The hMSCs 
well adhere on the walls of spherical large pores in the hybrid scaffolds and have 
high viability. The collagen–CaP–DEX hybrid scaffolds with different DEX load-
ing amount show good biocompatibility and stimulate osteogenic differentiation of 
hMSCs during in vitro culture. Subcutaneous implantation of the hybrid scaffolds at 
the dorsa of athymic nude mice demonstrates that they facilitate the ectopic bone 
tissue regeneration. The collagen–CaP–DEX hybrid scaffold with the highest DEX 
loading amount has the most promising potential for bone tissue engineering. The 
collagen–CaP–DEX hybrid scaffolds should provide some useful guidance for bone 
tissue engineering.

8.3  Stratified Scaffolds for Osteochondral Tissue 
Engineering

8.3.1  Osteochondral Tissue Engineering Using  
PLGA–Collagen Hybrid Mesh

Fixation and integration with surrounding tissues is an important issue for clinical 
application of tissue engineered tissues. Osteochondral tissue engineering is an 
attractive strategy to simultaneously stimulate the regeneration of cartilage and sub-
chondral bone, therefore facilitating the fixation of implants and their integration 
with surrounding cartilage and subchondral bone. Scaffolds with stratified struc-
tures should facilitate regeneration of each tissue and promote integration of neigh-
boring tissues. Each phase of the scaffolds should have structures that mimic the 
in  vivo microenvironments of each tissue. Strategies have been considered for 

Fig. 8.10 SEM images of the cross sections of the collagen–CaP–DEX hybrid scaffold at low 
(a) and high (b) magnifications
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osteochondral tissue engineering by laminating two different layers of cartilage and 
subchondral bone or by using stratified scaffolds for simultaneous regeneration of 
cartilage and subchondral bone.

One of the strategies in osteochondral tissue engineering is to culture bone 
marrow stromal cells and chondrocytes in biodegradable scaffolds to construct sub-
chondral bone and cartilage layers, respectively, and then put the two layers together. 
This method can regenerate a biphasic osteochondral tissue showing a distinct inter-
face between the two layers.

The PLGA–collagen hybrid mesh scaffold has been for culture of canine bone 
marrow stromal cells and articular chondrocytes to regenerate cartilage tissue and 
subchondral bone, respectively [13]. The two parts are laminated to construct 
osteochondral tissue. Canine bone marrow stromal cells are seeded in the PLGA–
collagen hybrid mesh and cultured in  vitro in osteogenic medium for 1 week. 
Canine articular chondrocytes are also seeded in the PLGA–collagen hybrid mesh 
and cultured in vitro in DMEM serum medium for 1 week. Both marrow stromal 
cells and articular chondrocytes well adhere and spread in the hybrid mesh. They 
proliferate and produce extracellular matrices to fill the spaces in the hybrid 
meshes with the increase of culture time. After 1 week in vitro culture, the PLGA–
collagen hybrid meshes seeded with chondrocytes are laminated to construct car-
tilage layer while the PLGA–collagen hybrid meshes seeded with stromal cells are 
laminated to form subchondral layer. The two layers are further placed together to 
construct an osteochondral implant (Fig. 8.11). The osteochondral implant is trans-
planted subcutaneously in the dorsum of athymic nude mouse to confirm ectopic 
regeneration of osteochondral tissue.

Bone marrow
stromal cells

Cell seeding

Lamination

Chondrocytes

Cell seeding

Lamination

Chondral layer Osteo-layer

Osteochondral construct

Fig. 8.11 Lamination of 
PLGA–collagen hybrid 
meshes seeded with bone 
marrow stromal cells and 
chondrocytes. Reproduced 
with permission [13]
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After 9  weeks following subcutaneous implantation, cartilage layer of the 
implant appears glistening white while the subchondral bone layer appears red 
(Fig. 8.12a, b). Capillary blood vessels are evident in the subchondral bone layer 
while not observed in the cartilage layer. The osteochondral implant preserves its 
original round disc shape during the transplantation. Safranin-O/fast green staining 
shows that the stromal cells and chondrocytes are evenly distributed throughout the 
scaffold (Fig. 8.12c). The cells in the cartilage layer show a round morphology and 
are surrounded with redly stained extracellular matrices. On the other hand, the cells 
in the subchondral bone layer show a spindle-like morphology and are surrounded 
with greenly stained extracellular matrices. Toluidine blue staining demonstrates 
the typical metachromasia of the articular cartilage matrix in the cartilage layer 
(purple), whereas the subchondral bone layer is negatively stained as blue.

Many methods have been developed for osteochondral tissue engineering that 
include binding separately engineered cartilage and bone layers by suture or glue 
and engineering an osteochondral tissue in a biphasic scaffold. With whichever 
method, it is important to seed a sufficient number of cells in the scaffold and pro-
mote tissue formation. However, cell seeding efficiency decreases as the scaffold 
thickness increases. Even for scaffolds with porosity greater than 97%, there are 
still problems concerning cell seeding. In this part, the thin PLGA–collagen hybrid 
mesh is used for tissue engineering of osteochondral tissue. The web-like collagen 
microsponges promote cell seeding and cell adhesion. Cell distribution is homoge-
nous after lamination because the cells are seeded in each of the meshes before 
lamination. The laminated meshes become integrated with extracellular matrices. 
The spatially even distribution of a sufficient number of cells facilitates the forma-
tion of osteochondral tissue.

The results indicate that the PLGA–collagen hybrid mesh scaffold supports the 
adhesion and proliferation of canine articular chondrocytes and bone marrow stromal 
cells and promotes the formation of osteochondral-like tissue. The cell-seeded mesh 
layers are bounded and integrated by the secreted extracellular matrices that function 
as a glue. In this method, cells are separately seeded in the PLGA–collagen mesh that 
can guarantee homogeneous cell seeding and distribution. The differentiation 

Fig. 8.12 Gross appearance of cartilage layer (a) and subchondral bone layer (b) of osteochondral 
implant and safranin O/fast green staining of the implant (c). Reproduced with permission [13]
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 induction culture can also be conducted separately before integration of multilayers. 
The osteochondral tissue has a very clear interface. However, this method need to 
suture or glue the cell-seeded mesh together to keep the integrity of the implant.

8.3.2  PLGA–Collagen/Collagen Biphasic Scaffold

A biphasic scaffold with a stratified two-layer structure has been prepared from 
PLGA and collagen [14]. One layer of the scaffold is a collagen sponge that is used 
for regeneration of cartilage layer. The other layer is a PLGA–collagen hybrid 
sponge that is used for regeneration of subchondral bone. At first, a PLGA sponge 
cylinder is prepared by porogen leaching using NaCl particulate. Subsequently, a 
collagen/PLGA–collagen biphasic sponge cylinder is prepared by introducing 
collagen sponge into the pores of the PLGA sponge and forming collagen sponge at 
one side of the PLGA sponge (Fig. 8.13a). The bilayer structure of the scaffold is 
obvious from the gross appearance (Fig.  8.13b). SEM observation shows the 

PLGA sponge cylinder

Introduction of 
collagen sponge

collagen sponge

PLGA-collagen 
Composite sponge

Pore of 
PLGA sponge

collagen 
microsponge 

Collagen/PLGA-collagen stratified sponge cylinder

a

b

Collagen/PLGA-collagen 
stratified sponge cylinder

PLGA-collagen 
hybrid sponge

collagen sponge

c
PLGA-collagen layer Collagen layer

Fig. 8.13 Preparation scheme of the collagen/PLGA–collagen biphasic sponge (a). Gross appear-
ance (b) and SEM photomicrograph (c) of the collagen/PLGA–collagen biphasic sponge. 
Reproduced with permission [14]
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stratified structure of the collagen/PLGA–collagen biphasic scaffold (Fig. 8.13c). 
One layer of the biphasic scaffold is highly porous collagen sponge while the other 
layer is a hybrid sponge with collagen sponge formed in the pores of a PLGA 
sponge. The collagen sponges in the two layers are connected.

The biphasic scaffold is used for the culture of canine bone marrow-derived 
mesenchymal stem cells, MSCs. Implantation of the cell-seeded scaffolds in the 
knees of beagles demonstrates that the biphasic scaffold seeded with MSCs facili-
tates the integration with the surrounding tissue and promotes osteochondral tissue 
regeneration. The PLGA–collagen hybrid sponge layer provides the biphasic scaf-
fold with high mechanical strength and thus facilitates the fixation and the integra-
tion of the implant. The collagen sponge layer facilitates regeneration of articular 
cartilage. The PLGA–collagen biphasic sponge will be useful for osteochondral tis-
sue engineering.

Canine mesenchymal stem cells are seeded into the biphasic scaffold by drop-
ping cell suspension solution. The cell suspension solution is absorbed and diffused 
into the scaffold. After 1 week in vitro culture, the cell–scaffold constructs are trans-
planted in the knee of the same beagle. The implants are harvested after 4 months. 
Gross appearance shows that the defect treated with cell–scaffold construct presents 
a smoother surface and better integration with the surrounding tissue than does the 
scaffold without cells. Histological examination of the implants indicates that 
cartilage- like and subchondral bone-like tissues are regenerated. The cartilage-like 
tissue is stained intensively by safranin O and well integrated with the surrounding 
tissue. However, the defect implanted with scaffold without the cells does not show 
any evidence of hyaline cartilage regeneration. The biphasic scaffold seeded with 
MSCs facilitates the integration with the surrounding tissue and promotes osteo-
chondral tissue regeneration. The PLGA–collagen hybrid sponge layer provides the 
biphasic scaffold with high mechanical strength and thus facilitates the fixation and 
the integration of the implant. The collagen sponge layer facilitates regeneration of 
articular cartilage.

8.4  Conclusions

Various porous scaffolds have been designed and prepared for osteochondral tissue 
engineering. Biodegradable synthetic polymers, naturally derived polymers, cal-
cium phosphate and bioactive factors such as BMP4 and DEX have been used to 
construct porous scaffolds and their hybrid scaffolds. Their hybrid scaffolds can 
combine the advantages of the respective components. Furthermore, preprepared 
ice particulates are useful to precisely control the pore structures. These porous 
scaffolds can be used independently for tissue engineering of cartilage and bone. 
The different parts can also be constructed in a stratified structure for simultaneous 
regeneration of cartilage and subchondral bone. These porous scaffolds should be 
useful for osteochondral tissue engineering applications.
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Chapter 9
Layered Scaffolds for Osteochondral 
Tissue Engineering

Diana Ribeiro Pereira, Rui L. Reis, and J. Miguel Oliveira

Abstract Despite huge efforts, tissue engineers and orthopedic surgeons still face 
a great challenge to functionally repair osteochondral (OC) defects. Nevertheless, 
over the past decade great progress has been made to find suitables strategies 
towards OC regeneration. In the clinics, some osteochondral tissue engineering 
(OCTE) strategies have already been applied although with some incongruous out-
comes as OC tissue is complex in its architecture and function. In this chapter, we 
have summarized current OCTE strategies that are focused on hierarchical scaffold 
design, mainly layered scaffolds. Most suitable candidates towards functional 
regeneration of OC tissues are envisaged from monophasic to layered scaffolds. 
Herein is documented a variety of strategies with their intrinsic properties for fur-
ther application as bare scaffolds or in combination with biologics. Both in vitro and 
in vivo approaches have been thoroughly studied aiming at functional OC regenera-
tion. The most noteworthy studies in OC regeneration developed within the past 
5 years are herein documented as well as some current clinical trials.

Keywords Osteochondral defects · Hierarchical scaffolds · Multilayered  
scaffolds · Tissue integration · Functional OC regeneration
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9.1  Introduction

Osteochondral tissue engineering (OCTE) has its main focus on the to regulation of 
cell function and further functional tissue formation in respect to both cartilage and 
bone. Therefore, recapitulating intrinsic features of the native osteochondral (OC) 
environment demands for successful strategies capable of integration of an engi-
neered long-lasting functional construct. These strategies are seen as potential alter-
natives to the conservative methods or potential combinatorial approaches. 
Hierarchical scaffolds have been designed to deliver relevant tissue-specific cues 
taking into consideration the dissimilar OC tissue structure, composition and nutri-
tional requirements. Novel OCTE strategies under development include not only 
cartilage and bone regeneration but additionally aim to establish the OC interface 
formation and tissue integration. Several advances have been made in OCTE; how-
ever, the suitable construct has not yet been engineered and thus, widely accepted in 
the clinics. The combination of biodegradable polymers and bioactive ceramics in a 
variety of composite constructs is very promising, whereby the fabrication methods, 
cell sources, and signalling factors determine a strategy’s success. The objective of 
this review is to present and discuss approaches  that are currently proposed for 
OCTE. With focus on hierarchical scaffolds our intent is to encourage the creation 
of novel engineered constructs able to mimic the native OC tissue.

9.2  Complexity of OC Tissue

The intimate contact between articular cartilage and subchondral bone forms a 
functional unit called OC tissue. The OC tissue is peculiarly complex and divided 
into two major parts; the upper cartilage and the underlying subchondral bone [1]. 
Articular cartilage is a highly specialized tissue with pivotal roles in the joint. 
Hyaline cartilage, commonly name given to articular cartilage in the joints, acts as 
a low-friction and low-bearing surface that allows smooth motions in diarthrodial 
joints. Friction is reduced at the edges of long bones and hyaline cartilage acts as a 
cushion for pressure while protects subchondral bone from high stresses. The carti-
lage region exhibits a particular structural organization composed of four distinct 
layers consisting of superficial, middle, deep and calcified cartilage zones (Fig. 9.1) 
[2]. The three upper layers are mainly composed of type II collagen (Col II) varying 
the compactness and orientation of the fibers. The calcified cartilage is the layer 
responsible for anchoring the whole cartilage zone to the subchondral bone. The 
unique feature of cartilage tissue limits its self-renewal capabilities due to lack of 
vascularization and innervation [3] and remodelling is hardly seen as a consequence 
of low cell number and metabolic activity [4, 5]. Therefore, cartilage defects are 
usually irreparable and when left untreated lead to a resurgence of a variety of 
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symptoms such as severe pain along joint deformity and loss of motion [6]. The 
natural cartilage self-healing,  when assisted by macrophages and mesenchymal 
stem cells (MSCs) infiltration from the bone marrow, rather leads to the formation 
of fibrocartilage with mechanical properties very dissimilar from those of the native 
hyaline cartilage. As consequence, subchondral bone lesions are developed due to 
the lack of efficient protection from hyaline cartilage. Anatomically, subchondral 
bone is composed of two distinct entities: the subchondral bone plate and the tra-
becular bone. Subchondral bone plate encompasses a thin cortical lamella, lying 
immediately beneath the calcified cartilage with marked porosity. It exhibits chan-
nels populated by vessels and nerves that penetrate the calcified cartilage. The tra-
becular bone is responsible for shock absorbing and serves as supportive structure 
while supplying essential nutrients to the cartilage. Its structure exhibits higher 
porosity than that of subchondral bone plate and the place of bone marrow. Both 
subchondral layers are composed mainly of type I collagen (Col I) and hydroxyapa-
tite (HAp). A gradual transition between cartilage and bone tissues is seen at the 
interface region which is composed of calcified cartilage. Vertically orientated Col 
I fibers bridge the deep layer in the cartilage region to the calcified cartilage forming 
a wavy tidemark responsible for absorbing and releasing weight-bearing pressures 
to the subchondral bone. Between calcified cartilage and subchondral bone plate 
there is an absence of the vertical Col I fibers, but a sharp borderline called the 
“cement line.”

Fig. 9.1 Osteochondral unit and hierarchical organization. Zonal organization of cartilage, inter-
face region, and underlying subchondral bone
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9.3  Clinical Repair of OC Defects

Damage to the articular cartilage can occur at any time in life and often affects the 
subchondral bone with further osteoarthritis development [7]. The Outerbridge clas-
sification (Fig. 9.2) is the most widely used and accepted standard for diagnosis of 
OC defects in which, Grade 0: Normal cartilage; Grade I: softening and swelling of 
cartilage tissue; Grade II: Partial thickness defect not reaching subchondral bone 
(<1.5  cm diameter); Grade III: Full thickness defect, fissures to the subchondral 
bone level (>1.5  cm diameter) and Grade IV: OC defect (exposed subchondral 
bone). The option for surgical intervention in OC defects is often made on an indi-
vidual patient basis and on the size defect. Conservative non-surgical approaches 
are the first-line treatment towards OC defects helping to reduce symptoms and to 
enhance self-healing. However, non-surgical approaches have limited recovery and 
often require posterior  surgical interventions. Conventional surgical treatments 
undergo arthroscopic debridement and lavage, fixation procedures, and bone- 
marrow stimulation such as drilling [8], microfracture [9], abrasion arthroplasty 
[10], and chondroplasty [11]. The main objective is to alleviate pain while aiming 
for some self-healing regeneration. Through bone marrow stimulation techniques, 
such as subchondral drilling, abrasion and microfracture, which attempt to the 
MSCs recruitment from the bone marrow to the site defect, often result in repair 
rather than tissue  regeneration. Fibrocartilaginous tissue formation is one of the 
most unsatisfactory outcomes from performing such techniques [12, 13]. The carti-
lage tissue appears less stiff and more likely to break down than the hyaline carti-
lage. Often, the repaired cartilage leads to undesirable function and failure [9, 14]. 
Additionally, large defects or degenerative diseases, such as osteoarthritis, have not 
proved to benefit from such procedures [15].

Over the last decade, more complex strategies have been developed with autolo-
gous or allogeneic OC grafting, i.e., autologous chondrocytes implantation (ACI) 
[16, 17]. ACI requires the harvesting of chondrocytes from healthy tissues with 
further in vitro expansion until transplantation into the chondral defect. Carticel® is 
a commercial product for ACI approved by FDA and currently applied in the clinic. 

Fig. 9.2 Osteochondral defect classification. Representative model of Outerbridge classification 
system. Grade 0: Normal; Grade II: Partial thickness defect; Grade III: Full thickness defect, and 
Grade IV: Osteochondral defect
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Alike, mosaicplasty technique [18] as the most widely accepted technique for artic-
ular cartilage reconstructions shows superior outcomes demonstrated for up to 
5 years follow-up. Small autologus cylindrical plugs (from 2.7 to 9 mm) are har-
vested from the femoral condyle and transplanted into the site defect. Nonetheless, 
several limitations arise from such a procedure including the limited availability of 
material, the donor site morbidity and the fixation of the graft within the size defect. 
Hence, methods making use of chondrocytes, i.e. ACI, have been improved and so 
far show relative success. Autologous chondrocytes, prior cultured  in vitro, are 
incorporated within biomaterials that can be implanted in the OC defect to what is 
called Matrix-assisted ACI (MACI) [19]. This procedure can be stated as the first 
TE strategy that makes use of autologous cells to populate biodegradable matrix to 
guide and stimulate cartilage tissue formation. Hyaluronic acid-based cartilage 
grafts in combination with autologous chondrocytes, under the name Hyalograft® C, 
appears as a MACI-based clinical approach. Despite numerous scaffolds available 
as matrix-assisted few technical reports about MACI are found in the literature. In 
other respects excellent reviews on cellular techniques such as autologous chondro-
cyte implantation (ACI) and matrix-induced autologous chondrocyte implantation 
(MACI) are well documented in the literature [20, 21]. A valid study, 1 year follow-
 up, by Ventura et al. reported MACI technique performed in 53 patients undergoing 
OC defects with a completely repair of the defect with slight subchondral bone 
abnormalities. Subsequently, a 5 year follow-up study proved the complete integra-
tion of the construct with the surrounding native cartilage, absence of edema and no 
detachment at the interface and bone region [22].

The design of tissue engineering (TE) strategies for OC defects is in increasing 
expansion but so far few approaches already developed were effectively brought to 
the clinics due to the complexity of the OC tissue and the regulatory hurdles in clini-
cal translation.

9.4  Hierarchical Structured Scaffolds

Load-bearing tissues require a comprehensive correlation between structure and 
function in order to develop TE design criteria. The study of both, cartilage and 
bone tissue engineering, has come a long way over the years [23–25]. Overall, an 
OC scaffold must be biocompatible, possess sufficient mechanical integrity to be 
able to support loading, guide cartilage and bone formation. Additionally, interface 
region between these two dissimilar tissues must be capable of functional scaffold 
performance at structural/mechanical and biological levels.

Primarily, regeneration of OC defects was only focused on cartilage repair due to 
the single cell type, apparent simplicity and also clinical relevance. Thus, the sub-
chondral bone was totally neglected at that time [26]. Taking advantage of the com-
pelling healing capability of bone, cartilage was integrated into full-thickness defects 
and neocartilage was naturally anchoring the underlying bone. The formation of 
neocartilage, in direct apposition with bone, created a transitional cartilage–bone 
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region similar to the native tissue interface [27]. Besides the good histological 
scores, a functional interface was not achieved often presenting delamination and 
separation [28]. Thus, the design of OC scaffolds proceeded with an underlying 
subchondral region, also crucial for supporting neocartilage formation. A variety of 
scaffolds focus on the seeding of chondrogenic cells directly on top of osteoconduc-
tive biomaterials (i.e., coated tantalum, bioactive glasses, ceramics, etc.) [29, 30] 
were of preference. Although some of these strategies showed an ability of bone 
bonding promoted bone healing and cartilage formation, not all OC tissue require-
ments were fulfilled. Functional stratification, fixation, interface region, etc. were 
not achieved and thus failing to serve a long-lasting functional strategy. OCTE strat-
egies must possess an optimal environment enabling the cell-to-cell communica-
tion  and cell-to-matrix interaction. Moreover, it is paramount to generate OC 
constructs that can ensure a mechanically stable interface between tissues [31]. The 
scaffold architecture is fully acknowledged nowadays, as it defines the ultimate 
shape of the newly formed tissues, for both cartilage and bone [32]. The improved 
understanding of OC biology and the advance of technology drives OCTE towards 
the design of dissimilar structures. Thus, structural constructs for the simultaneous 
regeneration of both cartilage and subchondral bone must also possess a functional 
and efficient interface region. Hierarchical scaffolds allow the creation of optimized 
tissue-specific biological environments by variation of the mechanical, structural, 
and chemical properties. The major challenge that TE faces when engineering OC 
constructs is to generate a long-term functionally integrated stratified cartilage–bone 
structure. Thus, one intact scaffold must provide a structural environment to support 
both chondrogenesis and osteogenesis without neglecting the interface region. 
Among all the components that a TE strategy requires, biomaterial scaffold proper-
ties are fundamental to serve as artificial support while recreating the native environ-
ment. Therefore, the types of scaffold must enable proper cell function in guiding 
cell responses and promoting tissue growth. The first criteria to be considered in an 
OCTE strategy concern the scaffold biomaterial host response. Thus, the scaffold 
must not elicit strong inflammatory responses due to toxicity and it must be biocom-
patible. The regulatory approval for TE products is still elusive but by  following 
some essential standardized requirements may result in biomaterial scaffolds with 
valid clinical application [33]. Biomaterial scaffolds should be osteoinductive, 
osteoconductive, chondroinductive, or chondroconductive, and must balance out 
scaffold degradation with neotissue formation. Additionally, the breakdown prod-
ucts must not elicit any host response.

The interdependency of the different scaffold constituents and their synergistic 
effects are difficult to determine or be sufficiently controlled. Nevertheless, it is 
widely accepted that hierarchical scaffolds must be foreseen when considering an 
OCTE strategy with particular attention being given to their structure and mechani-
cal properties. Until now, no biomaterial is put forward as the optimal that can meet 
all the requirements for the fabrication of complex, stratified and dissimilar tissues 
[34]. The prevalent approach uses multicomponent systems and often hybrid scaf-
folds, indiscriminately from natural and synthetic biomaterials [32]. As cartilage 
and bone possess unique compositions, architectures and tissue growth  mechanisms, 
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the preferred biomaterial source often reflects this variability. Natural materials 
such as proteins and carbohydrates demonstrated superior performance in biologi-
cal host interaction as they closely mimic the native environment. Yet the immuno-
genicity and extremely poor control over reproducibility due to batch-to- batch 
variability means natural biomaterials have only limited clinical relevance while 
their use raises enormous regulatory issues [35]. On the other hand, synthetic mate-
rials benefits from their highly controllable and accurate reproducibility and are 
thus easy to scale up at industrial level allowing off-the-shelf clinical products. 
Synthetic but biodegradable biomaterials are usually suggested for TE cartilage 
which benefit from easy and consistent processability, controllable degradation rate, 
and FDA approval with, however, some drawbacks on cell attachment [36]. Product 
breakdown from biomaterial degradation, with special focus on synthetic materials, 
must elicit a weak inflammatory response to avoid activation of cell death mecha-
nisms. The perfect balance between scaffold degradation and neotissue formation is 
hard to determine due to its interdependence on the material-based scaffold and the 
animal model whereas these strategies are tested. Conversely, tailoring the degrada-
tion rate of the scaffold may result in undesirable responses especially those that 
weaken the mechanical properties. Natural and synthetic biomaterials can be pro-
cessed into feasible scaffolds. Among others, fibrin [37, 38], hyaluronan (HA) [39, 
40], collagen (Col) [41, 42], chitosan (CH) [43, 44], alginate [45, 46], silk fibroin 
(SF) [47], and gellan gum (GG) [48] have been widely applied as OC biomaterial 
scaffolds mostly for chondral lesions. Conversely, synthetic biomaterials as polyg-
lycolic acid (PGA) [49], polylactide acid (PLA) [50], poly(lactide-co-glycolide) 
(PLGA) [51], and poly(ε-caprolactone (PCL) [52] have been applied in both carti-
lage and subchondral bone-based scaffolds by exploiting their easy processability 
and by tailoring degradation rates and mechanical properties. Additionally, inor-
ganic materials such as metals and ceramic materials including hydroxyapatite 
(HAp) [44], β-tricalcium phosphate (β-TCP) [53], and bioactive glasses (BG) [54] 
have been widely used in subchondral bone regeneration, alone or in combination 
with either natural or synthetic biomaterials. The combination of biomaterials 
allows the enhancement of cell attachment while tailoring physicochemical proper-
ties [55]. In addition, it can reinforce the mechanical properties of the scaffolds to 
serve as a suitable support for subchondral bone while promoting excellent osteo-
conductivity and osteoinductivity [56]. β-TCP alone or in combination with HA 
[57], PCL [58, 59], Col [60], or Hap [61] can improve the mechanical strength of 
the scaffolds for subchondral bone regeneration. BGs are a good option to serve as 
a subchondral bone layer and, when combined with PLGA, showed the best histo-
logical scores although failing in the spongy bone structure.

OCTE aims at the recapitulation of the native structure where scaffold design is 
paramount. Generally, the scaffolds are categorized into monophasic or hierarchi-
cal scaffolds (Fig. 9.3). Initially, OCTE strategies would be focused on monopha-
sic scaffolds with a homogenous structure and inadequate cartilage–subchondral 
bone interface region. Hierarchical scaffolds are usually reported as layered scaf-
folds mostly addressing the physical properties or as gradient-based scaffolds 
which involve the loading of biochemical cues [62]. Monophasic scaffolds are 

9 Layered Scaffolds for Osteochondral Tissue Engineering



200

composed of one single biomaterial/composite with no spatiotemporal variation, 
either physical or biological. The very first OC scaffolds were engineered from one 
single biomaterial with uniform architecture and porosity, a single cell type distrib-
uted within the scaffold and no variation in the biological cues (i.e., growth factors) 
[63]. In contrast, hierarchical layered scaffold can present two (bilayered) or three 
(trilayered) different compartments, with dissimilar architectures and made of dif-
ferent biomaterials/composites. Hierarchical layered scaffold can also be made of 
one single biomaterial; however, they must present variation in physical properties 
(i.e., porosity, interconnectivity, pore size, etc.) with dissimilarities between layers. 
Gradient scaffolds are usually categorized as monophasic in regard to the single 
material used for their design, however, they present hierarchical stratification con-

cerning the loading of therapeutic molecules or/ and cells in a gradient fashion.

9.4.1  Bilayered Scaffolds

Bilayered scaffolds encompass two dissimilar layers intended for the simultaneous 
regeneration of cartilage and subchondral bone. Bilayered scaffolds can be made 
of two or more materials, thus usually named as composites, i.e. bilayered HAp–
chitosan scaffolds [44]. Some others present only a single material varying their 
architecture, i.e. bi-layered collagen scaffold [64].

For most of the approaches involving bilayered scaffolds the combination of 
individual scaffolds that have already been suggested for regeneration of either 
cartilage or bone is privileged. The methods to combine two independent layers 

Fig. 9.3 Different tissue engineering strategies to regenerate osteochondral defects. From the ear-
lier monophasic constructs to the newly hierarchical constructs, either layered or gradient scaf-
folds. A particular strategy can be applied taking in account the type of defect/tissue regeneration. 
Chondral defects can still be resolved making use of monophasic scaffolds, while more exacer-
bated defects, i.e., Outerbridge IV, demand for more complex approaches. Often, OCTE strategies 
are applied in combination with current clinical approaches, i.e. MACI and microfracture
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would make use of fibrin sealant in between the two layers, press fitting both 
scaffolds, suturing scaffolds between them and to native tissue or use external 
fixation. All procedure randomly performed either before or after implantation 
[65, 66]. However, the aforementioned methods by which two layers are inte-
grated in one single unit do not meet the OC tissue requirements. At the interface 
region, delamination and total layer separation occur due to the scarce ECM 
deposition, consequence of the lower cell population. Innovative techniques 
focusing on bioadhesive materials, i.e., chondroitin sulfate (CS) and fibrin [67], 
have been explored targeting mostly the scaffold integration and thus, a better 
performance of the bilayered. Several remarkable reviews on the subject were 
recently published [24, 63, 68]. Often, the bilayered scaffolds are prepared based 
on their native mechanical properties. Lower strength scaffolds are usually 
assigned for cartilage and higher strength scaffolds for the underlying subchon-
dral bone [69]. Natural materials, in particular, do not always match the mechan-
ical strength of the tissue to be regenerated yet such property are not totally 
necessary at the primary stage of scaffolds implantation. Management of weight 
bearing, post surgery should be envisaged while neotissue is being formed [70].

Table 9.1 presents the most recent work done in engineering bilayered OC 
scaffolds.

Table 9.1 Bilayered scaffolds for OCTE

Biomaterial
Cells Outcome Study ReferencesChondral Subchondral

Gelatin, CS, HA Gelatin and 
ceramic 
bovine bone

Chondrocytes 
and BMSCs

Hyaline like cartilage 
and bone formation 
with the presence of 
tidemark at 36 weeks 
post implantation

In vivo 
(rabbits)

Deng et al. 
[71]

Collagen GAG 
phosphate

– Hyaline-like cartilage 
formation and less 
bone cyst formation

In vivo 
(goats)

Getgood 
et al. [41]

SF SF-nano CaP – Fully integration of 
scaffolds within host 
tissue. Collagen II 
positive cartilage and 
GAG deposition for 
neocartilage 
formation. Novo 
bone ingrowth and 
vessel formation in 
subchondral layer

In vivo 
(rabbits)

Yan et al. 
[47]

Col Col-HAp hBMSCs Chondrogenesis and 
osteogenesis 
differentiation in 
each respective layer.

In vitro Zhou et al. 
[72]

(continued)
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(continued)

Table 9.1 (continued)

Biomaterial
Cells Outcome Study ReferencesChondral Subchondral

Gelatin-CH Cancellous 
bone

ADSCs Suitable porous 
structure. ADSc 
proliferation, 
adhesion, and 
differentiation. 
Higher cytokine 
levels secretion.

In vitro Song et al. 
[73]

PVA/gel/V HAp/PA6 BMSCs Layered structure 
with intervening 
nonporous layer. 
Integration within 
surrounding tissue. 
Cartilage and 
subchondral bone 
formation.

In vitro, 
in vivo 
(rabbits)

Li et al. 
[74]

ACECM ACECM-HAp Chondrocytes Porous structure with 
gradual interfacial 
region with no 
delamination. 
Chondrocytes in 
upper layer and some 
at interface.

In vitro Wang et al. 
[75]

Cartilage-ECM 
derived

PLGA-TCP BMSCs Cartilage repair with 
large amouts of 
lyaloid cartilage

In vivo 
(goats)

Zhang 
et al. [76]

Methacrylated 
CS

PCL-PEG- 
PCL 
copolymer

Chondrocytes, 
osteoblasts

Spatially controllable 
porosity. Weak 
inflammatory 
response. Cartilage 
formation similar to 
native tissue

In vivo 
(rabbits)

Liao et al. 
[77]

polyHEMA-HA polyHEMA- 
HAp

hMSCs and 
chondrocytes

Integrated scaffolds 
with predesigned 
architecture and pore 
morphology. Scaffold 
supported 
simultaneous growth 
of chondrocytes and 
differentiation of 
hMScs into 
osteoblasts. 
Maintenance of 
chondrocytes 
phenotype.

In vitro Galperin 
et al. [78]
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Biomaterial
Cells Outcome Study ReferencesChondral Subchondral

Cartilage 
ECM110- 
derived

PLGA-TCP- 
Col I

BMSCs Compact layer in a 
biphasic scaffold 
improves OC 
regeneration. 
Chondro and 
osteogenic induced 
BMSCs with 
independent 
environments.

In vivo 
(rabbits)

Da et al. 
[79]

HA Col I Chondrocytes 
and 
osteoblasts

Col I-based matrix 
better for bone TE 
and HA-based matrix 
better for cartilage 
TE. Survival and cell 
functions maintained 
for up to 14 days I 
culture.

In vitro Park et al. 
[80]

OPF-gelatin 
microparticles

OPF-gelatin 
microparticles

BMSCs Cartilage 
regeneration 
enhanced by 
predifferentiated 
MSCs

In vivo 
(rabbits)

Lam et al. 
[81, 82]

Col I Col I 
Mg-doped 
HAp

hMSCs Scaffold supported 
chondro and 
osteogenic 
differentiation. 
Presence of neo 
angiogenesis at 
4 weeks in 
subcutaneous 
implantation.

In vivo 
(mice)

Sartori 
et al. [83]

Table 9.1 (continued)

9.4.2  Trilayered Scaffolds

Engineering the OC interface is one of the major challenges in OCTE. A feasible 
interface is paramount for the formation of the calcified cartilage that lies between 
the non-calcified cartilage and the underlying subchondral bone. The cell population 
at the interface is composed of hypertrophic chondrocytes with ECM composed of 
Col II and X, calcium deposits, and vertical fibers [64]. Trilayered scaffolds aim to 
regenerate cartilage, calcified cartilage, and subchondral bone simultaneously, with 
the transitional interface. The vitality of not only trilayered but all hierarchical scaf-
folds relies on the linkage between cartilage and bone. Thus, a functional interface 
region is critical to promote fully integration of scaffold and native tissues. In several 
approaches, limited tissue integration is often seen due to the imbalance of scaffold 
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Table 9.2 Trilayered scaffolds for OCTE

Biomaterial
Cells Outcome Study ReferencesChondral Interface Subchondral

Agarose Agarose- 
PLGA- BG 
microspheres

PLGA-BG 
microspheres

Chondro/
Osteo

Three distinct 
integrated regions 
with chondrocyte 
mineralized 
interface region.

In vitro Jiang et al. 
[84]

Col Col Col BMSCs 
Chondro/
Osteo

Hypertrophic 
chondrocytes at the 
interface and 
presence of Col II 
and X as well as 
calcium deposits.

Cheng et al. 
[64]

PCL Col I -HAp TCP BMSCs Orientation of 
BMSCs by 
electrospun PCL 
membranes. 
Cartilage-like 
tissue formation.

In vivo 
(rabbits)

Liu et al. 
[85]

PGA Col I-HAp PLLA-PCL L929 cell 
line

Integrated 
trilayered plug 
with stratified 
architecture. Good 
biocompatibility.

In vitro Aydin [86]

Silk Silk-HAp Silk-HAp ADSCs Good 
biocompatibility, 
supporting cell 
growth, 
proliferation, and 
infiltration. 
Chondrogenesis 
and osteogenesis 
differentiation in 
each respective 
layer. Intermediate 
layer capable of 
isolating cells in 
each layer.

In vitro Ding et al. 
[87]

PGA PLLA PLLA-PCL- 
Col I-TCP

– Cartilage formation 
within 6 months.

In vivo 
(sheep)

Yucekul 
et al. [88]

Col 
I-Col 
II-HA

Col I-Col 
II-HAp

Col I-HAp MC3T3 
cell line

Integrated scaffold 
with gradient 
structure with 
optimal pore size, 
porosity, and 
mechanical 
properties. Good 
cell attachment and 
proliferation.

In vitro Levingstone 
et al. [89]

(continued)
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degradation. Additionally, collapse of neotissue under the natural mechanical loads 
results in further interface. In Table 9.2 some relevant studies summarize the latest 
OCTE strategies using trilayered scaffolds. Kon et al. [92] reported the good out-
come at the midterm follow-up using a trilayered scaffold made of Col I (cartilage), 
Col I-HAp (60–40 wt.%, interface) and Col I-HAp (30–70 wt.%, subchondral bone) 
[93]. St-Pierre et  al. [94] successfully developed a calcified cartilage formed by 
chondrocytes seeded on substrates of calcium phosphates. The interface also ham-
pered the inorganic calcium phosphates of going into the cartilage layer, thus pre-
venting endochondral ossification. The generation of the interface layer allowed the 
construct to undergo a 3.3-fold change increase in interfacial shear strength. Another 
study from Cheng et al. [64] reported the generation of an OC interface of mesen-
chymal stem cells (MSCs)-derived. MSCs were encapsulated within collagen 
microspheres with further cell differentiation into both chondrogenic and osteogenic 
lineages. Afterwards, both types of microspheres aggregates were integrated in a 
construct with an interfacial layer of MSCs-collagen.

9.4.3  Gradient Scaffolds

Several efforts are also been made towards the fabrication of graded scaffolds that 
allow cartilage–subchondral bone interface, similar to that of the native OC tissue 
[24, 95].

Gradient scaffolds are capable of OC regeneration by modulating cellular inter-
actions and can be further enhanced by incorporation of therapeutic molecules. 
These gradient scaffolds, unlike layered scaffolds, consist of gradual or continuous 

Table 9.2 (continued)

Biomaterial
Cells Outcome Study ReferencesChondral Interface Subchondral

Col 
I-Col 
II-HA

Col I-Col 
II-HAp

Col I-HAp – OC defect repair 
after 12 weeks 
implantation. 
Repair of 
subchondral bone 
and formation of 
cartilaginous layer 
with an 
intermediate 
tidemark.

In vivo 
(rabbits)

Levingstone 
et al. [90]

Gelatin Gelatin-HAp 
(30)

Gelatin-HAP 
(50)

hBMSCs 
Chondro/
Osteo

Interconnected 
porosity and 
tailored mechanical 
properties. 
Maintenance of 
cells phenotype 
and ECM secretion

In vitro Amadori 
et al. [91]
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transitional composition [96]. Some studies report the development of scaffolds 
with compositional gradient granted by the incorporation of bioactive cues and 
effective methodologies adopted [97, 98]. Therefore, structurally homogenous scaf-
folds were fabricated presenting spatial variation in stiffness or spatial patterning.

Additionally, numerous gradient scaffold have been developed to control the 
release of therapeutic molecules either spatial and temporally. Physical properties, 
such as pore size, porosity, and cross-linking degrees are per se strategies for 
the controlled release of therapeutic molecules. The employed methods involve the 
loading of the therapeutic molecules within the biomaterials or the impregnation of 
those after scaffold fabrication. It is thus acknowledged the development of OCTE 
strategies that somehow can recapitulate some spatiotemporal aspects of the native 
development, as they may be successful candidates when it comes to functionally 
regenerate OC tissues.

Table 9.3 summarizes some strategies of gradient scaffolds developed towards 
OCTE regeneration.

Table 9.3 Gradient scaffolds loaded with therapeutic molecules

Signalling 
molecule Gradient scaffold Outcome References

TGF-β1 SPU (PLGA 
microsphere)
PLGA

Cartilage and subchondral bone 
formation.

Reyes et al. 
[46]

PRP Chondromimetic™ 
(Col I-GAG)

Hyaline-like cartilage formation and 
reduction of subchondral cyst formation

Getgood 
et al. [99]

BMP-7 PLGA Cartilage formation with positive col II 
and GAG staining

Jung et al. 
[100]

VEGF PLGA Cartilage formation and bone ingrowth at 
early stage.

Sakata 
et al. [101]

IGF-1 OPF (gelatin 
microspheres)

IGF-1 improved subchondral bone 
morphology as well as chondrocytes and 
GAG amount.

Kim et al. 
[102]

Dex CH-alginate (CA/
PEC)
CA/PEC-TCP 
(60-40)
CA/PEC-TCP 
(30-70)

Good tissue biocompatibility and 
biodegradability. Blood vessels growth 
within scaffold.

Algul et al. 
[103]

TGF-β1 GS-GMA Multi-layered graded structure with 
dissimilar porosity and mechanical 
properties. Remarkably recovery of OC 
defects in vivo with formation of 
neocartilage and bone.

Han et al. 
[104]

TGF-β1 CH-gelatin Bi-layered gene activated scaffold of 
TGF- β1 for cartilage layer and BMP-2- 
activated for subchondral bone layer 
induce MSCs into chondro and 
osteogenesis, respectively. Cartilage and 
subchondral bone formation in rabbit’s 
OC defects 12 weeks after implantation.

Chen et al. 
[43]

(continued)

D. R. Pereira et al.



207

9.5  Integration of OC Scaffolds

Tissue regeneration by OCTE strategies relies almost entirely on the scaffold fixa-
tion and its integration (Fig. 9.4). Integration is a vital process as it provides stable 
biologic fixation, proper load distribution and promotes the adequate mechanotrans-
duction for tissue homeostasis [106]. Bone integration (or osseointegration) is 
widely reported in the literature for a variety of materials such as metallic implants, 
collagen scaffolds, and porous ceramics due to the high bone cell metabolism. Bone 
tissue engineering is still favored and thus results in a higher number of studies 
reported in literature.

Presently, small surgically repaired OC defects do not encompass any fixation 
procedure. The fibrin clot or the use of biocompatible glues (i.e., fibrin glue) grants 
the stability of the scaffold at the site defect. Nevertheless, some limitations are 
found in the use of fibrin glue as it shows poor adhesion between native cartilage 
and scaffold [107]. The suturing of cartilage may be an option  in fractures. The 
cartilage shift during the surgical procedure favor the use of sutures. Neverthless, car-
tilage resorption may happen in postoperative period [40]. Many others, such as the 
use of fixation devices and the transosseous fixation technique are considered as 
alternatives to conventional procedures, however, not able to be applied in the 
 fixation of matrix [108]. Recently, scaffold fixation via magnetic forces application 
is being applied to firmly hold the scaffold in place [109].

When considering integration, two important notions need to be addressed: (1) 
vertical integration which considers the bonding of cartilage to the underlying sub-
chondral bone, and (2) lateral integration which concerns to the integration of the 

Signalling 
molecule Gradient scaffold Outcome References

TGF-β1, 
BMP-2, HAp, 
BMP-2 + HAp

PLGA microspheres Spatial patterning of different bioactive 
signals. OC regeneration with bone 
ingrowth and overlying cartilage layer 
with high GAG content. Lateral 
integration and vertical integration

Mohan 
et al. [95]

BMP-4 Gelatin-FA Chondrogenic differentiation of BMSCs 
maintained for 3 weeks. BMP-4 fusion 
protein with a collagen binding domain 
(CBD) was retained in the hydrogels. OC 
defect was repaired using gelatin-FA 
hydrogels CBD-BMP-4 and BMSCs 
resulting in articular cartilage-like tissue 
and regenerated subchondral bone

Mazaki 
et al. [105]

CA/PEC chitosan and alginate polyelectrolyte complex, Gelatin-FA furfurylamine-conjugated 
gelatin, CS-GMA carboxymethyl chitosan and methacrylated gelatin, OPF oligo(poly(ethylene 
glycol)fumarate), SPU segmented polyurethane, BMP Bone morphogenetic protein, TGF 
Transforming growth factor, Dex dexamethasone, PRP Platelet-rich plasma, IGF Insulin growth 
factor, VEGF Vascular endothelial growth factor

Table 9.3 (continued)
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neocartilage to the adjacent native cartilage. Lateral integration is rarely seen and 
vertical integration is mainly driven by bone and not by cartilage [27]. After implan-
tation at the site of defect, osteoinductive scaffolds, with particular attention to the 
inorganic materials, must facilitate stable fixation. The low metabolism of chondro-
cytes accompanied with the existence of dense and anti-adhesive extracellular matrix 
(ECM) hinders lateral cartilage integration [110]. In a clinical scenario, mismatches 
between the biomechanical properties of the native cartilage and engineered scaffold 
can result in stress concentrations that hamper lateral integration. Currently, some 
in  vitro strategies seeking to enhance lateral integration suggest the inclusion of 
antiapoptotic agents to diminish cell death at the defect edge and the use of matrix-
degrading enzymes (MMP) to decrease ECM antiadhesive properties [110, 111]. 
Recently, the functionalization of the scaffolds with collagen adhesion proteins 
(CAN) attempts to increase the number of cells at the site defect to promote ECM 
deposition and thus, reinforcing the boundary between native and neocartilage [112].

Despite the improved outcomes in OCTE strategies, OC grafts are still predomi-
nantly considered for the formation of neotissues in the clinics, i.e., ACI and mosa-
icplasty. Recently, some studies have been done with OC grafts to replicate the 
native cartilage by a method called scaffoldless. Clinically sized pieces of human 
cartilage with physiologic stratification and biomechanics are grown in  vitro by 
recapitulating some features of the developmental process of mesenchymal conden-

Fig. 9.4 Scaffold 
integration to adjacent 
tissues (lateral) and 
scaffold integration 
(vertical). OCTE strategies 
must enable lateral and 
vertical biologic fixation 
with further tissue 
integration to functionally 
regenrate and restore 
the OC unit
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sation. The use of condensed mesenchymal cells (CMs) exposed to TGF-β induces 
the formation of cell bodies (CMBs) with superior ability of bonding in  vitro 
and  possessing mechanically stable interface. CMBs were fused onto the bone 
structure surface by press molding the CMBs. With the help of image-guided tech-
niques to precisely match the site and shape defect, it was possible to place the 
engineered CMBs constructs [113]. Overall, scaffoldless technique in OCTE may 
have advantages not only in repairing chondral defects but also in OC regeneration 
for generating self-assembling tissues [114]. The intimate contact of graft native 
tissue without cell–material interactions may enable cells to better sense the native 
stimuli. Thus, it is expected a higher secretion of proteins and ECM deposition 
enhancing the lateral integration [20]. The scaffoldless strategy may greatly benefit 
cartilage formation not only helping in the lateral integration as the mismatch 
between native and neocartilage is reduced but also in recapitulating its native mul-
tilayered structure. Shimomura et  al. [115] developed an implant based on the 
hybridization of scaffold-free tissue-engineered construct (TEC) derived from 
MSCs and HAp artificial bone-like structure. The construct was implanted in OC 
defects in rabbit’s knee for 6 months. Results reported good attachment of TEC onto 
the surface of HAp artificial structure. OC defects exhibited more rapid subchondral 
bone repair with TEC-HAp implants and development of cartilaginous tissue with 
good lateral integration than the respective controls. Biomechanically, TEC-HAp 
restored tissue stiffness similar to that of native OC tissue. Therefore, the strategies 
showed promising results in earlier restoration of subchondral bone and good tissue 
integration of cartilage, clinically relevant in patients with OC defects.

In addition, living grafts are currently being used as model systems for compre-
hensive studies. The main purpose is to focus on the understanding of the biological 
environment, the study of disease pathologies, the drug screening and identification 
of therapeutic targets.  OCTE would greatly benefit from the currently research 
being done in developmental biology and thus translational research towards 
engineering.

9.6  Clinical Applications of OC Scaffolds

Recently, bilayered scaffolds were regarded as the most feasible approaches for a 
more accurate mechanical interface with a marked number of OCTE scaffolds being 
preclinically evaluated [24, 116]. A wide variety of strategies were tested in rodent 
models exploiting the low cost and large sample size [66, 117]. Nevertheless, the 
poor experimental design or those that were well designed but poorly reported, the 
majority of the studies lack standardization. Despite the numerous preclinical studies 
in this extensive research area, few scaffolds exist that are clinically relevant [118]. 
In Table 9.4, the most significant OCTE scaffolds in the clinics are summarized.

MaioRegen® [19, 92, 93, 119–122] and Trufit® [123–125] are two bilayered scaf-
folds approved in the clinics that have been systematically evaluated in patients. 
MaioRegen®, a Col I (cartilage-like layer) and magnesium-enriched HAp 
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(subchondral- like layer) showed promising results in repairing OC defects. Unlike, 
results showed that Trufit® did not show any superiority or equality compared with 
conservative methods or mosaicplasty/microfracture method. Noteworthy, the num-
ber of studies for MaioRegen® implant was higher than Trufit® implantation. 
Nevertheless, approval of MaioRegen® was done several years earlier. The ambigu-
ous conclusions derived from localized clinical trials ask for more accurate studies 
with effective standardized procedures.

9.7  Conclusions

The challenging regeneration of OC tissue demands for complex but suitable engi-
neered strategies to mimic the native OC tissue environment towards development, 
regeneration and remodelling. To replicate the natural OC tissue, hierarchical scaf-
folds should be foreseen aiming at structural and functional integration of cartilage 
and subchondral bone. To generate functional OC tissues, such as cartilage and 
subchondral bone which possess very dissimilar tissues, cellular phenotypes are 
needed to be carefully controlled in a spatiotemporally manner. Each individual tis-
sue requires specific environmental cues capable of modulating the tissue cell fate. 
Therefore, the surrounding environment is of extreme importance as cells will 
respond to different physical, chemical, biological or mechanical stimulus and will 
synergistically regulate the tissue regeneration. Neverthless, a scaffold with all mul-
tiple and interconnected features and properties is unfeasible. Current technologies 
face the problem of providing the adequate signals (dosages, gradients, and timing) 
for the regeneration process to occur. Therefore, researchers are focusing on the 
understanding of natural mechanisms looking at different developmental tissue for-
mation to be able to recapitulate biologically engineered constructs. Therefore, 
engineering living OC grafts, customized on a patient-basis and on a defect-basis, 
are being tremendously foreseen. Engineering OC tissues would serve as platforms 
for the screening of disease or healing processes. Despite all advances, the different 

Table 9.4 Clinically relevant OC scaffolds

Application Biomaterial
Commercial 
name Company Current status

Articular 
cartilage

HA Hyalograft 
C®

Anika therapeutics, 
USA

Withdrew

CH BST-CarGel® Piramal Healthcare, 
Canada

Long-term results 
expected

OC unit Fibrin-PLGA, 
PLA, PCL

Bioseed-C® BioTissue 
Technologies 
GmbH, Germany

Any significant benefit 
over first-generation ACI

Col-HAp MaioRegen® Finceramica, Italy Promising results
PGA-PLGA TruFit CB 

plug®

Smith & Nephew, 
UK

Poor tissue restoration, 
pain and swelling and 
high rate of reoperations
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healing abilities of cartilage and subchondral bone along the complex interface tran-
sitional layer often results in tissue repair than regeneration. New OCTE method-
ologies of additive manufacturing and 3D precision printing technology may be 
promising approaches to fabricate complex scaffolds. Hence, multilayered scaffolds 
are critical to replicate the native OC tissue in order to satisfy long-term clinical 
outcomes. The latest advances in generation of OCTE pursue the cell–scaffold–bio-
reactor model for the development and maturation of cells similar to native tissue to 
yield functional engineered tissue. Therefore, engineering OC tissues will progress 
in functionally integrating stratified cartilage–subchondral bone structure while 
incorporating vasculature into the bone with lateral and vertical integration. 
Moreover, reduction in micromotion at the graft–tissue interface is crucial for func-
tional regeneration. The use of cells and/ or therapeutic molecules may present ben-
eficial outcomes. However, embedding these in commercial scaffolds raises huge 
concerns regarding the storage and the transportation conditions and thus, challeng-
ing their approval as effective clinical OCTE strategies. Likewise, the species, surgi-
cal defect, engineered scaffold, biomaterial nature, cell and drug concentration, 
short follow-up time, etc. accurately reflect the translational limitation from animals 
to humans; bench side to clinics.

Notwithstanding OCTE limitations, we have to deeply ackowledge the huge 
effort put forward in different fields and with many different professionals envolved 
that arise numerous noteworthy studies leading to crucial conclusions in OCTE 
regeneration. And, from all those conclusions, professionnals from research to clin-
ics are yet focused in pursuing for the optimal long-term functionally integrated 
stratified cartilage–bone structure.
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Chapter 10
Preparation of Polymeric and Composite 
Scaffolds by 3D Bioprinting

Ana Mora-Boza and María Luisa Lopez-Donaire

Abstract Over the recent years, the advent of 3D bioprinting technology has 
marked a milestone in osteochondral tissue engineering (TE) research. Nowadays, 
the traditional used techniques for osteochondral regeneration remain to be ineffi-
cient since they cannot mimic the complexity of joint anatomy and tissue heteroge-
neity of articular cartilage. These limitations seem to be solved with the use of 3D 
bioprinting which can reproduce the anisotropic extracellular matrix (ECM) and 
heterogeneity of this tissue. In this chapter, we present the most commonly used 3D 
bioprinting approaches and then discuss the main criteria that biomaterials must 
meet to be used as suitable bioinks, in terms of mechanical and biological proper-
ties. Finally, we highlight some of the challenges that this technology must over-
come related to osteochondral bioprinting before its clinical implementation.

Keywords 3D bioprinting · Cellular bioprinting · Acellular bioprinting · Bioink · 
Extracellular matrix

10.1  Introduction

Bioprinting has emerged over the recent years as a promising technique for osteo-
chondral TE applications. Bioinks (biomaterials and bioactive cues) via 3D bio-
printing can be deposited in a spatiotemporally accurate layer-by-layer manner, 
allowing for high cell seeding density and strong cell–cell interactions [1–4]. This 
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technology can be classified into two different categories based on whether the bio-
ink contains living cells (cellular 3D bioprinting) or not (acellular 3D bioprinting). 
Although to date, applications of 3D bioprinting have been focused on cardiovascu-
lar, skin regeneration, tracheal splints, cartilaginous structures, and hard tissues like 
bon, among others. The uniquely capacity of this technique to mimic heterogeneous 
and anisotropic properties of ECM has attracted much attention to osteochondral 
tissues [2, 5–9]. In this perspective, 3D fabrication techniques have raised as an 
alternative for grafting methodologies, which remain as the common gold standard 
treatment for joint degenerative diseases such as osteoarthritis (OA) or trauma [7]. 
Osteochondral grafts exhibit low integration at the bone–cartilage interface and 
poor tissue formation de novo [5, 8]. For its part, 3D bioprinting provides the fabri-
cation of scaffolds with interconnected macroporosity and microporosity which 
improves nutrient diffusion and removal of waste products, and facilitates the ECM 
deposition and ingrowth of blood vessels [10, 11]. In the case of osteochondral tis-
sue, considerations regarding to heterogeneity and anisotropy are of special impor-
tance due to mechanical and composition requirements, which differ from cartilage 
to bone tissues. Thus, 3D bioprinting can be advantageous.

To obtain effective and biologically relevant tissue constructions that mimic the 
native microenvironment, several specifications must be considered (Fig. 10.1). 

Fig. 10.1 3D bioprinting considerations regarding structural, physical, biological, and economical 
specifications
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Among these essential aspects, structural and physical specifications such as bulk 
properties and surface topography play a key role in the development of bioactive 
tissue constructs. 3D bioprinting is an appropriate fabrication technique with high 
spatial resolution by which achieves these aspects. However, appropriate bioma-
terials (bioinks) should be developed with optimal rheological and biological 
properties, since this is the main limitation of the technique as it will be exposed 
in this chapter [12–15]. Material viscosity, gelation method, and speed must be 
optimized to obtain 3D architectures with enough structural integrity and mechan-
ical properties that allow for not only interactions with the materials but also cell 
communication [2, 12, 16–19]. In addition, many manufacturing techniques can 
also be employed to improve the relatively weak mechanical properties of soft 
hydrogels, such as ultraviolet (UV) curing [20, 21], pre-cross-linking procedures, 
or the incorporation of additional elements and materials such as poly 
(ε-caprolactone) (PCL) [22] or graphene oxide (GO) elements [23, 24]. Some of 
these elements can be sacrificial since they will not form part of the final 
constructs.

Moreover, the 3D bioprinting processes must ensure compliance with some 
biological specifications. Certainly, biocompatibility and absence of cytotoxicity 
are essential requisites, but the considerable efforts made over the recent decades 
on the TE field have demonstrated that bioactive constructs are indispensable. By 
this way, the need for vascularization remains one of the most daunting challenges 
in the development of 3D complexes. Molecular diffusion limilations make neces-
sary a minimun distance (≈ 100 μm) between cells and the nearest capillary to 
facilitate the exchange of nutrients and oxygen, which would be impossible with-
out an adequate vascular network [12, 25, 26]. Finally, for a succeed integration 
with surrounding environment, degradation and absorption kinetics of the con-
structs must be fast to avoid side effects. 3D bioprinting provides some advantages 
regarding to these biological aspects among other biofabrication techniques, since 
it can facilitate a controlled deposition of cells, maintaining their viability during 
the process [12, 27].

Finally, economic issues regarding manufacturing requirements, overall cost of 
materials and fabrication devices, and necessary production time are crucial aspects 
for successful clinical translation of 3D bioprinting in osteochondral restoration 
applications. Although the cost of specialized equipment and experienced personnel 
could be high, there are progressively more affordable 3D fabrication systems with 
intuitive interfaces for inexperienced users [5, 7, 12].

In this chapter, we discuss how the advent of 3D bioprinting has provided new 
opportunities for osteochondral TE, and the current advances and challenges that 
must be addressed by current 3D bioprinting approaches and bioinks for the prepa-
ration of polymeric and composited scaffolds.

10 Preparation of Polymeric and Composite Scaffolds by 3D Bioprinting
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10.2  3D Bioprinting Fabrication Strategies 
for Osteochondral TE

As explained in the introduction, 3D bioprinting techniques have attracted much 
attention to the treatment of osteochondral degeneration and diseases such as osteo-
arthritis through osteochondral tissue regeneration. Currently, autografts and 
allografts are being applied to reduce donor site morbidity and matching mainly in 
young patients. However, the research is moving towards developing de novo tissue 
constructions to improve integration with host tissue and nutrient diffusion in larger 
macroporous scaffolds through cell-based repairs such as autologous chondrocyte 
implantation [5, 7, 12, 28, 29].

Recently, bioprinting has been subclassified into two categories: scaffold-based 
and scaffold-free bioprinting. While scaffold-based bioprinting implies the genera-
tion of scaffolding materials by 3D printing where cells can be seeded during or 
post-fabrication, scaffold-free bioprinting is based on the self-assembly of cellular 
components mimicking embryonic development [30–32]. This chapter focuses only 
on the description of the scaffold-based bioprinting techniques for the development 
of osteochondral complex tissue. We have made a subdivision between cellular and 
acellular scaffold-based bioprinting depending on if their bioink formulation con-
tains living cells or not.

10.2.1  Cellular Bioprinting

In this first paragraph, the most commonly used cellular 3D bioprinting processes 
will be presented, namely, extrusion-based bioprinting, droplet-based bioprinting, 
laser-based bioprinting, and stereolithography, [5, 7, 9, 33, 34]. An illustration of 
these 3D bioprinting processes with its main components is shown in Fig. 10.2.

Pneumatic Piston

Extrusion-based bioprinter Laser-based bioprinter Droplet-based bioprinter

Screw
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Fig. 10.2 Schemes of 3D bioprinting process and its main components [35]. Adapted from 
Biomaterials 83, D. Tang. et al., Biofabrication of bone tissue: approaches, challenges and transla-
tion for bone regeneration, pp. 363–382, Copyright 2016, with permission from Elsevier
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10.2.1.1  Extrusion-Based Bioprinting

The extrusion-based bioprinting (EBB) consists of the dispensation of bioinks using 
an air-force pump, solenoid or mechanical screw plunger. EBB addresses the chal-
lenges of droplet bioprinting process, which cannot deposit very viscous materials 
or high cell density solutions [1, 12, 33]. As discussed later in the chapter, high 
viscosity values of the bioinks are desirable to obtain high shape fidelity of the tis-
sue constructs but in some cases, high concentration of the components of the bio-
inks can result in less cell viability due to cytotoxicity [36]. Nevertheless, EBB is 
the most used technique for TE applications due to its moderate cost in comparison 
to the good resolution it provides, as well as, the high cellular concentrated bioinks 
that can be printed [1]. In addition, good-shaped fidelity can be obtained through a 
fast phase change from a liquid bioink to a more solid network by different cross- 
linking procedures, that can be classified into chemical (reversible) and physical 
(irreversible) cross-linkings. Among all chemical cross-linkings processes photo- 
initiated free radical polymerization reaction is a commonly used alternative for 
rapid cross-linking despite its cytotoxicity. This process is widely accepted due to 
its effectiveness, efficiency, and controllability. Duchi and collaborators developed 
a coaxial core–shell system for EBB to avoid the cytotoxicity that can trigger UV 
photocuring due to the generation of free radicals and exposure of the cells to 
UV. They demonstrated that these problems can be addressed with an accurate con-
trol of the deposition parameters [37]. In another work, O’Connell et al. developed 
an easy-to-handle device for medical surgery, named “biopen,” in an attempt of 
bringing together 3D printing technology and surgical processes. The tool could 
print gelatin methacrylamide (GelMA) and hyaluronic acid methacrylate (HAMA) 
hydrogels, which were photocrosslinked. The process was compatible with the 
deposition of adipose stem cells at chondral wound side protocol [38].

Many authors have used of EBB for the development of multilayered compound 
scaffolds in the context of cartilage and osteochondral regeneration [10, 37, 39–41]. 
For example, Bartnikowski and collaborators developed a 3D plotted scaffold com-
posed of alginate and hydroxyapatite (HAp), mixed with GelMA, or GelMA with 
HAMA for the regeneration of a zone of calcified cartilage, concluding that the 
incorporation of HAMA in these hydrogels improved chondrogenesis [11]. 
T. Ahlfeld and coworkers used EBB to obtain 3D constructs by printing alginate and 
methylcellulose with clinically relevant dimensions thanks to the addition of lapo-
nite, a nanosilicate clay that improves mechanical properties of the matrices. The 
cellular viability was maintained for 21 days, making this approach as a promising 
alternative for 3D bioprinting materials [39].

Another important aspect to consider in EBB is the geometry of the needle, 
which can play a crucial role in cellular viability, since the shear stress under the 
extrusion can affect cellular behavior and well-being. Muller et  al. developed an 
interesting study where they used different needle geometries and sizes to print algi-
nate and nanocellulose bioinks for cartilage applications. The computational fluid 
dynamic analysis of different needle geometries is shown in Fig. 10.3. In conclu-
sion, they demonstrated that the appropriate selection of the needle geometry is as 
important as bioink optimization for high printing resolution and cell viability [13].
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10.2.1.2  Laser-Based Bioprinting and Stereolithography

Laser-based bioprinting (LBB) is implemented by laser-induced forward transfer 
(LIFT), which is a method to deposit inorganic materials onto a platform construction 
through a patterned substrate. Odde and Renn used this technique for the first time in 
1999 for the deposition of biological materials and cell patterning into clusters to obtain 
2D and 3D structures [12, 34, 42, 43]. LIFT uses very high-powered pulsed laser, and a 
glass or quartz print ribbon is coated with a thin film of metal or other laser-absorbing 
material to protect the cells from the laser power. Then, a cell suspension is spread onto 
the bottom of the ribbon. This suspension is vaporized with a laser pulse focused onto 
the metal layer, which propels the cell suspension from the ribbon to a receiving plat-
form construction [44]. LBB is very useful for bioinks with very low viscosity, allowing 
for microscale resolution. However, it is restricted only to very thin structures and pres-
ents a high cost and complex manufacturing [12, 45]. Gruene and collaborators demon-
strated in their work that LBB is suitable for 3D scaffold-free autologous tissue grafts 

Fig. 10.3 Computational fluid dynamic analysis for a straight and a conical needle, respectively. 
Regions of high shear stress are indicated in red/orange colors. Clear differences can be observed 
between the two geometries [13]. Reproduced from “Alginate Sulfate–Nanocellulose Bioinks for 
Cartilage Bioprinting Applications”, Annals of Biomedical Engineering, Vol. 45, No. 1, January 
2017, pp. 210–223, Muller et al. with permission of Springer
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with high cell density enough to promote chondrogenesis. In addition, the printed mes-
enchymal stem cells (MSCs) tolerated the complete process maintaining their function-
ality [46]. Other similar techniques to LIFT are used in LBB approaches. For example, 
absorbing film- assisted laser-induced forward transfer (AFA-LIFT) uses a 100 nm sac-
rificial metal layer to interact with the laser. There is also a version of AFA-LIFT, known 
as biological laser processing (BioLP), which uses motorized receiving stages and a 
charge-coupled device (CCD) camera to focus the laser. The sacrificial metallic layer 
allows having a rapid thermal expansion, to reduce the heating of the small cell suspen-
sion volume that is propel from the ribbon to the substrate. Finally, matrix-assisted 
pulsed laser evaporation direct writing (MAPLE DW) is similar to AFA-LIFT, but it 
uses a low powered laser operating in the UV or near-UV region. In addition, the ribbon 
is coated with a sacrificial biological layer to allow the initial cell attachment [44].

On the other hand, stereolithography (SLA) consists of the irradiation of a pho-
topolymerizable macromer solution with a laser to cross-link patterns with high 
resolution in the polymerization plane. This technique allows the fabrication of 
accurate microstructured scaffolds [1]. Thus, this technique is only valid for 
 photopolymerizable materials, exhibiting high microscale resolution and printing 
speed [12]. X. Zhou et al. used SLA to produce GelMA, poly(ethylene glycol) diac-
rylate (PEGDA) and GO scaffolds that induced chondrogenic differentiation of 
human MSCs (hMSCs) by promotion of glycosaminoglycan (GAG) and collagen 
levels. A scheme of the scaffold fabrication is showed in Fig. 10.4 [24].

Fig. 10.4 Illustration of 3D printed GO scaffolds for enhancing chondrogenesis of hMSCs 
through SLA approach [24]. Reprinted from 3D bioprinted graphene oxide-incorporated matrix 
for promoting chondrogenic differentiation of human bone marrow MSCs, Zhou et al., Carbon, 
volume 116, pp. 615–624, Copyright 2017, with permission from Elsevier
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10.2.1.3  Droplet-Based Bioprinting

Droplet-based bioprinting (DBB) is a deposition method were prepolymer solution 
droplets are jetted onto a platform in a predefined pattern. It could be performed by 
the aid of piezoelectric or thermal actuators (Fig. 10.2). The polymerization takes 
place after deposition by UV light, ionic, thermal or chemical cross-linking pro-
cesses. The main advantages of this bioprinting technique are its low cost and the 
wide range of polymers that can be used. However, the viscosity range of this solu-
tion is very limited and cell density cannot be very high [12].

In addition, the bioprinting process can make a negative impact on cellular via-
bility. Regarding to this and in order to understand better the process that can affect 
them, Hendriks et al. have developed an analytical model with which they can relate 
the cell survival to the cell membrane elongation and this last one, with the size and 
speed of the droplet, as well as, substrates characteristics [47]. Another interesting 
work is the one carried out by Graham et al., where they developed high-resolution 
3D geometries by DBB, which consisted of the 3D printing of aqueous droplets 
containing Human Embryonic Kidney (HEK) cells and ovine MSCs (oMSCs). 
These platforms included arborized cell junctions and osteochondral interfaces, 
exhibiting high viability. In addition, oMSCs showed a chondrogenic differentiation 
to cartilage-like structures after 5 weeks of culture [48].

10.2.2  Acellular Bioprinting Techniques

Acellular bioprinting covers the generation of nonliving material constructs based 
on the pattern and assembly of materials and the successively cell post-printing 
seeding [3]. This strategy offers several advantages over printed cellular constructs 
such as higher resolution and greater shape complexity due to the manufacturing 
conditions in which is avoided the printing of either cells or heat-sensitive biologi-
cal cues [49]. Acellular tissue scaffolds, alone or in combination with cellular 
techniques, have shown promising results for bone (BTE) and cartilage (CTE) TE.

10.2.2.1  Fused Deposition Modeling (FDM)

FDM, also known as fused filament fabrication (FFF), is based on extrusion, through 
a computer-guided nozzle, of melting or semimolten thermoplastic filaments which 
are finally deposited onto a platform where its solidification takes place in a layer- 
by- layer fashion [23]. Thus, this printing technique, which later helps in the devel-
opment of other bioprinting techniques, concretely extrusion based bioprinting [3], 
has been widely applied in the synthesis of acellular porous scaffolds for osteochon-
dral TE due to the fact that the final construct provides a mechanical properties in a 
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closer magnitude to articular cartilage and cancellous bone [50–52]. Strengths such 
as its rapid printing capability, the ability to obtain large construct with good 
mechanical integrity, easy scalability, and the no need of solvent and support struc-
ture has made this technique widely explored, especially for bone tissue. However 
several disadvantages should be mentioned such as the reduce number of filament 
materials that can be used, or the high temperature required to melt the filament 
which limits the printability with cells or temperature sensitive biological cues. In 
addition, it is very complicated the fabrication of constructs with small pore size 
while maintaining the porosity (100 μm) [53–55] .Thermoplastic polymers such as 
PCL, poly-lactic acid (PLA) and poly(lactic-co-glycolic acid) (PLGA) [52, 56, 57], 
which are the most common biodegradable synthetic polymers used in this manu-
facturing process, are the main responsible for this mechanical properties, espe-
cially in the case of PCL [55].

The replacement of the hot rollers system of FDM by a pressurized syringe with 
a thermostatically controlled heating jacket, defined as extrusion printing, has 
increased the number of synthetic materials used for 3D biofabrication [58]. For 
example, Woodfield et  al. have shown the success bioprinting of an amphiphilic 
biodegradable poly(ether ester) multiblock copolymers as carrier materials for artic-
ular cartilage repair based on hydrophilic poly(ethylene glycol)-terephthalate 
(PEGT) and hydrophobic poly(butylene terephthalate) (PBT) (PEGT/PBT). 
Furthermore, constructs with a gradient in pore-size trying to mimic the complex 
zonal structure of cartilage were designed showing an efficiency inhomogeneous 
chondrocyte distribution but no differences in cartilage-like tissue formation related 
to cell density were observed [58]. More recently, Schuurman et al. have demon-
strated the production of highly cartilage-like tissue abundance by improving the 
efficiency of cell seeding by distributing the cells along the PEGT/PBT scaffolds in 
form of pellets. However, additional options should be explored in order to generate 
de novo cartilage zonally organized [59].

The presence of nanoscale features in the constructs plays an important role in 
the generation of TE by affecting cell attachment, proliferation and cytoskeletal 
assembly. However, FDM, as well as other AM techniques, have not fulfilled this 
biomimetic nano-resolution. In this sense and in order to overcome this limitation, 
recent strategies have been proposed for the post-fabrication functionalization with 
techniques such as layer-by-layer deposition (LbL) [60], plasma deposition [61], 
and the attachment based on mussel-inspired materials [62]. These strategies include 
not only the change of topography surface, also the incorporation of some thermal 
labile biological cues which should be incorporated afterwards. Regarding to this, 
dexamethasone which is an osteoinductive drug has been incorporated in 3D PCL/
poloxamer scaffold during FDM without affecting its properties [63]. However, 
some labile compounds require their incorporation using the post-fabrication treat-
ment mentioned before or be printed by other bioprinting techniques. Examples of 
the last one are described in Sect. 10.3.1.
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10.2.2.2  Melt Electrospinning Writing

Melt-electrospinning writing (MEW) is an emerging manufacturing approach 
wherein major principles of melt extrusion-based additive manufacturing (AM) and 
electrospinning are combined. A melt polymer is extruded through a nozzle and 
beginning electrically charged due to the application of a high voltage between the 
nozzle tip and the collected platform where fiber are deposited upon each other [64]. 
The main different in comparison with electrospinning is the lack of organic solvent 
as in MEW the polymer is melted. This fact allows to improve cell viability and to 
obtain 3D structures with well-orientated fibers by avoiding both their mechanical 
and electrical coiling [65]. On the other hand, this fibrous construct can be based on 
fibers with diameters down to 1 μm [66, 67], far away from the >200 μm provided 
by FDM manufacture technique [65]. All these aspects provide a really well orga-
nized network construct that can be built to millimeters thickness with a conve-
nience pore size for allowing the cell invasion and vascularization of de novo tissue 
[65, 68]. The potential of this technique for the reinforcement of soft hydrogel 
matrices has been recently published because it is well known that the actual TE 
scaffolds based on hydrogels are unable to reach the stiffness and therefore the bio-
logical requirements to promote the neotissue. Concretely, electrospun PCL fibers 
obtained by MEW are infused with GelMA, providing a scaffold with mechanical 
properties in the range of articular cartilage [66]. More recently, and following the 
same strategy, constructs based on highly negatively charged star-shaped 
poly(ethylene glycol)–heparin hydrogel (sPEG/Hep) reinforced with medical grade 
PCL (mPCL) fibers by MEW were also obtained for articulate CTE. Despite the 
fact that the fibers provide an outstanding increase in mechanical properties such as 
anisotropy and viscoelasticity, the system does not meet the expectation under sim-
ulated dynamic load-bearing conditions, the necessity to explore different compos-
ite material soft fiber-reinforced hydrogels [69]. In this sense, it is interesting to 
mention the importance of trying to mimic the natural fiber structure in natural soft 
tissue which is mainly based on collagen. Thus, Bas et al. have compared the behav-
ior of soft network composites reinforced with either stretchable curvy or straight 
mPCL fibers presenting the curvy fibers the more similar behavior to natural soft 
tissue [70].

10.2.2.3  Selective Lase Sintering (SLS)

SLS, which was developed at the University of Texas [71], is an AM technique 
where a construct is obtained by sequential deposition of biopolymers, bioceramics, 
or biocomposites powders which are spread in the bed with a roller following by 
their fusion via the increase in temperature coming from a computer controlled 
high-power carbon dioxide laser. Thus, a first thing layer (100–200 nm) is formed 
and the process is repeated layer-by-layer. Features of the powder such as particle 
size and shape can affect the SLS process [72]. In comparison with FDM, it might 
be easy to incorporate composite materials such as polymers-bioceramics as there 
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is no requirement of the materials to be in filament form [73]. Other advantages are 
the high precision, nonrequirement of solvent or porogens, and the manufacturing 
of mimetic scaffolds with complicated geometries [74]. Therefore, SLS has found 
its potential application for BTE and more concretely in bone complex structure and 
intricate shapes such as maxillofacial and craniofacial [75]. Materials that do not 
decompose under the laser beam [73, 74] can be used for SLS. Thereby, apart from 
the metallic devices which are the most common one fabricated by SLS, it has also 
been explored for BTE using biodegradable polymers such as PCL [74], PLA [76], 
and polyvinyl alcohol (PVA) [77], polymer–ceramics composites such as nano- 
HAp- PCL [78], aliphatic polycarbonate-HAp [79], PLA-HAp [80], PLA-carbonated 
HAp microsphere [24],calcium phosphate (Ca-P)/poly(hydroxybutyrate-co- 
hydroxyvalerate (PHBV) [75], polyamide-HAp [81], GO reinforced PVA [82], 
PLA-(Ca-P) [83], and PLGA/HAp and Beta tricalcium phosphate (β-TCP) [84]. 
Nevertheless, this technique has hardly been applied for CTE but it is worth to men-
tion the modification of SLS defined as microsphere-based SLS technique [85] 
where the powder used has a spherical shape in the microscale. This version has led 
to the subsequent application in the manufacturing of scaffolds that mimic the com-
plex multiple tissue structure of osteochondral defects (subchondral bone, interme-
diate calcified cartilage and the superficial cartilage region) [28, 86]. Pointedly, an 
approach trying to obtain HAp gradient scaffolds has been built by sintering PCL 
and PCL-HAp microparticles by SLS. The potential of SLS in the regeneration of 
osteochondral tissue was showed in vivo” experiments in a rabbit model by forming 
new tissue with both, articular cartilage and subchondral bone regions [87].

10.2.2.4  Cellular/Acellular Bioprinting Techniques

Cellular/acellular bioprinting techniques arise from the need to overcome the actual 
limitation of both main types of bioinks, natural and synthetic polymers. Hydrogel- 
based bioprinting constructs are restricted in term of mechanical strength especially 
when their applications rely on the treatment of load-bearing tissue such as osteo-
chondral tissue. On the other hand, synthetic polymers present limited cell affinity 
due to the lack of surface cell recognition sites [88, 89]. Furthermore, a common 
disadvantage for both of them is the inefficiency of in vivo hydrolytic and enzy-
matic degradation which should match the speed of tissue in-growth. For example, 
PCL presents a very low degradation rate (1.5–2 years) [90] while natural polymers 
such as Chitosan shown a variable enzymatic degradation depending of the host 
response [91].

At this point, both the concept of substrate support and sacrificial templates are 
introduced due to the important role that they play in these hybrid bioprinting strate-
gies. Sacrificial templates are usually synthetic polymers that are used during the 
manufacturing process of hydrogel-based bioink to provide to each layer with the 
requirement mechanical properties during the layer by layer deposition and they are 
removed in a second step [1]. Alternatively, they have found a great application 
when trying to obtain vascularized tissue such as BTE because the vascular chan-
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nels in the scaffolds are printing with these sacrificial materials and subsequently 
removed [1, 3]. On the other hand, substrate support includes the pre-printing of 
templates that are not removed after hydrogel addition. Thus, the hybrid system can 
encompass the advantages of both systems, the good mechanical properties of the 
thermoplastic polymers and the good cells adhesion of natural polymers [92]. 
Examples of hybrid techniques for the development of these systems are described 
below.

MHDS is a solid free-form fabrication which allows for obtaining hybrid con-
structs with more than one bioinks. Concretely, those bioinks (thermoplastic poly-
mers, natural polymers) are loaded in different thermostatically controlled syringes 
and parameters such as temperature, pneumatic pressure and motion are stabilized 
independently for each syringe. Thus, alternant layers of different bioinks either 
loaded or unloaded with cells, some reinforce additives and biological cues can be 
co-printed [93, 94]. Several works have been developed based on MHDS for bone 
and cartilage tissue regeneration based on the hybrid system PCL–alginate [92, 94, 
95]. Although, initial thought about MHDS techniques point to a possible reduction 
of cell viability when alternating thermoplastic polymer-natural polymer loaded 
with cells layer are deposited. Recent study based on the system PCL-Alginate 
loaded with primary chondrocytes isolated from chick embryos have demonstrated 
the high cell vitality after deposition (higher than 80%). The melting PCL cool 
down faster enough to minimize the effect on cell viability [95]. Furthermore, the 
mechanical stability conferred by the thermoplastic polymer allows for the printing 
of hydrogels with lower cross-linking density which could be beneficial for cell 
viability [92].

Template-Fused Deposition Modelling (t-FDM) has been used to create sacrifi-
cial templates. The template is printed by FDM and a cross-linkable material is 
poured onto the template where the polymerization takes places [96]. The template 
whether is removed or not should have biocompatible properties. An example of 
sacrificial template can be found in Guo et al. where a polyurethane construct was 
obtained with well-defined topological properties (in the range of trabecular bone) 
after its cross-linking polymerization on a PLA template [97]. An example where 
the template is not removed is described by Dong et al. where hybrid chitosan–PCL 
scaffolds have been described for their application in BTE. In vitro results of these 
systems when encapsulating rabbit bone marrow mesenchymal stem cells 
(BMMSCs) in the chitosan matrix have shown an improvement of osteogenesis dif-
ferentiation compared to PCL control scaffolds alone [98]. However, this hybrid 
system can fail under mechanical stresses due to an inefficient thermoplastic–natu-
ral hydrogel interface adhesion. In this sense, a covalent attachment between both 
materials has been proposed for the hybrid system based on GelMa and 
poly(hydroxymethylglycolide-co-ε-caprolactone)/poly(e- caprolactone) 
(pHMGCL/PCL), showing an increase of mechanical integrity while also keeping 
their ability to promote ECM formation [99]. Additional strategies to increase the 
mechanical properties are described in Sect. 10.3.1.
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10.3  3D Printing Polymeric and Composited Materials 
for Osteochondral Tissue Engineering

Biomaterials used for 3D printing fabrication must meet different criteria to suc-
cessful development of the scaffolds. The first requisite is having good rheological 
properties, which means that bioinks must be mechanically suitable for printing 
depending on the used bioprinting technique, and provide an appropriate environ-
ment to the cells after bioprinting to promote adhesion, proliferation and differentia-
tion. Secondly, it is essential that the material maintains its structural integrity, in 
other words, high shape fidelity after the deposition process. This is directly related 
to printability, which refers to the relationship between the substrates and the bio-
inks. The bioprinting solutions should maintain vertical tension having a high con-
tact angle with the substrate surface, and it normally depends on how fast is the 
cross-linking process. Finally, the bioinks must provide a biocompatible and not 
cytotoxic environment for cell encapsulation and deposition. However, many mate-
rials usually meet one or two requisites, being necessary the development of bioinks 
which present all these criteria. Usually, materials that are printable and maintain 
their structure after bioprinting through a rapid cross-linking, make necessary the 
use of high temperature for thermal curing or UV light for photopolymerization, 
which compromise the encapsulation of cells in the bioinks. In addition, the most 
biocompatible materials do not exhibit good rheological properties for extrusion or 
bioprinting deposition, like for example hydrogels [1, 21, 100]. Hydrogels are 
highly appropriate biomaterials for 3D bioprinted scaffolds for osteochondral TE 
due to its high biocompatibility, which make them suitable for cell encapsulation, 
and biodegradability properties [101]. Hydrogels are networks of 3D cross-linked 
polymers that able to uptake huge amount of water due to their inherent hydrophilic 
properties. This capability can be modulate depending on the biological tissue of 
interest. In addition, hydrogels pose injectability properties for minimally invasive 
therapies of cartilaginous-like tissues [8, 11, 101, 102]. One approach to improve 
mechanical properties of hydrogel bioinks is to increase the concentration of the 
components, obtaining highly viscous solutions with suitable printability. However, 
cell viability is usually decreased in high concentrated bioinks due to higher stress 
must be applied to the solution [6, 13, 36, 103].

Among all biomaterials explored for 3D bioprinting technology, we can distin-
guish between those derived from natural polymers, such as collagen, gelatin, algi-
nate, chitosan, and hyaluronic acid (HA), or synthetic-derived polymers, such as 
PCL, PLGA, PLA, PEG, and PEGDA. As it has been explained, synthetic materials 
exhibit robust mechanical properties, but poor biocompatibility and toxic degrada-
tion products. For these reasons, the use of composites is more widespread. 
Composites are a combination of two or more than three individual materials. They 
are used for enhancing mechanical strength and fabrication of more intricately 
designed constructs, as well as improving their long-term stability. Thanks to this 
combination, the suitable strength and mechanical properties of the scaffold can be 
suitably modulated depending on the properties of the native tissue [1, 8, 101]. 
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Nanoclays and PEGDA, for example, have been incorporated into some hydrogels 
solutions to control their viscosity [101]. One interesting example is the work devel-
oped by Yang et al., who synthesized a biphasic graft consisting of cartilage and 
subchondral bone, using synthetic (PLGA) and natural (alginate) polymers and a 
multi-nozzle deposition system [14]. Over the recent years the use of decellularized 
extracellular matrix (dECM) has been investigated for osteochondral regeneration. 
dECM consists of a complex of GAGs, collagen, and elastin that mimics the native 
tissue environment. In addition, the ECM can lead and mediate the differentiation 
of stem cells [101].

HA is a naturally derived polysaccharide that has been amply used in osteochon-
dral tissue regenerative therapies. It is an anionic, GAG distributed widely through-
out connective, epithelial, and neural tissues. As it is also one of the main components 
of the ECM, contributing significantly to cell proliferation and migration. All these 
properties make to HA a suitable material for 3D bioprinting application [11, 21, 
38, 40, 104–106]. For example, Shaoquan et al. developed a semi-interpenetrating 
polymer network (semi-IPN) based on HA and hydroxyethylmethacrylate- 
derivatized dextran (dex-HEMA), which showed shear thinning rheology and 
mechanical strength. The scaffolds exhibited high porous structure, supporting the 
viability of encapsulated chondrocytes [107]. Ju Young and coworkers used HA 
with alginate and chondrocytes in Dulbecco’s Modified Eagle Medium (DMEM) 
for chondral section, while collagen-I in DMEM constituted the osteo-section. 
Thus, they fabricated a two-compartment scaffold for osteochondral tissue mimetic 
structures [105].

Gelatin is a naturally derived polysaccharide widely used in bioprinting tech-
niques due to its thermosensitive properties which eases the development of shaped 
fidelity structures [20, 21, 38, 104]. Gelatin is the denatured form of collagen, which 
resembles the ECM environments providing key biological motifs for cell adhesion 
and proliferation [102]. An example within numerous studies developed with gela-
tin or its methacrylate form, is the one carried out by Levato et al., who developed 
novel constructs consisting of GelMA and gellan gum for osteogenic and chondro-
genic differentiation of MSCs [100, 108]. Gelatin has been also found to participate 
in some regulation ways for chondrogenesis. For example, Chameettachal et  al. 
developed tyrosinase cross-linked silk–gelatin bioinks and demonstrated that these 
bioinks could upregulate the expression of hypoxia markers such as hypoxia 
 inducible factor 1 alpha (HIF1A) which positively regulated also the expression of 
chondrogenic markers such as aggrecan or cartilage oligomeric matrix protein 1 
(COMP1). The gelatin, particularly, showed the induction of matrix metalloprotein-
ase 2 (MMP2) activity, which is known to promote the creation of a pericellular 
zone for the accumulation of growth factors and de novo matrix [109]. Costantini 
and collaborators also used GelMA for the development of 3D bioprinted constructs 
through a coaxial needle system. The bioinks, composed of GelMA, chondroitin 
sulfate amino ethyl methacrylate (CS-AEMA), and HAMA, showed the upregu-
lated expression of chondrogenic markers, like COL2A1 and aggrecan, as well as 
osteogenic markers like COL1A1. Thus, the presented approach demonstrated to be 
a suitable candidate for 3D bioprinted applications for cartilage TE field [40]. In 
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addition, gelatin is usually combined with HA since it is known not only for pro-
moting chondrogenesis in the 3D constructs but also for improving mechanical 
properties of the constructs during the bioprinting process [59, 106, 110].

Apart from bioink design, cross-linking mechanisms are another aspect to be 
optimized in order to obtain more complex constructs reducing undesirable side 
effects. Cross-linking procedures in bioprinting need to be secure for cell encapsu-
lation and fast, promoting a state change from liquid (viscous) to almost solid net-
work. The cross-linking can be physical, chemical, or a combination of both, but it 
must maintain native cell adhesion properties of the biomaterial [8]. Chemical 
cross-linking processes are the most accepted due to its effectiveness, efficiency and 
controllability, being able to synthetize handle scaffolds with good mechanical 
properties and stiffness. Photopolymerization is one of the most commonly approach 
used for the development of 3D bioprinted scaffolds. The chemical reaction can be 
triggered by the irradiation of a photoinitiator (PI) containing-hydrogel at a specific 
wavelength. However, photocuring also shows some drawbacks due mainly to the 
cytotoxicity and inflammation reactions that are provoked by the generation of free 
radicals by UV exposure that can damage DNA and cellular components [20, 111, 
112]. For this reason, activated PIs under visible or A-UV light are being exten-
sively used during the last years [20, 113]. However, many authors have demon-
strated in their studies that a proper adjustment of the UV irradiation time, intensity, 
and wavelength could ensure cell viability [37, 38, 104, 106, 110, 114, 115].

10.3.1  Incorporation of Additives for Enhancing Mechanical 
Properties

In order to achieve 3D bioprinted scaffolds with clinical relevant dimensions, there 
are two main strategies without using a bath as supporting medium. The first one 
consisted of the improvement of mechanical properties of the solution through a 
rapid cross-linking process, as it has been discussed in the previous section. The 
second one is the incorporation of support materials, such as PCL, which can confer 
space and structural integrity to low viscous bioinks [5, 39, 116, 117]. Daly and 
coworkers developed a study to compare the printability of different bioinks for 3D 
bioprinting of hyaline and fibrocartilage, using the most common hydrogels: aga-
rose, GelMA, alginate and BioINK™, which consists of a poly(ethylene glycol) 
methacrylate (PEGMA) based hydrogel. The tissue staining for type II collagen 
revealed that alginate and agarose based bioinks supported properly the develop-
ment of hyaline-like cartilage, while GelMA and BioINK™ supported the growth 
of fibrocartilage. They used PCL filaments to reinforce the mechanical properties of 
the hydrogels, being able to synthesized constructs with a compressive moduli simi-
lar to articular cartilage [22].

In another interesting work, Ahlfeld et al. used Laponite, a synthetic nanosilicate 
clay which is known for its drug delivery properties. They combined alginate and 
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methylcellulose with Laponite to develop constructs with high printing fidelity as 
well as, controlled released of active compounds [39]. Co-printing approaches with 
PLGA or nanocellulose rather than PCL as supporting materials have also been 
boarded [118]. Nanocellulose, for example, is able to increase the viscosity of an 
alginate solution bioink up to sevenfold, improving therefore the bioprintability [5]. 
In a work by Markstedt and collaborators, a bioink composed of nanofibrillate cel-
lulose and alginate was developed to a patterned meniscus cartilage in a single-step 
bioprinting process [119, 120]. Müller et al. also developed a sulfate alginate-based 
bioink in combination with nanocellulose to make it printable. This mix was photo-
curable, arising as a good alternative for cartilage tissue regeneration applications 
[13]. In addition, to avoid the limitations of PCL as a reinforcing material, the 
increasing of porosity of the reinforcing phase can be also an alternative approach 
[9, 14].

10.3.2  Incorporation of Bioactive Compounds

The incorporation of active compounds such as growth factors and inorganic com-
pounds is a very common approach to enhance cell adhesion and proliferation, as 
well as, differentiation to a specific tissue. Bartnikowski et al. incorporated a paste 
of HAp to a GelMA, and GelMA-HAMA bioink for the development of a zone of 
calcified cartilage, as well as improvement of bioinks printability. They concluded 
that the incorporation of HAMA enhanced chondrogenesis and the bioprinted scaf-
folds showed good cell culture viability for 28  days [11]. In another interesting 
work, Wang et al. studied the effect of HAp in an HA-based bioink. They demon-
strated that a small amount of HAp enhanced chondrogenesis and hypertrophic dif-
ferentiation of adipose derived MSCs. In addition, they were able to develop 
stratified scaffolds with mineralized and nonmineralized layers (HA-HAp based 
and HA-based) [121]. In another work, Zhou and coworkers incorporated GO to 
their gelatin-based 3D bioprinted scaffolds to promote chondrogenic differentia-
tion, demonstrating that multifunctional carbon-based nanomaterials can be a suit-
able additive for osteochondral TE approaches [24].

Traditionally, several growth factors including transforming growth factors 
(TGFs), insulin-like growth factors (IGFs) and bone morphogenetic protein (BMPs) 
have been incorporated to osteochondral TE scaffolds to promote chondrogenic or 
osteogenic stem cells differentiation as it has been reviewed recently [122]. Similar 
approach has been also used in AM scaffolds. Until now, TGF-β has been incorpo-
rated either directly to the cell culture media [41, 123, 124] or by physical encapsu-
lation in the hydrogel [94, 125, 126]. An example of TGF-β physical encapsulation 
has been reported by Kundu et  al. where an alginate–TGF-β–BMMSCs printed 
scaffold reinforced with PCL has been manufactured by MHDS. Scaffolds loaded 
with TGF-β produced higher GAGs content after 4 weeks compared to the unloaded 
ones [94]. However, recent studies focusing on silk–gelatin constructs incubated 
with TGF-β1 have shown hypertrophy instead of articular cartilage MSC differenti-
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ation. This evidence has led to an increasing need to find new strategies which could 
avoid the hypertrophic differentiation. In this sense, the overexpression of nuclear 
receptor subfamily 2 group F member 2 (NR2F2) in MSCs was promoted previ-
ous to scaffold cell implantation. This overexpression has provided the generation 
of abundant cartilage matrix [127]. Another strategy focused on the 3D bioprint-
ing encapsulation of bioactive drug Y27632 [(+)-(R)-trans-4-(1-aminoethyl)-N-
(4-pyridyl)cyclohexanecarboxamide dihydrochloride] which has been shown to 
reduce the hypertrophic market collagen X (Col X) in comparison with TGF-β when 
MSCs were seeded on polyurethane (PU)–HA constructs [126]. BMPs are another 
group of growth factors widely applied for promoting osteogenic differentiation. 
In a recent work the surface of PLA constructs has been modified by the assem-
bly of multilayer nanocoating based on gelatin (Gel) and poly-lysine (PLL) finally 
cross-linked with genipin (GnP). An increase cell adhesion of both human umbili-
cal vein endothelial cells (HUVECs) and hMSCs respect to the control (unmodi-
fied PLA construct was reported. More interesting, this approach allowed for the 
smart release of growth factors such as recombinant human bone morphogenetic 
protein (rhBMP-2) and recombinant human vascular endothelial (rhVEGF) by pro-
moting osteogenic differentiation of hMSCs and .proliferation and differentiation 
of HUVECs Thus, it has been possible the generation of vascularized bone grafts 
[60]. In order to avoid undesirable growth factors degradation when adding directly 
to the cell culture media, Dong et al. have developed hybrid chitosan–PCL scaf-
folds loaded with BMP-2. A sustained in vitro release of BMP-2 promoted BMMSC 
osteogenic differentiation [98].

10.4  Conclusion and Future Perspectives

In general, the arrival and development of 3D bioprinting has made a huge impact 
on tissue regeneration field. Its implementation in osteochondral TE field is highly 
appropriate owing to the particular heterogeneity and anisotropy that the osteochon-
dral tissue exhibits. 3D bioprinting allows for fabricating very intricate heteroge-
neous 3D constructs by an accurate spatiotemporal positioning of cells and 
biomolecules, controlling the structure, size, shape, pore, and orientation of each 
component with micrometer precision. In addition, the porosity and gradient cre-
ated in the scaffolds by 3D bioprinting ensures a good cell–cell communication and 
vascularization of the construct, which is essential for an appropriate distribution of 
oxygen and nutrients, and thus for long-term stability.

However, despite all the advantages that this technology holds in the field, some 
challenging aspects have to be solved before translation of the technology to the 
clinic occurs. It cannot be denied that 3D bioprinting will be responsible for a new 
generation of personalized therapeutic approach, but the materials and technology 
should be meticulously chosen when aiming for translation to the clinic. Currently, 
the most daunting challenges that restrict the clinical translation of this technology 
are the capacity for large-scale fabrication, sterilization process, stringent quality 
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control for 3D scaffolds for human trials, and the affordability of the medical expen-
diture. Although numerous preclinical studies are being developed, clinical trials 
are very limited due to regulatory issues, differences in patient responses, as well as 
implantation constraints. In addition, the necessity of skilled experts and cost effi-
cacy of the fabrication devices are still bottlenecks for the clinical translation of the 
technology.

In conclusion, the emergence of printing technologies for the construction of 
mimetic scaffolds for the regeneration of osteochondral tissue seems to be a signifi-
cant milestone. As all novel technologies, 3D bioprinting should face regulatory 
hurdles for clinical translation that must be solved in the following years, as these 
technologies provide real benefits and advantages to really complicated osteochon-
dral diseases and lesions.
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Chapter 11
The Use of Electrospinning Technique 
on Osteochondral Tissue Engineering

Marta R. Casanova, Rui L. Reis, Albino Martins, and Nuno M. Neves

Abstract Electrospinning, an electrostatic fiber fabrication technique, has attracted 
significant interest in recent years due to its versatility and ability to produce highly 
tunable nanofibrous meshes. These nanofibrous meshes have been investigated as 
promising tissue engineering scaffolds since they mimic the scale and morphology 
of the native extracellular matrix. The sub-micron diameter of fibers produced by 
this process presents various advantages like the high surface area to volume ratio, 
tunable porosity, and the ability to manipulate the nanofiber composition in order to 
get desired properties and functionality. Electrospun fibers can be oriented or 
arranged randomly, giving control over both mechanical properties and the biologi-
cal response to the fibrous scaffold. Moreover, bioactive molecules can be inte-
grated with the electrospun nanofibrous scaffolds in order to improve the cellular 
response. This chapter presents an overview of the developments on electrospun 
polymer nanofibers including processing, structure, and their applications in the 
field of osteochondral tissue engineering.

Keywords Nanofibrous meshes · Processing parameters · Topographies · Surface 
functionalization

11.1  Introduction

Over the years, electrospinning has received attention from the biomedical com-
munity as a cutting-edge technology enabling the fabrication of meshes of fibers 
with diameters in the micro- to nano-scale that can be used as filtration membranes, 
catalytic nanofibers, fiber-sensors, and tissue engineering scaffolds [1–3]. 
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Basically, a scaffold needs to be mechanically resistant and support cell growth and 
proliferation, but gradually degrade along with the formation of new tissue and, 
finally, be replaced totally by the newly formed tissue [4].

Electrospinning is a versatile and cost-effective polymer processing technique 
for the production of nonwoven micro- to nano-fibrous meshes. The fiber dimension 
defines several interesting properties such as area to volume ratio, porosity, and 
mechanical properties. From a biological point of view, almost every extracellular 
matrix (ECM) of connective tissue is based on nanofibrous structures (e.g., skin, 
cartilage, and bone). These similarities make electrospun nanofibers great candi-
dates to provide the cells an environment similar to the native structure of the ECM 
[4, 5]. Most of the desirable properties of tissue engineered scaffolds can be 
addressed by electrospun nanofibrous meshes, such as porosity, interconnected 
pores with adjustable pores size, capabilities for effective surface functionalization, 
and adjustable surface morphology [6–9].

This chapter provides an in-depth analysis of the principles behind the electros-
pinning technique, the influence of the processing parameters over the fiber charac-
teristics, and discusses the applications and impact of electrospun nanofibrous 
meshes in the field of osteochondral tissue engineering (OTE).

11.2  Basics of the Electrospinning Technique

The process of using electrostatic forces to produce fibers has been known for over 
100 years. Unlike conventional fiber spinning methods (as dry-spinning or melt- 
spinning), electrospinning has its roots in electrostatic spraying (electrospraying), 
making use of electrostatic forces to stretch the solution as it solidifies [10, 11]. 
Already in the ‘30s, the electrospinning technique was patented by A. Formhals for 
the commercial fabrication of artificial filaments [12]. However, only in the mid-
‘90s, researchers began to explore the high potential of this method for producing 
nanofibers. Nowadays, electrospun fibrous meshes are widely used successfully, 
especially for biomedical applications.

Electrospinning has many controllable processing parameters that affect the 
fibers formation and resulting structure [6]. Generally, the production of nanofibers 
using the electrospinning technique is based on uniaxial stretching of a viscoelastic 
solution, containing a dissolved polar or nonpolar polymer solution, caused by elec-
trostatic forces [10, 13].

There are basically three main components in the traditional electrospinning 
setup: a high voltage power source, a capillary tube with a pipette or a needle, and a 
metallic collector base (Fig. 11.1) [10, 14]. The fiber formation is achieved by forc-
ing the viscous polymeric solution through a spinneret, in most cases the metal tip 
of a needle, exposed to an electric field, forming initially a droplet. As the intensity 
of the electric field is increased, the droplet is turned into a conical shape fluid struc-
ture called the Taylor cone, which was first described mathematically by G. I. Taylor 
in 1964 [15]. If the viscosity and surface tension of the polymeric solution are 
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 suitable, the breaking of the cone is prevented and a stable jet is formed. The increase 
in the applied high voltage leads to the elongation of the Taylor cone. When the 
repulsive force within the charged solution is higher than its surface tension, the 
cone is elongated, becoming a jet. This fluid filament is directed to a grounded col-
lector. At this time, the solvent is evaporated and the nanofibers are formed and 
deposited at the surface of the collector as a nonwoven web of small fibers—the 
nanofibrous mesh [10, 13, 16]. The obtained nonwoven mesh structure consists 
typically of randomly aligned fibers deposited in successive layers over a static col-
lector. The fibers are stacked one over another while being deposited, building sev-
eral interconnections due to the presence of residual solvent.

The nanofibers obtained are in fact a single continuous fiber that continues to be 
deposited on the collector as long as there’s enough solution in the syringe to feed 
the electrospinning jet [16]. Electrospun fibers can also be forced into aligned depo-
sition when using suitable collectors [17, 18]. According to the application, the 
collector configuration may differ: stationary plates and rotating mandrel. The dif-
ferent collectors provide different electric fields, enabling the production of special 
morphologies.

The main problems related with the conventional arrangement of the electrospin-
ning apparatus are: (1) the gravitational force, which allows drops to fall down from 
the needle creating defects on the mesh; (2) the low efficiency, intrinsically associ-
ated with the production of only one nanofiber at a time [19]. This is particularly 
relevant in industrial applications where a continuous and rapid process is essential. 
Various solutions were studied to optimize this technique combining solvents and 
polymers with different characteristics. Moreover, new configurations and acces-
sories can be developed to adapt the system for a given application, obtaining 
meshes with different morphologies, porosity and porosity distribution, diameter, 
and fiber structure [6, 7, 20–22].

Fig. 11.1 The common 
setup and working 
principle of 
electrospinning. Reprinted 
with permission from [6]. 
Copyright 2015, Elsevier
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11.3  Influence of Processing Parameters

Electrospinning has shown to be a quite simple and versatile technique to obtain 
nonwoven meshes, achieving a consistent number of samples with similar proper-
ties, namely a controllable fiber diameter. The properties of the fibers can be modi-
fied depending on the choice of materials and solvents used which will affect the 
solution properties (such as solution viscosity, volatility, concentration, surface ten-
sion, and conductivity), solution temperature, applied voltage at the tip of the nee-
dle, angle of the spinneret, spinneret tip-to-collector distance, the temperature, air 
velocity in the electrospinning chamber, and humidity [6, 20, 23–27]. The last three 
variables (distance, temperature, and humidity) are the ones that control the solvent 
evaporation during the electrospinning process. These processing parameters listed 
in Table 11.1 have the following effects over the fiber morphology.

A major disadvantage of electrospinning is the lack of independent control over 
all processing parameters, since changing one parameter, other parameters are 
simultaneously influenced. For this reason, it is still a challenge to achieve a suffi-
cient stability in the production of microstructural features on the fibrous meshes. 
The parameters that affect the electrospinning process can be divided in three major 
categories:

11.3.1  Processing Parameters

To obtain fibers with controllable diameter, the electrical field intensity needs to be 
adjusted by playing with three processing parameters: the applied voltage, the 
defined flow rate, and the distance between the needle tip and the grounded collector 
[26, 28]. The type of collector used, concerning its material, shape, and size, also 
causes changes in the shape and intensity of the electrical field.

The fibers formation from few microns to tens of nanometers in diameter is also 
controlled by the intensity of the applied electric field. Only after attaining a 

Table 11.1 Electrospinning parameters and their effects on fiber morphology

Parameter Effect on fiber morphology

Applied voltage Decrease in fiber diameter with increase in voltage
Flow rate Decrease in fiber diameter with decrease in flow rate;

Generation of beads with too high flow rate
Distance between tip and 
collector

Decrease in fiber diameter with increase in spinning distance;
Generation of beads with too small and too large distance

Polymer concentration 
(viscosity)

Increase in fiber diameter with increase of concentration of the 
polymeric solution

Solution conductivity Decrease in fiber diameter with increase in conductivity
Solvent volatility High humidity results in circular pores on the fibers;

Increase in temperature results in decrease in fiber diameter
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 threshold voltage, the fiber formation occurs. This induces the necessary charges on 
the polymeric solution, along with the generation of an electric field, and initiates 
the electrospinning process [10, 15].

The shape of the pendant drop at the tip—Taylor cone—is dependent on the 
processing parameters, being mainly influenced by the electric field intensity and 
the flow rate, and also by the solution parameters [10, 29]. At relatively low process-
ing voltages, in combination with relatively high flow rates, a pendant drop is 
formed at the tip of the needle (Fig. 11.2). By increasing the voltage or decreasing 
the flow rate, the drop retreats until the Taylor cone begins at the tip of the needle. 
This leads to the most stable processing conditions. By having a relatively high volt-
age, together with a relatively low flow rate, the Taylor cone is formed inside the 
capillary of the needle. The ejection of the polymeric solution at these processing 
conditions is associated with increasing observation of bead-like defects at the sur-
face of the meshes [10, 23, 24, 26]. If the electric potential is further increased, the 
former continuous jet turns into a spraying of single fiber segments or even single 
drops (“electrospraying”), which is not desirable for scaffold materials, since it does 
not produce a self-sustained fiber mesh.

The flow rate of the polymeric solution has a significant impact on the fiber size 
and on the fiber shape. In general, a lower flow rate is desirable because the solvent 
has enough time to evaporate, forming uniform and smooth fibers [30]. By its side, 
high flow rates result in beaded fibers due to the insufficient time for the fibers to 
stretch before reaching the collector [31, 32]. Another factor that controls the diam-
eter and morphology of the fiber is the distance between the needle tip and the col-
lector. It has been found that a minimum distance is required to give the fibers 
sufficient time to undergo stretching and dry before reaching the collector. 
Otherwise, with distances that are either small or too large, beads are obtained [21, 

Fig. 11.2 Formations of the “Taylor cone” (dark gray) and pendant drop (light gray). Adapted 
with permission from [1]. Copyright 2008, Elsevier
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33, 34]. Initially, the straight jet causes the formation of a single fiber, which 
becomes unstable and suffers stretching in long oscillatory movements. Along the 
way to the collector, the solvent evaporates and the charge density increases, which 
causes a further local stretching besides strong charge repulsion against equally 
charged areas on the fiber. The resulting perpendicular moving or “whipping insta-
bility” of the fiber stream is bounded by an enveloping cone towards the collector 
[35]. All these effects cause further reduction of the fiber diameter, when traveling 
in the direction of the collector. Furthermore, the collector material should be con-
ductive to create stable potential difference between needle and collector and to 
control the electric field that controls the fibers’ deposition pattern.

11.3.2  Solution Parameters

The solution parameters are mainly determined by the characteristics of the 
polymer(s) and the solvent(s), being the most frequently investigated ones. The 
most significant parameters include concentration, molecular weight, viscosity, sur-
face tension, and electric conductivity of the polymeric solution [10, 20, 23, 36].

In the electrospinning process, the concentration of the polymer determines the 
spinnability of a solution, namely if the fibers form or not [28, 32]. Above a critical 
concentration, a continuous fibrous structure is obtained. The fiber diameter can be 
significantly decreased by decreasing the polymer concentration, although there is 
a minimum limit to obtain uniform nanofibers without beads [9, 37]. High solution 
concentrations can be difficult to process owing to the high viscosity of the solution. 
Thus, an optimal range of polymer concentrations exists in which the fibers can be 
electrospun, when all the other parameters are held constant.

The molecular weight of a polymer also has a significant effect on the electrical 
and rheological characteristics of the solution [21, 37]. It reflects the number of 
entanglements of polymer chains in a solution. Therefore, low molecular weight 
solutions tend to form beads instead of fibers, whereas high molecular weight solu-
tions give fibers with relatively large diameters [6, 21].

The concentration and molecular weight of a polymer determine the viscosity of 
a solution, playing an important role over the fiber size and morphology during 
electrospinning [6, 26, 38]. In fact, a very low viscosity solution cannot form uni-
form and smooth fibers, while very high viscosities can be difficult to obtain con-
tinuous jet forming fibers.

The formation of droplets, beads, and fibers depends on the surface tension of the 
polymeric solution, being therefore a required parameter for fiber formation. 
Generally, the high surface tension of a polymeric solution limits the fiber forma-
tion, because of the unstable jet and dispersion of droplets, while the low surface 
tension can form uniform and smooth fibers [9, 31].

The solution conductivity is mainly determined by the polymer type, solvent 
used, and/or the availability of ionizable salts. The electrical conductivity and the 
solvents volatility are set by the choice of the solution composition, containing 
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 specific amounts of solvents and/or additional non-solvents. By increasing the solu-
tion conductivity, there is a considerable decrease in the fiber diameter. However, 
low solution conductivity may cause insufficient elongation of the jet which induce 
the formation of the undesired beads [10, 23, 39].

11.3.3  Environmental Parameters

Apart from the solution and processing parameters, environmental parameters (i.e., 
temperature and humidity) also affect the electrospinning process. To obtain a better 
mobility of the polymer molecules, a higher temperature is needed for the electros-
pinning process [26, 40]. Few studies reported that, by increasing the temperature, 
the viscosity of the polymeric solution decreased, resulting in smaller fiber 
diameters.

The humidity has major effects in the electrical conductivity of the air and causes 
changes in the electrical field, while it affects the evaporating rate of solvents as 
well. At low humidity, the solvents will evaporate completely, rising the rate of 
solvent evaporation. The high humidity leads to the appearance of small circular 
pores at the fibers’ surface [6, 41].

11.4  Generation of Specific Topographies in Electrospun 
Fibers

In the standard electrospinning process, the fibers are randomly deposited onto a 
planar collector, defined as the counter electrode, obtaining a nonwoven fibrous 
mesh. However, the electrospinning technique is not limited to the production of 
nonwovens with a random planar fiber orientation. Other fiber morphologies and 
structures (i.e., parallel and crossed fiber arrays, helical or wavy fibers, and pat-
terned fiber web) can be also obtained via modified electrospinning process or col-
lectors (Fig. 11.3) [17, 20, 42–44].

Uniaxial alignment of nanofibers can be achieved when a cylinder at high rotat-
ing speed is used as collector [45, 46]. However, the degree of orientation for nano-
fibers collected by rotating drums is far from having a perfect alignment due to the 
inconsistent and incontrollable polymeric jets [47, 48]. Instead, by using special 
electrode arrangements, a high degree orientation can be achieved. A parallel nano-
fibers deposition can be obtained by using two parallel flat plates or with frame- 
shaped electrodes [18]. As using a quadratic arrangement of four electrodes, a 
cross-shaped deposition of nanofibers can be obtained [17, 49].

Taking advantage of the electrospinning setup versatility, strategies to produce 
complex mesh structures have been developed [16, 17, 50, 51]. Kidoaki et al. pro-
posed the layer-by-layer electrospinning and mixing electrospinning strategies [50]. 
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In the layer-by-layer strategy, the obtained mesh is either structured hierarchically 
by sequentially spinning two or more polymeric solutions through separate nozzles 
over the same static collector (Fig. 11.4a). In the mixing electrospinning strategy, 
the solutions are spun at the same time over the same moving collector, obtaining a 
homogenous mixture of multiple fibers (Fig. 11.4b).

Electrospinning generally enables obtaining solid fibers with a smooth surface. 
However, it has the ability to produce fibers with different structures, such as porous 
and core-shell or hollow fibers (Fig. 11.3g, h) [20, 52].

Fig. 11.3 Morphology of different electrospun nanofibrous structures. (a) random orientation; (b) 
parallel and (c) patterned nanofiber meshes; (d) helical fibers; (e) solid nanofiber; (f) porous nano-
fiber; (g) core-shell nanofiber; (h) hollow nanofiber. Adapted with permission from [9, 17, 36, 43]. 
Copyright 2004, John Wiley & Sons. Copyright 2011, John Wiley & Sons. Copyright 2014, 
Elsevier. Copyright 2016, Elsevier
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Fig. 11.4 Proposed material mixing strategies for multiple nozzle electrospinning. Reprinted with 
permission from [4]. Copyright 2005, Elsevier
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The production of a porous structure into the bulk of an electrospun nanofiber 
can be achieved by two slightly different approaches. One is based on the selective 
removal of one component used to produce nanofibers made from two phase mate-
rial, such as a composite or blend material. The other approach involves the use of 
the phase separation of different polymers during the electrospinning, under the 
application of proper electrospinning parameters [20, 53].

The use of the conventional electrospinning setup allows the production of the 
core-shell nanofibers from a polymeric solution containing two polymers that will 
phase separate as the solvent is evaporating [52]. Coaxial electrospinning setup also 
allows the production of core-shell nanofibers by coelectrospinning of two different 
polymeric solutions through a spinneret comprising two coaxial capillaries [54, 55]. 
This coaxial electrospinning method has been used to encapsulate a wide variety of 
biological molecules into the core of the nanofibers [56, 57].

11.5  Surface Modification of Nanofibrous Meshes

All the above-described methods were focused on the development of scaffolds 
architecture able to support cell adhesion or migration along the electrospun nano-
fibrous mesh. However, the surfaces of electrospun nanofibrous meshes may be 
physically or chemically modified to provide biomimetic microenvironments for 
the surrounding tissues and cells [9, 44].

Surface modification methods have been applied to electrospun nanofibrous 
meshes to enhance their biocompatibility or induce specific biological response 
from attached cells. Several surface modification methods have been implemented 
on electrospun nanofibers, which can be divided into chemical- and 
bio-functionalization.

11.5.1  Chemical Modification

A wide range of surface modification methods can be used to change the surface 
chemistry of electrospun nanofibers, aiming to improve the scaffold hydrophilicity 
and provide a more desirable environment for cellular adhesion and growth.

Plasma treatment has been widely used to modify the surface of many polymeric 
materials including nanofibrous scaffolds, with the purpose to create polar groups, 
such as hydroxyl, carboxyl, or amine at their surfaces [58, 59]. The presence of 
these functional groups results in changes of polymeric surface properties such as 
wettability, polarity, and bio-adhesion [5, 59, 60]. For example, poly-l-lactic acid 
(PLLA) nanofibers modified by plasma treatment demonstrated an increase in the 
surface hydrophilicity and the amount of oxygen-containing groups, which enhance 
the cell adhesion of porcine mesenchymal stem cells (pMSCs) at earlier culture 
time intervals [60].
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The combination of inorganic compounds (e.g., hydroxyapatite) within nanofi-
brous scaffolds represents an exclusive advantage in the tissue engineering field, 
namely in the case of bone and teeth. Hydroxyapatite is known as an osteoconduc-
tive and osteoinductive material. These properties could facilitate the integration 
with native bone and, eventually, promote new bone formation [61, 62]. Likewise, 
electrospun nanofibrous meshes coated with a biomimetic calcium phosphate layer, 
mimicking the extracellular microenvironment found in the human bone structure, 
support and enhance the proliferation of osteoblasts for long culture periods [7]. 
Collagen, the major organic component of bone, is among the most preferred matrix 
of electrospun nanofibers to mimic bone. Therefore, several studies on electrospin-
ning of collagen with hydroxyapatite nanoparticles can be found in the literature 
[63–68].

Another chemical modification method relies on performing graft polymeriza-
tion to introduce multifunctional properties at the nanofibers’ surface by aminolysis 
and alkali treatment. Generally, the surface graft polymerization method begins 
with plasma and UV radiation treatment in order to produce free radicals for the 
polymerization [56, 69]. Aminolysis is a straightforward method for the introduc-
tion of amino groups at the surface of polyesters by the cleavage of ester bonds and 
the simultaneous generation of amide bonds. The most commonly used aminolysis 
reagent is a diamine, namely hexamethylenediamine. One of the two NH2 groups 
reacts with the carbonyl carbon while the other amino group remains free at the 
nanofiber surface, potentially stable for subsequent chemical reactions [69–72].

11.5.2  Bio-Functionalization

Considering the physicochemical flexibility of electrospun nanofibrous meshes, the 
incorporation of biological active factors represents an important research domain 
in the area of tissue engineering. In principle, the nanofibrous scaffolds will easily 
absorb such bioactive molecules, due to the high surface area, and then possibly 
result in optimal local release, providing a smart approach to maintain higher levels 
of bioactive molecules at the neighboring cells.

A great number of electrospinning-based research works have been reported, 
incorporating different bioactive molecules: the short peptide sequence RGD [73] 
and perlecan (a natural heparin sulfate proteoglycan) [51, 74].

From the biological point of view, electrospun nanofibers containing GFs can be 
considered good candidates for tissue engineering applications. Growth factors 
(GFs) are biological substances with particular chemical sequences that regulate a 
variety of cellular processes, namely stimulation of cellular growth, proliferation, as 
well as trigger their differentiation. Examples of GFs include bone morphogenetic 
proteins (BMPs) [75–77], vascular endothelial growth factor (VEGF) [71, 78, 79], 
basic fibroblast growth factor (bFGF) [71, 80], insulin-like growth factor (IGF) 
[76], and transforming growth factor beta (TGF-β) [71, 81].
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11.6  Osteochondral Application of Nanofibrous Meshes

Osteochondral defects (i.e., defects which affect both the articular cartilage and 
underlying subchondral bone) typically derived from traumatic injuries or osteo-
chondritis [82]. Grafting of osteochondral composite tissues, consisting of a super-
ficial cartilaginous layer (corresponding to articular cartilage) and an underlying 
calcified tissue (corresponding to subchondral bone), represents a promising 
approach to restore the biological and mechanical functionality of the joint [83]. To 
repair osteochondral tissue with its multiple cell types organized in a specific pat-
tern, a functional scaffold is required to control the spatial organization of the dif-
ferent cells [84]. In this way, a scaffold with homogeneous properties is not able to 
support the activity and expression of multiple cells in osteochondral tissue. 
Therefore, functional gradient osteochondral scaffolds with physical and chemical 
properties are needed.

Electrospinning has been demonstrated to be a powerful tool for fabricating tis-
sue engineering scaffolds, as it is simple, inexpensive, versatile, and capable of 
forming ECM-mimicking structures [1]. However, for ultimate use in the field of 
osteochondral tissue engineering (OTE), cell infiltration hindrance and insufficient 
mechanical strength of conventional electrospun scaffolds should be investigated. 
These inherent limitations of electrospinning have gained considerable attention 
and a variety of approaches for overcoming them have been proposed [84, 85]. To 
address the issue of insufficient mechanical properties, combining electrospun con-
structs with either more robust matters/structures or applying different postprocess-
ing modifications have been proposed [86–88]. Moreover, after fabrication, the 
nanofibers’ surface can be modified with a diversity of bioactive molecules due to 
the surface chemistry flexibility and the high surface area of the nanofibrous 
scaffold.

A wide range of works have been showing the potential of electrospinning to 
produce a wide range of nanofibrous scaffolds from which some can be selected in 
order to create, with the help of a multilayered arrangement, a three-dimensional 
scaffold with gradients of properties trying to recapitulate the zonal matrix of the 
bone-cartilage interface [87–92]. Erisken et  al. produce a poly (ε-caprolactone) 
(PCL) mesh with controlled gradation of insulin and β-glycerophosphate (β-GP) 
concentrations in between the two sides of a nanofibrous scaffold. This was achieved 
via the combined use of twin-screw extrusion and electrospinning techniques. The 
use of both insulin and β-GP at graded concentrations led to the differentiation of 
human adipose-derived stromal cells in a location-dependent manner: chondrogenic 
differentiation of the stem cells increased at insulin-rich locations and mineraliza-
tion increased at β-GP-rich locations [90].

Liu et al. fabricated a novel scaffold for OTE by the combination of 3D bioprint-
ing with multi-nozzle electrospinning. For temporally controlled release of genta-
micin sulfate (GS) and deferoxamine (DFO), blend electrospun GS/polyvinyl 
alcohol (PVA) and coaxial electrospun core PVA-DFO/shell PCL fibers were depos-
ited in the scaffold. The composite scaffold has the potential to delivery multiple 
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biomolecules with various release profiles over space and time, achieving special 
characteristics of osteochondral scaffolds [92].

Mouthuy et  al. investigated the potential of the electrospinning technique to 
build a three-dimensional construct recapitulating the zonal matrix of the bone- 
cartilage interface. In that context, a wide range of poly (lactic-co-glycolic acid) 
(PLGA) meshes with different proportions of collagen and hydroxyapatite nanopar-
ticles were obtained by electrospinning. They show that the membranes have a bet-
ter potential to serve as a scaffold to engineer either bone or cartilage thanks to the 
presence of collagen and hydroxyapatite nanoparticles [89].

11.7 Concluding Remarks

Osteochondral defects are a major clinical problem and the development of more 
effective scaffolds with the aim of osteochondral regeneration is a challenging topic. 
Electrospinning techniques are in continuous development to produce nanofibers 
with similar architecture of natural fibrillar ECM. Indeed, electrospinning consti-
tutes the main technique generally available for the production of continuous poly-
meric nanofibers. Its inherent high surface to volume ratio, ease of operation, and 
cost-effectiveness are all appealing features for OTE application. Considering the 
features of electrospun fibrous scaffolds, they can be considered a promising solu-
tion to this problem, facilitating bone-cartilage interface regeneration.
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Chapter 12
Supercritical Fluid Technology as a Tool 
to Prepare Gradient Multifunctional 
Architectures Towards Regeneration 
of Osteochondral Injuries

Ana Rita C. Duarte, Vitor E. Santo, Manuela E. Gomes, and Rui L. Reis

Abstract Platelet lysates (PLs) are a natural source of growth factors (GFs) known 
for its stimulatory role on stem cells which can be obtained after activation of plate-
lets from blood plasma. The possibility to use PLs as growth factor source for tissue 
healing and regeneration has been pursued following different strategies. Platelet 
lysates are an enriched pool of growth factors which can be used as either a GFs 
source or as a three-dimensional (3D) hydrogel. However, most of current PLs- 
based hydrogels lack stability, exhibiting significant shrinking behavior. This chap-
ter focuses on the application of supercritical fluid technology to develop 
three-dimensional architectures of PL constructs, crosslinked with genipin. The 
proposed technology allows in a single step operation the development of mechani-
cally stable porous structures, through chemical crosslinking of the growth factors 
present in the PL pool, followed by supercritical drying of the samples. Furthermore 
gradient structures of PL-based structures with bioactive glass are also presented 
and are described as an interesting approach to the treatment of osteochondral 
defects.
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12.1  Introduction

Full thickness chondral and osteochondral defects and early osteoarthritis represent 
one of the most significant challenges facing the global health care community due 
to the limited healing potential of articular cartilage, resulting in chronic degenera-
tion. Osteochondral tissue is a gradual transition from cartilage to bone in which the 
key constituents of each tissue undergo an exchange in predominance. Structurally, 
the osteochondral interface is the connection between a layer of hyaline cartilage 
and underlying bone and it is crucial for load transfer between bone and cartilage [1, 
2]. The most commonly used standard therapies for treating articular cartilage 
defects are generally successful for pain relief and improved function but do not 
restore the articular cartilage and subchondral bone completely, leading to degen-
eration over time [3]. Tissue Engineering (TE) offers an alternative approach to the 
current treatments, aiming at the regeneration of tissues through the use of cells 
within a supporting matrix that may also incorporate biomolecules (e.g., growth 
factors—GFs) that enhance cell function and/or tissue regeneration [4].

The concept of osteochondral TE, a hybrid of bone and cartilage regeneration, 
has attracted considerable attention, particularly as a technique for promoting supe-
rior cartilage integration and as a treatment for osteochondral defects [5]. The engi-
neering of complex tissues, which involve multiple cell types organized in specific 
patterns, such as the orthopedic interface [6], is still a rather challenging task and it 
is recognized that the effective regeneration of these tissues has not been fully 
attained. For osteochondral scaffolds, additional design criteria should be consid-
ered to achieve the best possible simultaneous growth of the two independent tis-
sues involved. A single scaffold with a homogeneous structure may not be the ideal 
support for such applications and therefore a bilayered scaffold combining parts 
with differing physical and chemical properties might be the most suitable approach 
to promote the simultaneous individual growth of cartilage and bone on a single 
integrated implant. This may require the use of biphasic constructs with areas with 
distinct mechanical, structural, and molecular properties [7, 8]. Some studies have 
focused on the development of two layers with different architecture and mechani-
cal properties [9, 10], whereas others have focused more on the delivery of bioactive 
agents distributed in the structure with a concentration gradient [8], to promote the 
formation of a calcified matrix on the bone side of the interface and a cartilage-type 
extracellular matrix (ECM) on the opposite side of the interface. Natural and syn-
thetic polymers have been used to produce these scaffolds but another interesting 
material that can be used to create new cell-laden structures comprises the use of 
Platelet Lysate (PL). In the past three decades, the increasing knowledge on the 
physiological roles of platelets in wound healing and tissue injury suggests the 
potential of using platelets as therapeutic tools [11]. Platelets are anucleate cyto-
plasmic fragments which form an intracellular storage pool of proteins vital to 
wound healing. Upon activation of platelets, lysis and subsequent release of several 
GFs occurs, naturally constituting a pool of bioactive factors at physiological con-
centrations. This protein concentrate is known to play key roles in tissue healing and 
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stimulation of cell expansion and recruitment. Simultaneously, it can also form a 
tridimensional network amenable to act as support for cell culture. Previous research 
studies have reported the development of PL-based scaffolds/hydrogels; however, 
they typically show high levels of shrinkage and lack long-term stability, requiring 
combination with other materials to acquire mechanical integrity [12].

In this chapter, we explore a new TE approach targeting the treatment of osteo-
chondral defects. The strategy proposed consists in the combination of a novel 
autologous PL-based gradient scaffold to promote the regeneration of the orthope-
dic interface using supercritical fluid technology. Our aim was the development of a 
PL-based gradient scaffold crosslinked with genipin. The bulk component is based 
on the genipin-crosslinked PL network produced by supercritical fluid-assisted pro-
cess. One of the sides of the scaffold (the one that faces the bone layer) is enriched 
with calcium phosphates (CaP) or Bioglass® to enhance osteoinductivity and 
mechanical properties. The other side (facing cartilage) is void of ceramic compo-
nent. Although the use of PL in tissue regeneration strategies is not new, this project 
presents the novelty of simultaneously using this blood derivative as gradient- 
inducing scaffolding system for the osteochondral defect, and simultaneously as a 
source of bioactive proteins to promote the regeneration of the tissues.

Supercritical fluid technology has already proven to be feasible for many phar-
maceutical applications and it has also been demonstrated to be a valid alternative 
to conventional processes for the preparation of tridimensional scaffolds due to its 
mild processing parameters [13–16].

12.2  Supercritical Fluid Technology

The development of 3D architectures for TE and regenerative medicine using super-
critical fluid technology can take advantage of different properties of a supercritical 
fluid and several techniques have already been reported. The development of matri-
ces for the regeneration of osteochondral defects explored in this chapter relies on 
the principles of the supercritical assisted phase inversion. In this method, two 
mechanisms occur at the same time: (1) the diffusion of the supercritical fluid into 
the protein solution, which results on the precipitation of the proteins from the aque-
ous solution; and (2) the removal of the solvent by the supercritical fluid. The phase 
separation and precipitation of the proteins to form a porous scaffold is favored by 
a high solubility between the solvent and the anti-solvent, i.e., a higher affinity of 
the solvent to the carbon dioxide [17]. The mutual affinity of water and carbon diox-
ide is very low due to their opposite polarity. To improve polarity of carbon dioxide, 
a small amount of an entrainer or cosolvent can be mixed with the gas. This can, in 
some cases, produce dramatic effects on the solvent power, greatly enhancing the 
solubility and/or affinity between two components [18]. Accordingly, it has been 
described in the literature, the successful preparation of chitosan membranes from 
dilute acetic acid aqueous solutions by supercritical assisted phase inversion [19]. 
On another hand, organic solvents have been reported to promote protein 
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precipitation, at moderate concentration, without affecting the functional properties 
of the proteins. Ethanol is a particularly interesting solvent and previous studies 
have demonstrated that processing proteins in the presence of small amounts of 
ethanol does not compromise protein activity. In particular, we have reported the 
development of 3D architectures of PDLLA scaffolds with PL-loaded nanoparti-
cles, in the presence of small amounts of ethanol. The results obtained suggest that 
the activity of the GFs was not compromised and the ability to guide stem cell dif-
ferentiation was maintained [13, 16].

12.3  Development of PL-Based 3D Multifunctional 
Architectures

Osteochondral TE has shown an increasing development and investment towards 
the design of suitable strategies to stimulate the regeneration of damaged cartilage 
and underlying subchondral bone tissue [20–23]. The use of two scaffolds with 
specific properties for bone and cartilage architectures, combined at the time of 
implantation as a multilayered structure was one of the first approaches for regen-
eration of large osteochondral defects. New design approaches have been proposed, 
including the use of bilayered scaffolds with distinct properties in each side of the 
construct, and the use of continuous gradient scaffolds. Different gradient structures 
have been proposed, focusing either on ranges of morphological features, mechani-
cal properties, presentation of bioactive molecules, or combinations of these [8–10, 
24, 25].

Most of these structures have been designed using natural and/or synthetic poly-
mers. Due to its bioactivity and structural potential, PL also arises as potential bulk 
material for the generation of novel scaffolds for osteochondral regeneration. The 
pool of GFs present in PL comprises several of the signalling molecules known to 
induce cell expansion and migration. Moreover, some of them are also known to 
stimulate osteogenic and chondrogenic differentiation of human stem cells [13, 26]. 
Moreover, PL can be obtained from the patient’s own blood, allowing us to pursue 
an autologous approach and eliminating immunogenic and disease transmission 
concerns [11]. Most of the strategies involving PL for the generation of 3D con-
structs either use polymeric networks absorbed and functionalized with PL [27, 28] 
or calcium-activated PL hydrogels for cell encapsulation. Hydrogels using PL as 
bulk material typically show fast degradation and relative instability, thus limiting 
their application potential [12]. Moreover, their mechanical properties are also poor 
and tend to be suitable for regeneration of soft tissues [11]. The osteochondral 
region of joints is a particularly mechanically demanding microenvironment and 
requires the application of biomaterials capable of withstanding an array of physical 
stimuli [1, 29–31]. To our knowledge, there is not published data regarding the use 
of PL as bulk material for the development of advanced scaffolds for osteochondral 
regeneration.
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The technique herein reported leads to the generation of a gradient scaffold, pro-
duced in a single step procedure, in which the simultaneous precipitation of PL 
proteins and the establishment of crosslinking bridges between the amino groups of 
the proteins and genipin takes place. Figure  12.1 presents a summary of the 
process.

One of the advantages of the use of supercritical fluid technology is the fact that 
single unit operations can be designed, avoiding the need for several subsequent 
steps of production. As a result, a 3D porous scaffold is obtained. Briefly, PL mixed 
with the crosslinker agent (genipin) is placed inside a high-pressure vessel, heated 
to the desired temperature (35–40 °C), and pressurized with carbon dioxide until the 
set pressure of the experiment (80–140 bar). The crosslinking reaction is allowed to 
take place for a pre-determined period of time and afterwards a stream of ethanol + 
CO2 passes through the vessel in order to promote phase inversion and extract the 
aqueous solution. Finally, the high-pressure chamber is flushed by adding fresh CO2 
under the same conditions in order to extract the residual ethanol and the system is 
slowly depressurized.

Genipin is a naturally occurring crosslinking agent which was chosen, particu-
larly due to its low cytotoxicity and to the ability to bind proteins or amino-acids 
between adjacent amino groups, forming blue pigments [32]. PL, on the other hand, 
is a protein concentrate, thus offering a high number of crosslinking sites to interact 
with the ester groups of genipin, leading to the formation of secondary amide link-
ages. The identification of specific proteins involved in the crosslinking reaction is 
not straightforward due to the enriched composition of PL. It has been reported that 
the mechanisms of crosslinking reactions with genipin are different at different pH 
values [33–35]. Among the studies documented, it has been suggested that the acid 
catalysis is necessary for the crosslinking reaction to occur. The advantages of the 
crosslinking reaction under dense carbon dioxide atmosphere are related with the 
acidification of aqueous solutions after the solubilization of CO2 molecules, which, 

Fig. 12.1 Schematic representation of the supercritical fluid technique designed for the prepara-
tion of PL-based 3D architectures
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depending on the operating conditions, can reach pH values up to 3. Previous work 
reported in the literature has shown though that the activity of the proteins is not 
compromised by the low pH at which the process takes place [36]. In fact, we have 
previously developed genipin-crosslinked PL membranes for cell culture applica-
tions, with reduced toxicity [37].

The production of PL scaffolds was pursued by using three different genipin 
concentrations. Genipin was dissolved in PL suspensions at final concentration 
range of 0.18–0.25% (w/v) before initiation of the supercritical fluid process. The 
optimal reaction time was evaluated and it was found to be 1 h. Three conditions 
were defined according to their classification of crosslinking degree: low (PLLXL), 
medium (PLMXL), and high crosslinking degree (PLHXL). Morphological analysis of 
the three categories of architectures was performed by Scanning Electron 
Microscopy (SEM) and micro-Computed Tomography (micro-CT). Qualitative and 
quantitative outputs extracted from these characterization methods are shown in 
Fig. 12.2.

The morphological analysis of the scaffolds provided the first hints on their fea-
sibility to act as structural support for growth and proliferation of seeded cells. The 
crosslinking degree showed influence on the morphological properties of the 3D 
structures, as it can be seen from the quantitative measurement of % of porosity, 
interconnectivity, and mean pore size. Mean pore size ranged between 85.9 and 
93.6 μm, typically considered an appropriate dimension for cell migration through 
the pore. However, the obtained structures were highly compact, with porosity lev-
els ranging from 12.2 to 17.3%, from the highest crosslinked scaffold to the lowest, 
respectively. This indicates the formation of highly packed architectures, which 
could be confirmed by SEM micrographs of cross sections of these PL scaffolds. 
Moreover, interconnectivity levels were also low, curiously being the lowest for the 
PLLXL condition (32.3%) and the highest for PLHXL (51.6%). These levels of porosity 
and interconnectivity could discourage further studies; however, we had evidence 
from previous studies from our laboratory that even PL-enriched structures with 

Sample PL LXL PL MXL PL HXL

SEM

Micro-CT 

2D sections

Porosity (%) 17.3 14.2 12.2
Interconnectivity (%) 32.3 36.4 51.6

90.7 93.6 85.9

200 mm 200 mm 200 mm

Mean pore size (m

Fig. 12.2 Morphological characterization of the scaffolds prepared with different genipin concen-
trations: SEM and micro-CT 2D micrographs of cross sections of the PL scaffolds
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poor initial porosity could act as templates for cell culture. The progressive dissolu-
tion of the PL bulk matrix leads to the cumulative formation of pores within the 
structure, enabling cell migration and colonization of the inner regions of the con-
struct [38]. At the same time, we also expected a delayed dissolution profile due to 
the covalent reinforcement induced by genipin crosslinking.

PLLXL and PLHXL scaffold formulations were selected to perform the cellular 
studies. Figure 12.3 depicts the results from the cell seeding of chondrocyte cell 
line—ATDC5 (Fig.  12.3a) and human adipose-derived stromal cells—hASCs 
(Fig. 12.3b, c).

The response of cells to the developed PL-based scaffolds was evaluated by over-
all DNA quantification along culture period and by characterization of cellular mor-
phology and organization during time. Two different cell types were used: one 
chondrocytic cell line (ATDC5) and human mesenchymal stem cells isolated from 
adult adipose-derived tissue stromal cells. Figure 12.3a shows a progressive increase 
of DNA concentration in ATDC5 cultures for both conditions, indicating that PL 
scaffolds act as templates for cell proliferation. At days 3 and 7 of culture, PLLXL 
showed significantly higher DNA levels, thus indicating an enhanced cellular pro-
liferation for the lowest crosslinked structures. At day 14, there were no significant 
differences in cumulative cell number between the scaffolds with distinct degrees of 
crosslinking.

Figure 12.3b reports DNA concentration of hASCs up to 14 days of culture. For 
this condition, there were no differences between the highest and the lowest cross-
linked structures. At day 1, DNA concentration was the highest for these cultures, 

Fig. 12.3 Cell adhesion and proliferation in PLLXL and PLHXL scaffolds. (a) Measurement of DNA 
concentration of constructs seeded with ATDC5 cells; (b) Measurement of DNA concentration of 
constructs seeded with hASCs; (c) SEM micrographs of PLLXL and PLHXL scaffolds prior and after 
seeding with hASCs. * Represents a statistically significant difference (p<0.05) between DNA 
concentration levels of PLLXL and PLHXL scaffolds
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decreasing during the first week and remaining constant up to 14 days of ex vivo 
culture. These cells were cultured with chondrogenic differentiation medium sup-
plemented with the typical factors for stimulation of in vitro chondrogenesis, with 
the exception of Transforming Growth Factor-β (TGF-β), which was available as a 
component of the PL concentrate. Therefore, the lack of cell expansion throughout 
the 14 days of culture period was not surprising, as cells were more committed to 
differentiation processes rather than cell division. Figure 12.3c provides a morpho-
logical and qualitative characterization of cell adhesion, proliferation, and coloniza-
tion of the PL-based constructs. It was possible to observe that hASCs managed to 
adhere to the surface of the scaffolds, presenting the typical elongated morphology 
of these cells when adhered onto a substrate. At day 14, a confluent layer of cells 
was evident for both scaffold formulations, thus confirming that cells were prolifer-
ating and that the material was not inducing cytotoxicity to the adhered cells. From 
these results, both high- and low-crosslinked PL scaffolds were viable templates for 
cell culture and could be further explored for osteochondral tissue engineering 
applications.

12.4  Development of Gradient PL-Based Architectures 
for Osteochondral Tissue Regeneration Applications

The main challenge in developing a functional osteochondral implant is related 
with the different features required for each region of the defect. While the scaffold 
region exposed to the cartilage side should possess lower mechanical properties, 
the component that aims to regenerate the subchondral bone requires strong 
mechanical properties and mineralization capacity, which may not be achieved 
solely by the crosslinking of PL with genipin. Bioactivity of the structure can be 
enhanced by the presence of ceramics presenting inherent osteoinductive proper-
ties. In this sense, the preparation of biodegradable composites containing hydroxy-
apatite-based calcium phosphates (CaP) or Bioglass® (BG) is a viable complement 
to the construct design.

Taking this in consideration, we have selected the condition PLHXL for the gen-
eration of gradient scaffolds, due to its superior interconnectivity levels. The incor-
poration of the inorganic material in the 3D structures only required one additional 
step to the protocol already described for the preparation of PL scaffolds, and con-
sisted in the dispersion of BG particles within the PL suspension prior to the super-
critical fluid processing steps. The incorporation of inorganic material in the 3D 
structures did not compromise the generation of the structures and led to the natural 
formation of a bilayered architecture: one BG-enriched region and other BG-poor 
phase (as presented in Fig. 12.4).

Significant structural changes were observed regarding porosity (53%), intercon-
nectivity (78%), and average pore size (177.9 μm) in the BG-enriched region. The 
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BG-poor layer also presented significant changes in comparison with the PLHXL 
scaffolds produced in the absence of BG particles.

The impact of incorporation of BG particles and architectural changes of the 
scaffold on the overall mechanical performance of the constructs was evaluated by 
Dynamic Mechanical Analysis (DMA). Mechanical analysis of the scaffolds was 
performed in dynamic compression mode on hydrated samples using DMA mea-
surements. Figure 12.5 shows the isothermal response of the various samples as a 
function of frequency in terms of storage modulus (E′) and the loss factor (tan δ).

The presence of BG particles in the 3D scaffold led to improved mechanical 
properties, particularly on the storage modulus, throughout the range of frequencies 
of compression forces imposed in the scaffolds. Whereas for PLHXL scaffolds, the 
elastic modulus was found between 0.55 and 0.8  MPa, the elastic modulus of 
PLHXL-BG scaffolds was comprised between 1.5 and 2 MPa. This was an expected 
observation and it has been reported in previous studies as BG particles may also act 
as reinforcement fillers enhancing the mechanical properties of the 3D structures in 
which they are dispersed [39, 40].

The following step was focused on the evaluation of the bioactivity of the PLHXL 
and PLHXL BG samples, thus validating the influence of BG addition on the deposi-
tion of mineralized matrix. To attain this, the scaffolds were immersed in a  simulated 

Fig. 12.4 SEM 
micrograph of a cross 
section of the PLHXL-BG 
scaffold, clearly depicting 
two distinct regions: one 
BG-enriched layer on the 
lower section of the 
scaffold and one BG-poor 
region on the upper part of 
the architecture

Fig. 12.5 Mechanical properties of the PLHXL-BG and PLHXL scaffolds: Storage modulus (E′) 
curves as function of frequency and loss factor (tan δ) curves as function of frequency
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body fluid (SBF) solution and the formation of CaP crystals was followed after 1, 7, 
and 14 days. Figure 12.6 shows the SEM micrographs of the scaffolds after immer-
sion in SBF.  The PLHXL-BG were analyzed in the BG-rich zone (bottom) and 
BG-poor zone (top).

We could observe that the PLHXL scaffolds were bioactive per se, although the 
presence of BG accelerated the nucleation and growth of an apatite layer. The typi-
cal cauliflower-like crystals, characteristic of hydroxyapatite (HA), could be 
detected in the PLHXL-BG scaffolds after 7 days of immersion in SBF. These find-
ings were checked by infrared spectroscopy, which confirmed the chemical nature 
of the formed crystals (Fig. 12.7).

The strong FTIR bands characteristic of phosphate and carbonate in hydroxyapa-
tite crystals, namely ν3-PO4 at 1040 cm−1 and ν3-CO3 in the region 1400–1550 cm−1, 
can be observed in the spectra of PLHXL and PLHXL BG, with greater intensity on the 
PLHXL BG. In the PL scaffolds loaded with BG, it is also possible to identify other 

Fig. 12.6 SEM micrographs of PLHXL and PLHX-BG scaffolds after immersion in SBF solution for 
1, 7, and 14 days
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spectral characteristic bands of hydroxyapatite [41], such as ν1-PO4 at 962 cm−1, 
ν2- PO4 at 472 cm−1, and ν4-PO4 at 575 and 561 cm−1.

The presence of BG particles was shown to be important to tune the rate of for-
mation of the HA layer on the surface of the scaffolds and to be able to synchronize 
it with the sequence of cellular changes that take place upon new tissue formation.

12.5  Conclusions

The development of mechanically stable 3D architectures based on PL as bulk 
material with potential application in TE and regenerative medicine was discussed 
in this chapter. Herein, we report a new methodology based on supercritical fluid 
technology for the development of a stable PL-based scaffold crosslinked with 
genipin. PL is interesting source of GFs which can be obtained after activation of 
platelets from the patient’s blood plasma, therefore reinforcing the potential on the 
development of autologous scaffolding architectures based on this protein concen-
trate. The elimination of immunogenic and disease transmission concerns due to its 
autologous origin are important advantages on the use of these materials.

There is an interest in developing GF-loaded scaffolds for TE strategies, aiming 
to boost the regeneration capacity of these materials. Nevertheless, several conven-
tional methodologies for scaffold production and GF immobilization require the use 
of organic solvents and/or high processing temperatures, which hampers the prepa-
ration of scaffolds loaded with active GFs. In order to overcome these limitations, 
carbon dioxide (CO2) has been used as an agent to form 3D scaffolds.

Our methodology enabled to produce a stable PL scaffold without the addition of 
an extra polymeric matrix, overcoming the traditional lack of stability and quick 
shrinkage of 3D hydrogels and scaffolds based on PL. The PL scaffolds crosslinked 
with genipin were characterized in terms of their morphological, mechanical, chem-
ical, and biological performance by different techniques. Furthermore, the  dispersion 
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Fig. 12.7 FTIR analysis of the scaffolds immersed in SBF solution. FTIR spectra on the left is 
representative of the PLHXL scaffold. The spectra on the right is representative of the PLHXL-BG 
scaffolds
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of bioactive particles of BG within the 3D architecture enhanced the mechanical 
properties of the scaffold and promoted the growth of a calcium phosphate layer on 
the surface, similar to HA present in the bone. Moreover, it enabled the automatic 
formation of a bilayered structure, composed by one BG-enriched region and one 
BG-poor side. This functionally graded scaffold is suitable for application in osteo-
chondral tissue engineering, as it could be placed in contact with cartilage and sub-
chondral bone tissue. Cellular studies with our proposed structures were also 
promising, demonstrating that PL scaffolds were suitable templates for cell adhe-
sion, proliferation, and colonization of the 3D structure.

The development of PL-based bilayered scaffolds for osteochondral tissue engi-
neering, with the dual role of acting as a structural template and GFs source for the 
interface regeneration, represents a major advance in the state of the art in this field.
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Chapter 13
Gellan Gum-Based Hydrogels 
for Osteochondral Repair

Lígia Costa, Joana Silva-Correia, J. Miguel Oliveira,  
and Rui L. Reis

Abstract Gellan gum (GG) is a widely explored natural polysaccharide that has 
been gaining attention in tissue engineering (TE) and regenerative medicine field, 
and more recently in osteochondral TE approaches. Taking advantage of its inherent 
features such as biocompatibility, biodegradability, similarity with the extracellular 
matrix and easy functionalization, GG-based hydrogels have been studied for their 
potential for cartilage and bone tissue regeneration. Several preclinical studies 
describe the successful outcome of GG in cartilage tissue engineering. By its turn, 
GG composites have also been proposed in several strategies to guide bone forma-
tion. The big challenge in osteochondral TE approaches is still to achieve cartilage 
and bone regeneration simultaneously through a unique integrated bifunctional con-
struct. The potential of GG to be used as polymeric support to reach both bone and 
cartilage regeneration has been demonstrated. This chapter provides an overview of 
GG properties and the functionalization strategies employed to tailor its behaviour 
to a particular application. The use of GG in soft and hard tissues regeneration 
approaches, as well in osteochondral integrated TE strategies is also revised.
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13.1  Introduction

Gellan gum (GG) is a linear polysaccharide resulting from the fermentation process 
of Sphingomonas elodea bacteria, being the major component of their extracellular 
polymeric substance (EPS) [1]. Its great availability and low-cost production has 
turned GG an industrially relevant polymer widely applied in different areas such as 
food and pharmaceutical industries. In these fields, it has been employed as gelling 
agent due to its ability to form heat and acid resistant transparent gels, at low poly-
mer concentrations, in the presence of multivalent cations [2]. Over the past decade, 
GG has been successfully applied in several tissue engineering and regenerative 
medicine (TERM) approaches. Being a natural origin hydrogel, GG is biocompati-
ble, and its highly hydrated polymeric network conjugated to its chemical nature 
confers the capacity to mimic the extracellular matrix (ECM), making this biomate-
rial a promising candidate for tissue engineering (TE) approaches. Despite present-
ing attractive properties for TE approaches, GG possesses some limitations that 
hurdle its use in different applications. Some disadvantages include weak mechani-
cal properties, high processing and gelling window temperatures (90 °C–100 °C; 
∼50 °C, respectively) and lack of specific motifs for cell adhesion [1]. However, 
some of these limitations can be overcome since the polymer backbone possesses 
functional reactive groups amenable of easy modification/functionalization. In fact, 
the major advantage of this biopolymer is its incredible versatility to being pro-
cessed through different techniques and modified into new derivatives with different 
properties, enabling to tailor its physiochemical and biological properties to suit 
specific requirements of a particular tissue [3]. GG has been largely exploited in soft 
tissue regeneration approaches, such as cartilaginous tissues. Different studies have 
been demonstrating the chondrogenic potential of biofunctional GG matrices to 
support chondrocytes viability and differentiation and to promote the deposition of 
hyaline-like ECM towards new cartilage formation. Additionally, the injectability, 
cell encapsulation and in situ gelling abilities of GG hydrogels turned this biomate-
rial an attractive candidate to be used as advanced cell carrier in non-invasive 
approaches [4, 5]. On the other side, the high affinity of GG for calcium ions has 
promoted its application in bone regeneration strategies [6–8]. It has been demon-
strated that calcium-crosslinkable GG hydrogels can be easily mineralized with cal-
cium phosphate (CaP) by soaking in physiological-like solutions. In this sense, 
several mineralization methods conjugated with the reinforcement of GG polymeric 
matrices with inorganic/ceramic resorbable fillers have been the most successfully 
attempted strategy to create a mineral phase in GG hydrogels, improving their 
mechanical properties and functionalization to guide new bone formation [6, 9, 10]. 
Based on the demonstrated potential of GG to engineer soft and hard tissues, this 
biomaterial has been recently proposed in osteochondral regeneration approaches 
[11]. GG has been employed as polymeric substrate for developing bilayer scaffolds 
containing a bone compartment functionalized with mineral components such as 
hydroxyapatite (HAp), or by adding cell adhesion microcarriers to improve osteo-
blasts proliferation, viability and functionality [11, 12].
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In this chapter, the present state of preclinical research using GG for osteochon-
dral TE is presented. The GG properties and main functionalization strategies that 
have promoted its application in TE field are also overviewed.

13.2  Gellan Gum

GG is an anionic bacterial-derived exopolysaccharide that consists of a tetrasaccha-
ride repeating sequence of two residues of β-d-glucose (Glc), one of β-d-glucuronic 
acid (GlcA) and one of α-l-rhamnose, organized on a linear structure [d-Glc(β1→4)d- 
GlcA(β1→4)d-Glc(β1→4)l-Rha(α1→3)]n (Fig. 13.1) [13]. Several parameters have 
been described to affect polymer’s biosynthesis yields, composition, structure and 
properties. Thus, several studies describe the optimization of GG large-scale pro-
duction. Among the factors that affect GG production, the media components, as 
well as the carbon and nitrogen sources, are critical for gellan broth characteristics. 
The pH, agitation rate, dissolved oxygen and temperature have also been reported 
as critical points for GG production [1, 14, 15]. This biopolymer was discovered in 
1978 by Kelco (San Diego, USA), during a large-scale screening programme to 

Fig. 13.1 Chemical structure of deacylated (a) and native acetylated form (b) of gellan gum. 
Adapted with permission from Prajapati et al. [2]. Copyright 2013, Elsevier
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identify polysaccharides with useful mechanical properties [16]. GG initial applica-
tion was restricted to food and cosmetic industries as a multifunctional gelling, 
stabilizing and suspending agent [16]. GG was approved by FDA and EU as E418 
for these purposes and since then several commercial products based on this poly-
mer has been introduced in the market. Gelzan®, KELCOGEL®, Gel-Gro®, 
GELRITE® and Phytagel® are the trade names of some commercial products of GG 
with applications as gelling agent for clinical and non-clinical applications [2]. This 
polysaccharide can present different degrees of acetylation: (1) the acetylated form 
(high acyl gellan gum, HAGG), which is the native state of the biopolymer, and (2) 
the deacetylated form (low acyl gellan gum, LAGG), which is the type of GG com-
monly used in the commercial products. Generally, GG has a molecular weight 
around ~500 kDa [17]. The acyl and glyceryl substituents of the HAGG bind to the 
same Glc residue on GG backbone and, in general, this form presents two acyl 
groups: one molecule of l-glycerate and 0,5 of O-acetate per repeating unit [16].

The low acyl form is obtained by alkali treatment at high temperatures and results 
in acyl groups’ hydrolysis. The acyl substituents removal results in a change from 
the soft, elastic and thermoreversible gels to more firm, brittle and higher thermo-
stable gels [2]. The range of different properties obtained with the two isoforms of 
GG offers the possibility to modify the final rheological properties by blending dif-
ferent ratios of LAGG and HAGG. The gel-forming ability of GG at lower concen-
trations and in the presence of certain cations conjugated to its biodegradability, 
non-toxicity and high water holding capacity make GG one of the most extensively 
studied natural polysaccharides [18]. These distinct properties, associated with a 
great availability and low production costs, widespread its application to different 
areas. In the biomedical field, GG has been explored as a nasal, ocular, and colon- 
targeted drug delivery system due also to its versatility as encapsulating agent [18]. 
In the biotechnology industry, this biomaterial has also been largely employed as an 
alternative to agar for microbiological media [2].

More recently, due to the previously mentioned attractive features, GG has been 
exploited for injectable/scaffolding TE and regenerative medicine approaches. 
Besides that, its processing ability under mild conditions, allowing for cell encapsu-
lation, is a great advantage that is being explored in many investigations [1]. Several 
authors have been proposing GG for cartilage TE approaches due its biocompatibil-
ity/non-cytotoxicity when loaded with chondrocytes, bone marrow cells, articular 
chondrocytes or adipose-derived stem cells [4, 5, 19–21]. The structural similarity 
of GG hydrogels with ECM, as well as their elastic moduli that resemble the com-
mon tissue, also supports their potential application in cartilaginous tissues repair. 
The injectability and in situ gelling ability of GG derivatives have also been 
exploited for the development of cell-laden carriers, thus avoiding invasive proce-
dures. GG derivatives have also been proposed for bone regeneration [8, 10, 22]. In 
fact, the interest on GG in TERM field has incredibly increased in the last years, 
mainly due to its easily tunable properties via chemical modification/functionaliza-
tion or blending with other polymers to mimic/reproduce the native features of a 
specific tissue [23].
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13.2.1  Structure and Properties

The unique properties of GG and its capacity to form thermoreversible gels are 
related with the gelation mechanism. The conformational transition from coil to 
double helix is a prerequisite to gel formation and occurs upon temperature decrease 
[16]. The subsequent aggregation of the helical GG chains on the junction zones 
leads to the formation of a tridimensional network. Stabilization of the helices at 
temperatures higher than Tm (coil-helix transition temperature) occurs via aggrega-
tion through intra- and inter-chain hydrogen bonds along the helix between hydroxy-
methyl groups of the 4-linked glucosyl units in one chain and carboxylate groups in 
the other, giving a thermal hysteresis between the gelation and melting [16] 
(Fig. 13.2).

This helical structure model adopted by the GG in a solid state was firstly pro-
posed by Upstill et al. [25] using X-ray diffraction data from polycrystalline and 
well-oriented lithium salt GG fibres. Later, Chandrasekaran et al. [26] showed that 
the polymer exists in the solid state as an antiparallel packing of a co-axial three- 
fold, left-handed and half-staggered double helix with a pitch of 5.64 nm. X-ray 
diffraction data of the native form of GG suggests that helices are stabilized by 
interchain associations involving the glycerate groups, with the acetyl substituents 
positioned on the periphery of the helix. The electrostatic repulsion between the 
acyl groups inhibits end-to-end type intermolecular associations, resulting in a 
decrease of the degree of continuity and homogeneity of the gelled system and this 
also reflects on the subsequent softer and elastic properties of HAGG gels. The 
conformational changes experimented during the gelation process have been eluci-
dated by several techniques including light scattering, nuclear magnetic resonance 
(NMR), small-angle, X-ray scattering, circular dichroism (CD), differential scan-
ning calorimetry (DSC) and viscosity studies [27]. These works have demonstrated 
that the GG gelation is dependent on several factors: the concentration and  molecular 

Fig. 13.2 Schematic representation of the distinct structures/conformations adopted by GG chains 
during the gelation process. Adapted with permission from Miyoshi [24]. Copyright 1996, Elsevier
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weight of the polymer, cations type and concentration, and pH [16]. The gelation of 
GG is an ionotropic process; thus, the hydrogel network formation is mediated by 
cations wherein the divalent cations are more effective on the gelation process and 
result in stronger and thermally stable gels. This is explained by the direct binding 
between pairs of carboxylate groups from the glucuronic acid molecules mediated 
by divalent cations, while monovalent cations just induce aggregation by suppress-
ing the electrostatic repulsion between the ionized carboxylate groups on GG chains 
[23]. The cations effect on the aggregation of chains is greater as larger is the size 
of the cations species [28]. The high acyl form adopts the helical geometry at much 
higher temperatures as compared to the low acyl form and its resultant properties 
are less dependent on the concentration of ions in solution. In the presence of cat-
ions, although the same incremental effect on the gelation temperature was reported 
for both forms of GG by Huang et al., no significant differences were noted between 
different types of divalent and monovalent cations [29]. Taking advantage of the 
ionic gelation of GG, Smith and co-workers [19] created self-sustainable GG cross-
linked by the addition of cell culture media, suggesting their potential use as cell- 
laden hydrogels. Horinaka et al. [28] studied the pH effect on the conformation of 
GG helices through optical rotation and fluorescence anisotropy measurements by 
analysing different pH conditions. The results demonstrated that an acidic pH 
enhances the intermolecular aggregation of gellan chains [28]. This effect is attrib-
uted to alterations on the conformation of the gellan chains in the aqueous system, 
promoted by the shielding effect on the electrostatic repulsion between the carboxyl 
groups and change in the anionic nature of the GG chains [28]. Thus, in the presence 
of salt ions, the gelling and melting temperatures of GG gels suffer a shift to higher 
temperatures, and an increase of the number of junction zones is observed. 
Consequently, the resultant hydrogels are more heat resistant and show enhanced 
mechanical properties, such as higher elastic modulus and rigidity [30]. Ogawa 
et al. [31] studied the effect of the molar mass on the coil-to-double-helix transition 
in aqueous solutions by light scattering and CD measurements, and viscosity and 
DSC studies. The results showed that the increase of molecular weight accelerates 
the coil-helix transition. The purification methods can also affect the gelation and 
the mechanical properties of the resultant hydrogels since the commercial GG con-
tains divalent cation contaminants (mainly Ca2+ and Mg2+), known to form strong 
associations with the cation binding sites [32]. A study performed by Kirchmajer 
et  al. [13] compared commercial and purified sodium salt gellan gum (Na-GG), 
showing that the commercial GG possesses inorganic cations which affects its dis-
solution, the gelation behaviour, and rheological properties. The dissolution of puri-
fied salt form of GG was completely achieved at lower temperatures, as compared 
to the commercial GG.  In terms of gelation, the purified Na-GG form exhibited 
lower gel transition temperatures for all ionic-crosslinking methods tested. 
Regarding their rheological properties, both commercial GG and their purified form 
showed enhanced mechanical properties when crosslinked with calcium.
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13.2.2  GG Functionalization Strategies

The success of TE approaches is directly dependent on employing high performance 
biomaterials with superior mechanical stability and integrity capable of supporting 
cell proliferation/differentiation, while their biodegradation enables the restoration 
of functional native tissue. For engineering complex tissues, hybrid biomaterials are 
being developed by means of blending different polymers to fulfil all demanding 
requirements [1]. Although GG has been suggested as a promising biomaterial in 
TE field, there are some limitations of the native GG form that need to be overcome. 
The mechanical weakness, poor stability at long-term physiological conditions, 
high gelling temperatures which makes cell encapsulation infeasible and the scar-
city of specific attachment sites for cells to adhere, are the major constraints attrib-
uted to GG hydrogels. Besides all the limitations that reflect on the GG properties 
and consequently on its physicochemical and biological performance, researchers 
have been attempting several strategies to tailor GG properties to a particular appli-
cation, being the most employed, chemical (by covalent functionalization) or physi-
cal modification (by interpenetrating network formation) and blending with other 
polymers or inorganic materials [1, 3].

Gellan gum is an incredible versatile biopolymer due to the free carboxyl and 
hydroxyl groups in its repeating unit that can be easily modified into new derivatives 
with different properties with respect to the native polymer. In fact, the chemical 
modification through covalent shifts can represent an advantage in terms of mechan-
ical stability comparing to ionic-crosslinking, since the diffusion of the cations 
observed at long term under physiological conditions affects GG hydrogels’ struc-
tural stability. Several studies involving the chemical modification of the GG back-
bone have been performed in order to enhance GG properties for TE purposes. 
Gong et al. [33] optimized the gelling point of GG via chemical scissoring by NaIO4 
oxidation followed by Smith degradation. This approach relies on the hypothesis 
that a decrease on the molecular weight could difficult the assembling and aggrega-
tion of GG chains, thus hindering the gelation process and consequently decreasing 
the Tgelation. In this study, a novel injectable hydrogel with a lower gelling point of 
37.5 °C was developed for cartilaginous regeneration with superior long-term per-
formance when cultured with human epidermis fibroblasts (hEFBs). Another study 
performed by Tang et al. [34] confirmed that oxidization has an evident effect on the 
gelation temperature by destroying partially the crosslinking points. In this study, a 
complex GG hydrogel with improved mechanical properties (compression modulus 
of 278 kPa) and a gelation temperature close to physiological conditions was syn-
thesized by GG oxidation via NaIO4-based cleavage reaction and further complex-
ation with carboxymethyl (CM) chitosan by Ca2+ crosslinking and Schiff reaction. 
In the same way, the swelling ability and degradation behaviour of produced hydro-
gels was affected by the oxidation extent and CM-chitosan concentration. The 
CM-chitosan gels also demonstrated an improved biological performance when 
encapsulated with chondrocytes, as compared with the oxidized and non-oxidized 
form, which was attributed to a reduction of free aldehyde groups on CM-chitosan.
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The functionalization of GG by methacrylation introduces a new gelation mech-
anism for GG through photo-polymerization, which represents a great advance to 
address injectability in TE purposes by enabling cell encapsulation and in situ gela-
tion [22, 35, 36]. The methacrylation has been adopted by several authors to modu-
late the mechanical properties of GG [35, 37]. Silva-Correia and co-workers have 
explored the potential of GG-based hydrogels for IVD tissue engineering applica-
tions. In this work, the methacrylation of low acyl GG using glycidyl methacrylate 
enhanced the mechanical performance and allowed to develop an injectable vehicle 
for nucleus pulposus regeneration (NP) [22]. Both ionic- and photo- crosslinkable 
methacrylated gellan gum (GG-MA) were obtained, although photo- crosslinked 
hydrogels have showed better results in terms of mechanical properties and degra-
dation behaviour. The biocompatibility studies also showed that GG-MA hydrogels 
are non-cytotoxic to L929 cells, suggesting their potential for cell-based regenera-
tion purposes [22, 38]. Coutinho et al. [37] also tuned the physical and mechanical 
properties of high and low acyl GG through methacrylation. In this study, meth-
acrylic anhydride groups were introduced in the GG chain and different degrees of 
methacrylation were experimented. The results showed that the mechanical and 
degradation behaviour of the GG-MA could be highly tuned using different cross-
linking mechanisms. The biocompatibility tests proved that the produced hydrogels 
are able to encapsulate NIH-3T3 fibroblast cells, thus confirming GG-MA potential 
use in a wide range of TE applications [37]. By its turn, Pacelli et al. [39] proposed 
a new synthetic route for methacrylation with the aim to produce an in situ photo-
crosslinked injectable hydrogel. In this work, a GG derivative was developed by 
introducing methacrylic groups and further combining the GG-MA with polyethyl-
ene glycol dimethacrylate (PEG-DMA). The new proposed synthetic strategy avoids 
the requirement of high amounts of methacrylic anhydride, by changing the water 
solvent reaction per anhydrous DMSO and using 4-DMAP as nucleophilic catalyst. 
This new method revealed a better control on the reproducibility of the methacryla-
tion, which was successfully confirmed by FTIR and 1H NMR spectroscopy studies. 
The mechanical properties of GG-MA grafted with PEG-DMA were improved as 
confirmed by rheological studies. The results also evidenced a relation between the 
concentration/molecular weight of PEG-DMA used and the final strength of the 
hydrogel. The new developed system proved to be injectable and possess in situ 
photo-crosslinking ability. Thus, the use of GG-MA hydrogels grafted with PEG-
DMA as a delivery system for therapeutic agents was hypothesized since the mate-
rial also revealed the capacity of modulating the release of small molecules like 
sulindac, nonsteroidal anti-inflammatory drug (NSAID) of the arylalkanoic acid 
class, is non-cytotoxic to human fibroblast cell line (WI-38). The same authors 
designed a novel nanocomposite (NC) hydrogel by combining laponite with 
GG-MA photo-chemical hydrogels. The laponite® XLG was used as a nanofiller to 
modulate the final properties of methacrylated hydrogels. This nanoclay was also 
used as a linker for the rigid polymeric chains of GG-MA. The strategy was to rein-
force the mechanical properties and establish a good balance between the swelling 
behaviour and biocompatibility for developing of a novel device for biomedical 
applications. The mechanical properties of the developed hybrid  materials were 
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investigated, as well as their biocompatibility and swelling and diffusion ability. 
The results showed that the nanoclay incorporation promoted the formation of 
stronger and stable gels that maintained their structural integrity after thermal treat-
ment, which represents an advantage when sterile systems like wound dressing 
coats are envisioning. The swelling and diffusion tests showed that the nanoclay can 
also modulate the swelling ability of the polymeric network and interact with the 
ofloxacin, slowing down its release over time in the first 8 h. Finally, the cytotoxic 
tests based on a red neutral assay showed that GG-MA with 1% w/v of laponite is 
biocompatible for human fibroblast cell line (WI-38) [40]. With a different goal, 
Ming-Wei Lee et al. [41] proposed a photo-crosslinked GG-based film with anti- 
barrier properties for clinical applications. In this work, GG was grafted with the 
photo-functional group cinnamyl bromide in a molar ratio of 5:1 of cinnamate to 
GG carboxyl residues. The NMR and FTIR characterization confirmed that the 
covalent grafting was successfully achieved and the in vitro and in vivo assays 
showed that the produced film effectively prevented tissue adhesion demonstrating 
a great potential for use in medical field. Du et al. [42] proposed a new method for 
GG functionalization through double bonds via thiolation. In this work, a novel 
injectable GG hydrogel able to be chemically and physically crosslinked in situ was 
developed. The procedure was based on grafting of gellan with cysteine at room 
temperature following carbodiimide chemistry and crosslinking via disulphide 
under mild conditions. The results from structural characterization, CD and rheol-
ogy demonstrated that the produced thiolated-gellan maintains its unique 3D con-
formation, but with a lower phase transition temperature under physiological 
conditions. It was also demonstrated that the GG derivative was non-toxic to ARPE- 
19 cells, showing to be a promising vehicle for use as injectable hydrogel in the 
biomedical and bioengineering fields.

Based on the same strategy, O. Novac [43] reported a novel GG derivative: N-(2- 
aminoethyl)-2-acetamidyl gellan gum (GCM-EDA). The derivative was synthetized 
by carboxymethylation via nucleophilic substitution of primary hydroxyl groups of 
the β-d-glucose unit, followed by reaction with tert-butyl N-(2-aminoethyl) carba-
mate (N-Boc-EDA) using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
(EDAC) as an activator. The last step of the procedure consisted on the deprotection 
with trifluoroacetic acid. The structural characterization of the GCM-EDA through 
spectroscopic techniques revealed the success of the chemical synthesis, while rhe-
ological analysis evidenced a direct relation between the alkalinity conditions of the 
carboxymethylation reaction and the dynamic viscosity of GCM derivatives. The 
MTT cytotoxicity assay demonstrated the biocompatibility of this material in the 
presence of bEnd3 cells, showing the potential of this new GG derivative for drug 
delivery applications in the central nervous system and treatment of cerebral vascu-
lar tumours.

It was recognized that one of the major and common disadvantages of most 
polysaccharide-based hydrogels, including GG, is the lack of affinity for anchorage 
dependent cells (ADCs) which limits their applications in TE as ADC’s loading car-
riers. This critical limitation has been attributed to the hydrophilic and anionic 
nature of GG that naturally repulse cells. Numerous strategies envisioning the 
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improvement of adhesion, proliferation and differentiation of ADCs have been 
made in the last years and are mainly based on the incorporation of proteins or pep-
tide sequences in the GG backbone. Wang et al. [44] proposed a covalent coating of 
gellan microspheres with gelatin layers to create cell binding ligands for human 
ADCs. Gellan microspheres were prepared from Phytagel®, based on a water-in-oil 
(W/O) emulsion process followed by a series of redox (oxidation–reduction) and 
crosslinking treatments to tailor their dimensions and injectability. The gellan 
microspherical surfaces were then grafted with gelatin, and cell loading tests were 
conducted with human dermal fibroblasts (HDFs) and human foetal osteoblasts 
(hFOBs). Morphological characterization proved that both HDFs and hFOBs 
attached well and grew rapidly on the microspheres surfaces. Early osteogenic dif-
ferentiation was also noted by positive ALP production. Based on the same princi-
ple, Ferris et  al. [45] combined purified-GG with arginine-glycine-aspartic acid 
(RGD) sequence that is known to enhance integrin-mediated cell attachment. The 
efficiency of conjugation was evaluated by radiolabelling using the well-established 
chloramine-T method and the results showed that a 40% conjugation efficiency was 
achieved. Rheological studies revealed the formation of weaker gels in terms of 
mechanical strength that could be explained by two reasons: (1) the reduction of 
available carboxylate groups and (2) a steric hindrance caused by peptide bulk that 
difficulted the formation of interchain associations. The biological performance of 
the RGD-GG hydrogels was also investigated by seeding and encapsulation of two 
cell lines: the anchorage dependent murine skeletal muscle C2C12 cell line and the 
rat pheochromocytoma PC12 cell line, which could be maintained in adherent and 
suspended cultures. Both cell lines showed an increase in cellular metabolic activ-
ity, quantified through MTS assay and both proliferated when seeded and encapsu-
lated in the hydrogels, although only the C2C12 cell line was able to differentiate in 
the both experiments (on surfaces and in the bulk of the RGD-GG hydrogels).

Physical modification performed at the molecular level or involving the macro-
structure of the hydrogel has been used as another strategy to modulate the final 
properties of GG for TE applications. Silva et al. [46] introduced a novel concept 
based on cell-compatible spongy-like GG hydrogels that can allow avoiding highly 
cost and time-consuming approaches aiming at enhancing cells adhesion to hydro-
gels. The authors assumed that by varying specific parameters of the sequential 
processing stages of hydrogels it is possible to tune the physical/mechanical proper-
ties of GG hydrogels. In this sense, several variations were experimented, such as 
the time of stabilization of the GG hydrogels before freezing, the freezing time and 
methodology (performed at 196  °C in liquid nitrogen, at −20 or −80  °C in the 
freezer). The spongy-like hydrogels were obtained after rehydration of the freeze- 
dried polymeric networks. Morphological characterization and rheological assays 
performed with spongy-like hydrogels and their precursors demonstrated the influ-
ence of changing the parameters along the processing methodology, which was 
especially pronounced in pore size and compressive modulus. The microstructural 
rearrangements noted by pore wall thickening and pore size augmentation were 
attributed to ice crystal formation during the freezing stage. This microarchitecture 
conjugated with a significantly lower water content had a positive effect on cell 
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adhesive properties of GG spongy-like hydrogels, that has been observed to be 
dependent on the cell type. The improvement of mechanical and cell adhesive prop-
erties of the spongy-like hydrogels, associated to their off-the-shelf availability in 
an intermediate dried state, turns this concept a potential strategy to address diverse 
TERM applications particularly as soft tissue analogues.

13.3  Gellan Gum for Osteochondral Tissue Repair

Osteochondral (OC) lesions, commonly caused by joint diseases such as osteoar-
thritis, consist in areas of articular injury or degeneration involving cartilage and 
subchondral bone damage [47]. Despite the current clinical strategies to treat carti-
lage OC defects, that include autologous chondrocyte implantation, microfracture, 
and mosaicplasty, the long-term biofunctionality of the repaired tissue cannot be 
ensured [48]. Given the widespread prevalence of joint diseases and the huge nega-
tive impact that represents for patients’ life quality, there is a pressing need for the 
development of alternative clinical treatments that effectively address the pathol-
ogy. Nevertheless advances have been made in OC repair approaches, mimicking 
the high complex organization and composition of articular cartilage and osteo-
chondral interface tissues remains a challenging issue. The different healing abili-
ties and biomechanical properties of the distinct tissues involved in OC tissue 
enhance the complexity to OC regeneration strategies [49]. Moreover, the unique 
properties of the interface structure, that play a critical role in the maintenance of 
cartilage integration, have also been a concerning issue in the establishment of 
regenerative OC approaches. TERM approaches has emerged as one of the most 
promising tools to reproduce the complex biological organization of OC complex 
[50]. Based on the development of biomimetic and bioactive scaffolds conjugated 
with growth factors and/or stem cells, the hierarchical structure of the OC complex 
has been attempted to be reproduced by using different systems, from the simple 
monophasic scaffolds to more complex structures like the bilayered, multiphasic or 
gradient scaffolds with continuous interfaces [48]. Ideally, a functional OC scaffold 
should present two or more regions differing in composition, microarchitecture 
(including pore size and porosity) and mechanical gradients to support the different 
cell types that composed the OC unit. The intermediate region between the carti-
lage- and bone-like layers should create a smooth transition to avoid scaffold delam-
ination, while facilitating stress transfer [51]. The scaffolds should maintain their 
structural integrity when implanted on the defect site and degrade in a fashion that 
matches neo-tissue growth. During regeneration, the scaffolds should also prevent 
the invasion of synovial fluid to the subchondral bone and the vascularization in the 
chondral layer [52]. The selection of a biocompatible, non-immunogenic, biode-
gradable and mechanically stable material is the first consideration in the fabrica-
tion of a scaffold system for OC regeneration. The materials currently used as OC 
implantable grafts range from natural and synthetic polymers to inorganic materials 
(ceramics and bioactive glasses) or even metallic materials. As there isn’t yet a 
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single material that can fulfil all requirements to mimic this complex structure, the 
combination of different materials by blending, copolymerization or doping with 
inorganic materials (e.g. bioactive ceramics) has been a recurrent methodology to 
achieve it. By using these methods, researchers intend to improve the mechanical 
properties of OC scaffolds, enhance their integration in the native tissue and to 
guide the cells to a specific phenotype. To address these requirements, and due to its 
similarity to ECM, GG has been proposed for OC repair strategies. The ability to 
form a hydrophilic 3D-polymeric matrix that mimics the native ECM, its biodegrad-
ability and biocompatibility make GG an appealing versatile biomaterial for OC 
tissue engineering strategies. In fact, several studies attempting the chemical modi-
fication of GG hydrogels have showed lower gelation temperatures, improved 
mechanical properties and biological performances crucial to their use as vehicles 
for OC and cartilage regeneration [49]. Additionally, the capacity to enable the 
incorporation of growth factors and their release in a controlled manner represents 
a great advantage for the control of growth, morphology and differentiation of stem 
cells. Moreover, this biomaterial is amenable of processing by advanced technolo-
gies as 3D printing allowing personalized approaches to the fabrication of custom- 
made constructs respecting their shape, composition, geometry and internal 
architecture [49].

13.3.1  Scaffolds for Regeneration of Cartilage

Considering the critical role of load bearing tissues as articular cartilage in the bio-
mechanics of joint structures and the frequency of pathological situations involving 
cartilage damage/degeneration with huge economic impacts in the healthcare sys-
tems, it’s demanding the development of new alternative treatments to the conven-
tional autogenic or allogenic cartilage transplants. TE arises as one of the most 
promising approaches for the treatment of cartilaginous tissues, by proposing 
scaffold- based strategies to guide cartilage regeneration. The strategy relies on the 
combination of a 3D template to fill the tissue lesion and support cell growth, inter-
actions and differentiation by using signalling molecules, while its biodegradation 
opens space for new tissue ingrowth. However, cartilaginous tissues present limited 
intrinsic self-repair ability due to its avascular nature [53]. The structural similarity 
of GG to native glycosaminoglycan, due to the presence of glucuronic acid residues 
in this backbone, and its elastic moduli close to the native tissue, encouraged its 
application for cartilage engineering purposes. In fact, several investigations have 
demonstrated the ability of GG-derived hydrogels to support cellular viability of 
different cell types. Oliveira et al. performed a pioneer work, proposing GG as a 
new biomaterial for cartilage tissue engineering applications. In a first study, 
Oliveira et al. [21] showed the flexibility of this viscoelastic biomaterial to be pro-
cessed into different structures (discs, membranes, fibres, particles and scaffolds) 
and its capacity to support chondrocytes encapsulation, viability and high prolifera-
tion during 2 weeks in culture. In a further study, the same authors proposed an 
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optimized form of GG hydrogel as an injectable and in situ gelling system. The 
structural stability, injectability and in situ gelation capacity of the developed sys-
tem were demonstrated through rheological studies. The biological performance of 
the GG as injectable carrier was evaluated through in vitro and in vivo studies. The 
in  vitro studies were performed by culturing the human articular chondrocytes 
encapsulated in GG discs in expansion and differentiation medium for a total of 
56  days, whereas the in  vivo studies were conducted by ectopic implantation in 
Balb/c mice during 21 days. Results showed no immunogenicity of the developed 
system and a good integration within the host tissues. Moreover, the biocompatibil-
ity was also evidenced through the observation that the injectable system was able 
to hold cell viability and hyaline-like ECM deposition [5]. To evaluate the in vivo 
potential of the developed system, Oliveira et al. [4] tested the injectable cell-laden 
GG hydrogel to regenerate a full-thickness articular cartilage defect in rabbit. The 
assay was conducted for 8 weeks and different populations of autologous cells were 
tested: chondrogenic (ASC+GF) and non-chondrogenic pre-differentiated rabbit 
adipose stem cells (ASC) and rabbit articular chondrocytes (AC) compared to the 
controls gellan gum and empty defect. Cell-laden approaches showed better results 
in terms of integration and regeneration of cartilage similar to the surrounding 
native tissue. Particularly, ASC+GF in the presence of transforming growth factor 
beta1 (TGF-β1) and bone morphogenetic protein 2 (BMP-2) revealed to be the best 
cell-laden approach to achieve a quality tissue as confirmed by PCR analysis. Based 
on the assumption that synovium-derived mesenchymal stem cells (SMSC) have 
superior chondrogenic capacity, Fan et al. [54] reported a cell-based approach to 
achieve cartilage regeneration using an injectable modified GG hydrogel. The chon-
drogenic potential of the developed system was assessed by in vitro chondrogenic 
culture of the cell-laden constructs for 21 and 42 days followed by RT-PCR and 
histological/immunohistochemical analysis for detection of cartilage-related gene 
markers and cartilage-specific ECM components, respectively. The viability of the 
SMSC was also investigated through WST assay. The results demonstrated that 
SMSC have high potential for chondrogenic differentiation, which was enhanced in 
a 3D environment and in the presence of TGF-β1. These results were corroborated 
by the high expression levels of cartilage-related genes (collagen type II, aggrecan, 
biglycan and SOX 9) and deposition of cartilaginous matrix proteins. Therefore, 
this study confirmed the potential of this cell source for future application in cell- 
laden approaches for clinical cartilage repair. Considering the high mechanical 
strength required to engineer load bearing tissues, Shin et  al. [55] developed a 
double- network (DN) hydrogel produced in a two-step crosslinking mechanism. In 
the first, a rigid and brittle GG-MA network was formed and in the second, a soft 
and ductile network made of gelatin methacrylamide (GelMA) was produced. The 
mechanical strength of the DN GG-MA/GelMA hydrogels was assessed through 
compression tests which evidenced the improved mechanical properties of the DN 
system as comparing to the single networks. The best formulation in terms of com-
pressive modulus and failure strain and stress was achieved by combining a large 
mass ratio of the second to the first network. Moreover, a balance of methacrylation 
range of the second network is crucial to allow an intermediate crosslinking density 
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that enables the formation of an effective network and by other hand that simultane-
ously avoids the formation of a high crosslinked network unable to dissipate energy. 
The DN hydrogels also allowed for cell encapsulation with NIH-3T3 fibroblasts 
during processing. The biocompatibility of this hybrid hydrogel conjugated with 
unique mechanical properties resembling cartilaginous tissues turns this material a 
promising candidate to be used as cell-laden scaffold for load bearing tissues regen-
eration. Envisioning a patient-specific approach for regeneration of complex carti-
laginous tissues, Kesti et al. [56] proposed a novel bioink based on a blend of GG 
and alginate combined with BioCartilage (Arthrex), a clinical commercial product 
containing particles from cartilage ECM. The bioink was produced from a 6% puri-
fied GG solution and 4% alginate blend in a ratio of 50:50 and printed with the 
shape and architecture of full-sized grafts followed by ionic-crosslinking with SrCl2 
in DMEM medium. The printability of the developed bioink and the compatibility 
of the process for viable cell encapsulation were investigated. Rheological analysis 
demonstrated the printability of the bioink that exhibited a shear thinning behaviour 
critical for extrusion bioprinting. Moreover, the bioink was able to be printed at low 
pressures favouring cell viability during the process. The mechanical tests revealed 
that, although the bioink has a lower order of magnitude of tensile modulus as com-
pared to the native articular cartilage, the grafts exhibited an elastic behaviour simi-
lar to the native tissue. The biological performance was also investigated through 
in vitro culturing of the bioink alone and bioink+Biocartilage with chondrocytes 
isolated from a full-thickness articular cartilage defect of bovine for 8 weeks. The 
role of TGF-β3 in chondrogenic differentiation was also investigated. The histologi-
cal data and viability assays (i.e. Calcein AM and DNA quantification) showed that 
bioink+BioCartilage cultured in supplemented conditions with TGF-β3 supported 
chondrocyte proliferation and cartilage ECM deposition. This study presented a 
promising strategy to improve the bioactivity of bioinks, offering a better proximity 
with the native tissue features, which could be a future option to recreate functional 
specific tissues using scaffold-guiding regeneration approaches. Based on a previ-
ous study that showed the ability of GG as viscosity enhancer and jellifying pro-
moter of gelatin-methacryloyl (gelMA) hydrogels and considering their ability to 
support chondrogenic viability and differentiation, Mouser et al. [57, 58] proposed 
a bioink made from UV crosslinked gelatin-methacryloyl (geMA)/GG blend for 
cartilage grafts bioprinting. Rheological and mechanical tests revealed that the addi-
tion of GG to gelMA hydrogels improved their printability by inducing a yielding 
behaviour, and promoted an increase on the overall construct stiffness. Additionally, 
the biological performance of the bioink laden with primary chondrocytes was also 
investigated through biochemical and histological assays. The results showed that 
all tested formulations supported chondrogenesis and deposition of cartilaginous 
matrix, being 10/0.5% gelMA/gellan blend the most suitable formulation to gener-
ate chondrocyte-laden 3D printed constructs. Concerning that the mechanical and 
structural stability of bioprinted GG-based constructs is a critical factor for cartilage 
regeneration approaches, Yu et al. [59] performed a study to evaluate the influence 
of the surface area per mass, i.e. porosity, on the mechanical performance and deg-
radation behaviour of GG-printed scaffolds. The degradation test performed in 
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simulated body fluid showed that GG-printed scaffolds tend to become stiffer and 
harder during the degradation test, being this effect potentiated by the increase of 
their surface area and porosity. This can be attributed to the crosslinking with cat-
ions present in SBF solution that increases hydrogels’ compressive modulus and 
strength. However, this implies a faster degradation rate that may not be able to 
support the slow native cartilage regeneration. Therefore, this study demonstrated 
the importance of creating a balance between surface area and porosity of GG-based 
scaffolds that enables the maintenance of good mechanical performance without 
simultaneously compromising the structural stability of constructs developed for 
cartilage tissue regeneration.

13.3.2  Scaffolds for Regeneration of Bone

Contrary of the limited self-repair of the cartilaginous tissues, bone has been the 
most widely investigated tissue in TERM field due to their highest potential for 
regeneration. Originally, the application of hydrogels has been directed for soft tis-
sues regeneration, but recently, successful attempts have been made to tailor hydro-
gels for hard tissue engineering. In fact, hydrogels offer some advantageous features 
that the non-swelling polymers and conventional ceramics cannot provide. Their 
unique highly hydrated nature, biocompatibility, biodegradation and injectability 
are some of them that have prompted their exploitation for bone TE applications. 
However, the lack of mineralization ability of inert hydrogels has been a major 
hurdle in their application in bone-substituting approaches [60]. In this sense, 
inspired by the hierarchical nature of bone, nanocomposites made from biopoly-
meric matrices (e.g. natural biodegradable polymers) doped with bioresorbable 
inorganic and ceramic fillers have been attracting great deal of interest to create a 
suitable and bioactive mechanical support with osteogenic potential to guide bone 
formation in TE strategies [9]. GG has been recently proposed in several bone TE 
approaches as an inexpensive calcium-crosslinkable polysaccharide. Douglas et al. 
[7, 8, 61, 62] performed an extensive work on the development of enzymatic miner-
alized GG matrices to guide bone formation. In fact, hydrogels mineralization has 
been an advantageous attempted strategy for bone regeneration, since it improved 
the stiffness and enhanced in this manner the bioactivity of the matrix regarding 
their osteogenic potential. In one of their first studies, Douglas et al. [8] proposed 
the enzymatic mineralization of GG hydrogels by incorporating ALP enzyme, that 
has a key role on bone mineralization, with calcium phosphate (CaP). The effect of 
polydopamine (PDA), a surface functionalization agent that has showed to enhance 
mineralization and favour cell attachment and osteogenic differentiation, was also 
investigated [63]. In this study, the potential of ALP incorporation to direct apatite- 
like mineral formation and improve mechanical properties through an increase in 
stiffness was demonstrated in the presence of calcium glycerophosphate (CaGP) 
solution. The positive effect of PDA on mineralization and osteoblastic cell attach-
ment and proliferation was also evidenced. In other study, Douglas et  al. [7] 
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proposed a functionalized GG-inorganic composite with antibacterial activity and 
enhanced cell adhesive properties. The mineralization was achieved by using the 
same method, through incorporating ALP during gelation, followed by incubation 
in a solution containing calcium (Ca). In this study, the authors incorporated zinc in 
the mineralization medium, since it was previously shown that this element can 
enhance cell adhesion and proliferation and promote osteogenic differentiation. 
Moreover, zinc has been shown to exhibit antibacterial properties when used as 
additive of some hydrogel matrices and stimulate angiogenesis, which is a critical 
factor in bone healing processes [64–67]. Antibacterial activity was observed in the 
zinc-containing mineralized hydrogel matrices, as well as their ability to support 
MC3T3-E1 osteoblast-like cells adhesion and proliferation, being the most promis-
ing formulation made from equal ratios of Ca:Zn 0.025:0.025 (mol/dm3). Recently, 
Douglas et al. [61] introduced GG-CaCO3/Mg composites obtained through enzy-
matic mineralization of GG with urease, in a mineralization medium containing 
urea and different ratios of calcium and magnesium ions. Mineral formation was 
assessed by scanning electron microscopy (SEM), and it was shown that mineral 
formation depends on the Ca/Mg ratio of the mineralization solution, thus varying 
GG mineral composition from calcite to magnesian calcite and hydromagnesite 
with the increase of Mg content. It was observed that magnesium enrichment of 
mineralization medium results in a decrease of crystallinity of the mineral formed 
and in the compressive strength values of Mg-composite systems. Similarly, an 
increase in magnesium content in the mineral phase had no positive effect on 
MC3T3-E1 osteoblast-like cell viability, and a pronounced cytotoxic effect on the 
composites containing a non-mineral hydromagnesite phase was observed. On con-
trary, GG-calcite composites were successfully reinforced and promoted osteoblast- 
like cell adhesion and growth. Beyond the different GG enzymatic mineralization 
strategies developed by Douglas and co-authors, the same group proposed an inject-
able self-gelling GG composite for bone tissue engineering [6]. The enrichment of 
GG with bioglass particles was performed in order to enhance mineralization with 
calcium phosphate (CaP) and improve the biological performance of the gelling 
system, envisioning a composite with antibacterial properties for bone regeneration 
applications. Three bioglass formulations were tested: one calcium-rich, one 
calcium- poor and one possessing similar composition to the widely used 45S5 bio-
glass. It was observed that the reinforcement of GG hydrogels promoted mineraliza-
tion and an enhancement on mechanical properties revealed by an increase of 
compressive modulus of the samples containing higher and lower levels of calcium. 
It was also observed a stimulation of the differentiation of rat mesenchymal stem 
cells (rMSCs) in the formulation containing a similar composition to 45S5 bioglass. 
The same authors also attempted the reinforcement of a hydrogel self-gelling sys-
tem with α-tricalcium phosphate (α-TCP) [68]. The strategy relies on the premise 
that α-TCP would serve as a vehicle for internal gelation of the GG through released 
Ca2+, that acts as ionic-crosslinker for GG network and at the same time would pro-
mote the formation of crystals of calcium-deficient hydroxyapatite (CDHA) by the 
hydrolysis of this inorganic compound. The developed composites were character-
ized in terms of chemical composition and mechanical performance. The results 
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showed that gelation occurred within 30 min and α-TCP was converted to CDHA 
that appears non-homogeneously distributed along the composite. These results 
suggest the potential of composites as alternatives to the conventional α-TCP bone 
cements; however, further in vitro and in vivo studies of the developed composites 
are needed to evaluate their biological performance. Based on the similar strategy, 
Gantar et al. [10] proposed the reinforcement of spongy-like GG hydrogels with 
bioglass (BAG). As expected, an improvement of the microstructure and the 
mechanical properties of the composite materials was reported, being this effect 
potentiated by larger amounts of bioactive-glass particles incorporated on GG 
matrices. Bioglass incorporation also promoted the deposition of an apatite layer 
when soaked in simulated body fluid. No significant differences on the biological 
performance in terms of cell viability and adhesion were observed between the GG 
and the GG-BAG spongy-like hydrogels during human-adipose stem cells (hASCs) 
culturing for 72 h. Thus, longer-term culture tests are required to confirm the poten-
tial of BAG reinforcement of GG spongy-like hydrogels for improve cell adhesion 
and osteogenic differentiation. Moreover, further improvements on the strategy are 
required to achieve an appropriate mechanical behaviour capable to support biome-
chanical loads. More recently, Manda et  al. [69] developed GG–hydroxyapatite 
(HAp) spongy-like hydrogels to reproduce the organic (GG) and inorganic (HAp) 
phases of the bone tissue. The reinforced GG spongy-like hydrogels showed 
improved mechanical properties, noted by an increase in the storage modulus to 
70–80 KPa. A mineral phase created by homogenous dispersion of HAp particles on 
the polymeric network was also reported. Micro-CT analysis revealed high porosi-
ties of the composites and interconnectivity that fills the requirements for an ideal 
cell-laden scaffold to guide bone formation. The bioactivity of the spongy-like rein-
forced hydrogels was significantly potentiated in the spongy-like hydrogels cross-
linked with CaCl2. Concerning their biological performance, adipose-derived stem 
cells showed to adhere and spread in HAp spongy-like hydrogels network under 
osteogenic culture conditions [69]. Bellini et al. [70] developed an in situ gelling 
system composed by hyaluronic acid (HA), GG and calcium chloride, for bone 
osteochondral defects repair. The innovative strategy proposed in this work relies on 
the application of two biocompatible polymers, one with osteoinductive properties 
acting like a filler to bone defect and the other acting as a cap to avoid the leakage 
of the first from the defect region. Based on the osteoinductive properties previously 
demonstrated by HA, this polymer containing calcium chloride was selected as car-
rier for autologous bone marrow cells to fill the bone defect and, by its turn, GG 
hydrogel was applied as a cap to cover the defect. The gelation was promoted at the 
interface by the salt in the suspension. The mechanical performance and structural 
stability of the developed system were characterized, as well as the adhesion poten-
tial to fill bone defects in an in vitro artificial pig bone defect. The osteogenic poten-
tial of the system was also assessed by seeding HA/calcium solution with primary 
osteoblasts and covering with GG solution, during 14 days. An inhomogeneous but 
stable gelling system was reached in 5 min and a typical gel behaviour was observed 
by all the formulations tested. A proportional relation between the elasticity or 
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degradation behaviour and the calcium content was noted and the inverse was 
observed regarding HA content. Intermediate calcium content formulations revealed 
the best results in the in vitro adhesion tests, exhibiting the formation of a stronger 
gelling system able to resist at shaking and water flow. Finally, it was observed that 
the HA–Ca–GG gelling system supported osteoblast viability and progression noted 
by accumulation of ECM particles and mineralized nodules characteristic of osteo-
blastic cultures.

13.3.3  Bilayered Scaffolds

The popularization of bioprinting technologies has opening new opportunities in 
osteochondral tissue engineering field. In fact, bioprinting technologies is a unique 
potential approach capable of precisely recapitulating the heterogeneous cellular 
composition and anisotropic ECM organization of OC native tissues. Moreover, this 
advanced technology allows the processing and fabrication of cell-based hydrogels 
commonly called bioinks that enable to incorporate labile biological materials, such 
as genes and growth factors, under physiological conditions, offering an improved 
environment for cell survival, proliferation, migration and biosynthetic activity 
towards regeneration [53]. In addition, 3D printing enables the construction of per-
sonalized regenerative implants, respecting the precise shape and internal architec-
ture of OC defect by means of medical imaging (MRI) and reverse engineering 
approaches. Therefore, bioprinting technologies have receiving considerable atten-
tion in the last years as a potential approach to reach an integrated system of biodi-
rective matrices to guide heterotypic differentiation for OC complex regeneration 
[71]. Combining bioprinting and microcarrier (MC) technologies, Levato et al. [12] 
developed a bilayered osteochondral model composed by an osteogenic layer con-
sisting in a MC-laden bioink and a cartilage region created from MC-free bioink, 
being the bioink composed of GelMA-GG hydrogel. MCs composed by polylactic 
acid (PLA) loaded with mesenchymal stem cells (MSCs) were fabricated using a 
green solvent-based method, followed by functionalization with human recombi-
nant collagen type-I to improve cell response, and then cultured under static and 
dynamic conditions. The effect of MCs incorporation on the mechanical and print-
ing properties of the GelMA-GG bioink was studied through dynamical mechanical 
analysis (DMA). The viability, morphology and osteogenic potential of MC-laden 
bioink were also assessed. The results showed that PLA MCs reinforce the mechan-
ical properties of the soft GelMA-GG matrix without compromising the printability 
of the composite material. Moreover, MCs facilitated MSCs adhesion promoting 
osteogenic differentiation and bone matrix deposition. This study demonstrated the 
potential of cell-laden MCs incorporation on hydrogel-based bioinks for the devel-
opment of advanced constructs for guiding bone and cartilage tissue regeneration. 
By its turn, Pereira et al. [11] proposed an integrated biphasic GG scaffold com-
posed of a cartilage-like layer containing 2 wt.% of low acyl GG and a bone-like 
layer by doping an equal solution with different amounts of HAp (5%, 10%, 15% 
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and 20%) (Fig. 13.3). The bioactivity of the developed bilayered system was inves-
tigated by soaking in simulated body fluid solution for 14 days and assessment of 
apatite formation by SEM, FTIR and X-ray diffraction analysis. An integrated cohe-
sive bilayered structure was successfully achieved and it was possible to observe by 
SEM that the different ratios of HAp did not affect pore size. The in vitro bioactivity 
test revealed the formation of a thick apatite-like layer restricted to the bone- 
mimicking compartment, after 14 days of incubation. Thus, bilayer hydrogels could 
represent a promising scaffolding strategy to regenerate the different tissues of an 
osteochondral defect in an integrated system. However, further studies are needed to 
evaluate the biological performance and functionality of the integrated system 
in vivo, as well their potential to regenerate cartilaginous tissues.

13.4  Concluding Remarks

Natural polymer-based hydrogels have stimulated the interest of scientific commu-
nity as promising materials to suit TERM applications. Among the natural hydro-
gels that have been successfully applied in different TE contexts, GG has receiving 
considerable attention due to its incredible versatility. In fact, the possibility of eas-
ily tailoring the GG properties, such as their mechanical and biological perfor-
mance, opens great perspectives for their application in TE field. As reviewed in this 
chapter, substantial pre-clinical studies have demonstrated the potential of this bio-
material to support and induce chondrogenic and osteogenic phenotypes for being 
used in cartilage and bone regeneration approaches. The similarity of this biomate-
rial with ECM, its mechanical properties resembling cartilaginous tissues, 

Fig. 13.3 Macroscopic appearance of the bilayered scaffolds composed of LAGG [2%]/LAGG 
[2%](HAp)[15%]. Scale: 1 cm
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biocompatibility, injectability and encapsulation abilities, conjugated to its flexibil-
ity of being processed into several structures through advanced technologies, such 
as custom-made rapid prototyping technologies, have justified its exploitation as 
cell-laden support to cartilage regeneration approaches. The same features have 
encouraged its application in bone repair approaches, being necessary in this case to 
create an inorganic mineral phase imbedded in the hydrogel polymeric network, to 
confer osteoinductivity and adequate mechanical properties promoting a more 
favourable microenvironment to bone healing. As previously presented, 
GG-composite materials have also demonstrated their potential in several bone 
regeneration strategies. However, their application as a biofunctional integrated sys-
tem for osteochondral complex repair/regeneration remains a challenging subject, 
existing only a few studies reporting the application of GG-based hydrogels as scaf-
folding approaches to achieve simultaneously cartilage and bone repair. Actually, it 
is recognized the complexity of mimicking in one single integrated system the het-
erogeneity and the different biofunctional architectures and properties of the differ-
ent tissues that compose the OC complex. Moreover, it is crucial to create a smooth 
transition that mimics the unique properties of the interface region and simultane-
ously allow the compatibility between the phases, enabling the construction of a 
cohesive structure able to be integrated within the host tissues. The conjugation of a 
versatile biomaterial, such as GG, as a polymeric support able to guide a specific 
cell phenotype in the presence of biological cues, with the current advanced 
microscale processing techniques (for the design and control of hierarchical archi-
tectures) could be a promising strategy to create an integrated engineered scaffold 
for future clinical application in OC defects repair.
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Chapter 14
Silk Fibroin-Based Hydrogels 
and Scaffolds for Osteochondral Repair 
and Regeneration

Viviana P. Ribeiro, Sandra Pina, J. Miguel Oliveira, and Rui L. Reis

Abstract Osteochondral lesions treatment and regeneration demands biomimetic 
strategies aiming physicochemical and biological properties of both bone and carti-
lage tissues, with long-term clinical outcomes. Hydrogels and scaffolds appeared as 
assertive approaches to guide the development and structure of the new osteochon-
dral engineered tissue. Moreover, these structures alone or in combination with cells 
and bioactive molecules bring the mechanical support after in  vitro and in  vivo 
implantation. Moreover, multilayered structures designed with continuous inter-
faces furnish appropriate features of the cartilage and subchondral regions, namely 
microstructure, composition, and mechanical properties. Owing the potential as 
scaffolding materials, natural and synthetic polymers, bioceramics, and composites 
have been employed. Particularly, significance is attributed to the natural-based bio-
polymer silk fibroin from the Bombyx mori silkworm, considering its unique 
mechanical and biological properties. The significant studies on silk fibroin-based 
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structures, namely hydrogels and scaffolds, towards bone, cartilage, and osteochon-
dral tissue repair and regeneration are overviewed herein. The developed  biomimetic 
strategies, processing methodologies, and final properties of the structures are sum-
marized and discussed in depth.

Keywords Silk fibroin · Hydrogels · Scaffolds · Osteochondral regeneration

14.1  Introduction

Tissue engineering (TE) field has been evolved as a way to compensate the limited 
supply of donor tissue and organ transplants related to a high morbidity and mortal-
ity [1]. TE approaches involve different research areas simultaneously, including 
cell biology, materials science, and clinical evaluation, with the final purpose of 
creating a suitable microenvironment that mimics the tissue at the host site in a 
desired and faster regeneration [2]. Such microenvironment is typically composed 
by three-dimensional (3D) porous scaffolds, on which cells are stimulated to grow 
and organize to form an extracellular matrix (ECM) used to initiate the regenerative 
process [3]. These 3D constructs provide the chemical and mechanical support for 
in vitro ECM formation, being gradually degraded, resorbed, or metabolized after 
in vivo implantation. Therefore, apart from an essential biocompatibility, the scaf-
folds must possess an equivalent degradation profile to the host tissue, while keep-
ing the mechanical properties and structural integrity promoted by the forming 
ECM [4, 5].

Natural- and synthetic-based polymers, ceramic materials, and composites have 
been proposed for scaffolding strategies in TE approaches [6, 7]. Natural-based 
polymers have emerged as preferred sources for the development of scaffolds with 
better biocompatibility and lower risk of metabolized degradation products, while 
the synthetic polymers are more stable and easier to process and modify [8, 9]. For 
example, collagen, gelatin, and chitosan include some of the most investigated natu-
ral polymers in TE field. However, these scaffold materials may present poor 
mechanical properties associated to a rapid degradation profile. Structural proteins 
like elastin, fibrin, silk, and albumin have also been used as sutures, and more 
recently for scaffolds production, and as drug delivery agents [10, 11]. Among 
them, special interest has been attributed to silk protein produced by a wide range 
of arthropods and lepidopteran insects, including spiders, scorpions, mites, flies, 
and silkworms, which possess a large molecular weight of 200–350 kDa, or more. 
It has been used for centuries in textiles production and as clinical sutures (good 
skin affinity). Their availability for large-scale processing was also economically 
advantageous for use in TE applications [12]. From the different sources of silk 
proteins, Bombyx mori silk produced by silkworms became the most investigated 
for diverse TE applications, holding impressive mechanical properties, biocompat-
ibility, biodegradability, low immunogenicity, and suitable processability [12]. It is 
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synthesized in a liquid state in the epithelial cells of the insects’ glands, secreted in 
the lumen and converted (spun) into a liquid-to-solid state (fibers) when in contact 
with the external air, being mechanically drawn in the form of cocoons. The spun 
fibers are composed by two animal-based proteins: a core protein named fibroin, 
surrounded by a glue-like protein named sericin [13]. Even it has been found that 
sericin may contain some biocompatibility problems [12], several studies have been 
proposing both silk fibroin (SF) [14–17] and silk sericin [18–20] for diverse bio-
medical and TE applications. SF has been recognized for presenting favorable bio-
compatibility, tunable molecular structure, and remarkable mechanical properties 
with controllable degradation rates, and for that reason it remains the most exten-
sively studied silk protein as promising candidate for several structural [21], bio-
medical [16, 17], and TE applications [14, 15, 22]. Until now, several forms have 
been used to fabricate scaffolds made of SF, including films [23], membranes [16], 
fibers [16], textiles [15, 22], sponges [14], and hydrogels [24], used for the regen-
eration of soft tissues, like skin [23], ligament and tendon [25], and different hard 
tissues, including bone [15], cartilage [26], and osteochondral (OC) tissue [14].

The natural OC tissue existing in all human body joints is composed by two main 
tissues, the articular cartilage and subchondral bone, connected by a stable interface 
that unifies both elements as a single and complex tissue [27]. The great challenge 
of OC TE is the design of structures able to meet all the physicochemical and bio-
logical requirements for the repair/replacement of bone and cartilage tissues, and at 
the same time ensure a good compatibility between these two phases.

OC defects or damage can happen in any joint in human body, and affect both the 
articular cartilage, the underlying subchondral bone, as well its interface [27]. 
Moreover, the OC tissue repair involves a deep understanding of how the OC inter-
face is combined in terms of structure, and mechanical and biological properties. 
Over the past years, several studies have been reported towards the repair/regenera-
tion of these tissues, by creating single-phase structures able to fit into the defected 
area [26, 28–32].

Considering the heterogeneity of OC tissue, innovative 3D structures com-
prising different mechanical properties and biological performances, according 
to the target OC tissue layer, are strongly required. The recent development of 
bilayered scaffolds and improved multi-phased, or stratified, scaffolds with dis-
tinct subchondral bone and cartilage layers have been applied for this purpose 
[33, 34]. In general, OC TE strategies can be categorized into monophasic, 
biphasic, and triphasic depending on the physicochemical and cellular/biological 
characteristics of the scaffolds (Table 14.1) [35]. Bilayered hydrogels [36] and 
complex bilayered scaffolds have been reported for OC regeneration applications 
[37]. Recent studies in the field are leading to promising approaches to use 
SF-based biomaterials for OC tissue repair and regeneration strategies [38, 39]. 
The most recent and relevant studies focused on SF-based structures, namely 
hydrogels and scaffolds, targeting bone, cartilage, and OC tissue repair and 
regeneration are overviewed. Additionally, it is summarized developed strate-
gies, processing methodologies, and final properties of the structures.
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14.2  Characteristics of Silk Fibroin

Silk fibroin (SF) from Bombyx mori is composed by three protein components. A 
heavy (H) and a light (L) chain polypeptides of ~ 350 kDa and ~ 26 kDa, respec-
tively, form the H-L complex linked by a single disulfide bond at the C-terminus of 
the H-chain (Fig. 14.1a). This H-L complex is also non-covalently linked to a gly-
coprotein (P25) of ~ 25 kDa in a ratio of 6:6:1 to form micellar units [40]. The 
H-chains are composed by hydrophobic domains containing highly ordered amino 
acid sequences repeats, capable of organizing themselves together into β-sheet or 
crystalline structures through intramolecular or intermolecular forces, including 
hydrogen bonding, van der Waals forces, and hydrophobic interactions, forming the 
basis for the tensile strength of SF (Fig. 14.1b) [41, 42]. The L-chains are smaller 
and less ordered than the H-chains, relatively elastic, and its sequence is not involved 
in the formation of the crystalline region in SF (amorphous region) (Fig. 14.1c) [40]. 
The hydrophobic repetitive domains that compose a H-chain are also interspaced by 
hydrophilic regions (Fig. 14.1a) [43]. These repeating units are known as Ala-Gly- 
Ser-Gly-Ala-Gly, where glycine (Gly, ~ 43–46%), alanine (Ala, ~ 25–30%), and 
serine (Ser, ~ 12%) are the three simplest and most abundant amino acids. The next 
most abundant amino acids in H-chain are tyrosine (~ 5%), the larger amino acid 
with a polar side chain (semi-crystalline), valine (~ 2%), followed by aspartic acid, 
phenylalanine, glutamic acid, threonine, isoleucine, leucine, proline, arginine, 
lysine, and histidine, present in much smaller percentages (less than 2%) [40, 44].

The complexity of SF can be demonstrated by their four different structures (silk 
I, silk II, silk III, and random coil), formed through different physicochemical stim-
uli, and that can be transformed to each other under proper conditions [45]. Silk I is 
formed alternatively by α-helix and β-sheet main conformations, while silk II is rich 
in β-sheet content and corresponds to the main structural configuration of SF 
providing high mechanical and physicochemical properties. Silk III is formed by a 
threefold α-helix crystal structure, and the random coil structure usually exists in the 
SF solution [44, 46]. By controlling the crystalline and amorphous domains of SF 
structures (size, number, distribution, orientation, and spatial arrangement), it is 

Table 14.1 Osteochondral TE scaffolding design approaches

Physicochemical properties Biological properties

Monophasic One material with same 
porosity

One cell type

Biphasic Two layers with different 
material composition and 
porosity

Two different cell types, 
with bioactive molecules/
growth factors

Triphasic Three layers with different 
material composition and 
porosity

Three different cell types, 
with bioactive molecules/
growth factors
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possible to produce SF-based matrices with distinct mechanical properties, deg-
radation profile, and aqueous processability, which makes this protein attractive for 
distinct biomedical and TE applications [12].

14.3  Silk Fibroin-Based Hydrogels

Hydrogels formation follows several distinctive requirements that mimic the natural 
ECM microenvironment of tissues [47]. The hydrophilic nature of the ECM is rep-
resented by the hydrophilic crosslinking of polymer-based hydrogels, formed by the 
reaction of one, or more monomers connected by hydrogen bonds or/and van der 
Waals interactions between the chains [48]. One of the most important advantages 
of hydrogel systems is their aqueous environment that not only protects cells, but 
can also be sensitive for drugs and biological agents incorporation, transport, and 
delivery at the injury site [47]. Moreover, they can present tailored mechanical prop-
erties, degradation profiles, and swelling abilities according to their final applica-
tions [24, 49]. Facing the traditional scaffolding strategies, hydrogel networks have 
also been proposed as injectable systems not only for TE strategies, but also for 
other clinical applications [50].

The naturally derived hydrogels have desirable biological properties as com-
pared to synthetic hydrogels; however, they can present rapid degradation profiles 
for hard tissues regeneration, not to mention the chemical and molecular instability, 
which usually limits the reproducibility of natural-based materials [51]. Such limi-
tations can be overcome through hydrogels formed from regenerated aqueous SF 
solutions, that when submitted to different physical and chemical treatments, 
including mechanical agitation, ultrasonication, thermal treatment, pH adjustments, 
organic solvents, crosslinking using ionic species (Ca2+ ions) or biological agents 
(enzymes), acquire a sol-gel transition (Fig. 14.2) [24, 52–54]. During the structural 
transition process, an interconnected network is formed in the aqueous solution 

Fig. 14.1 Schematic illustration of the natural SF protein composition: (a) H-L complex forma-
tion. (b) H-chains organizing themselves together into β-sheet structures. (c) β-sheet structures 
linked by amorphous domains
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either by the β-sheet aggregates formation (transition from random coil to β-sheet) 
[55] or by the crosslinking of fibroin molecules [56]. Yan et  al. [50] proposed a 
horseradish peroxidase (HRP)-mediated crosslinking approach to produce novel SF 
hydrogels in a random coil conformation, that can undergo intrinsic conformational 
changes from amorphous to β-sheet (Fig. 14.3). These hydrogels can be adjusted in 
terms of gelation time, mechanical properties, and degradation profile, only by 
changing the SF concentration and the crosslinker (HRP/H2O2) ratio. This will 
allow producing different hydrogel networks according to its final application. 
Moreover, the enzymatic crosslinking of SF was conducted at physiological condi-
tions, envisioning their application as injectable systems for drug delivery purposes. 
In a recent study [57], the potential applications of SF-based hydrogels were magni-
fied by the production of agarose-SF sponges, processed by freeze-drying agarose-
 SF blended hydrogels.

The traditional approach for TE and regenerative medicine involve the culture of 
cells, withdrawn from the host tissue, into a pre-established structural matrix and 
subsequent implantation into the defect site [1]. Structures designed to mimic the 
natural ECM microenvironment of the replacing tissues usually involve the engi-
neering of matrices at several levels, depending on the physical, chemical, and bio-
logical properties of the host tissue, and SF has been proven to be a suitable material 
to engineer different tissues [4, 12, 58]. Combining polymeric scaffolds for osteo-
genesis induction with a cartilaginous-like hydrogel matrix has been one of the most 

Fig. 14.2 Schematic illustration of the physicochemical processes used to prepare SF hydrogels
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Fig. 14.3 Macroscopic images of the horseradish peroxidase-mediated crosslinked SF hydrogels, 
analyzed (a) in a random coil conformation at day 1 and (b) after β-sheet conformational transition 
at day 14

studied strategies for OC tissue engineering [37, 59]. Furthermore, the mechanical 
strength and high biocompatibility of SF make this material a rational choice as 
injectable fillers or as scaffolds for bone TE purposes [60, 61]. Fini et al. [60] have 
tested the in vitro behavior of injectable SF hydrogels, through osteoblast culture, 
and after in vivo implantation into critical-sized defects of rabbit distal femurs. The 
proposed SF hydrogels were obtained by adding citric acid into aqueous SF solu-
tion, and a commercial synthetic poly(d,l lactide-glycolide) (PLGA) copolymer 
was used as control material [62]. In vitro tests showed a significant increase of cell 
proliferation in the SF hydrogels and a higher bone remodeling capability was 
observed after in vivo implantation into the femoral defects, as compared to the 
synthetic PLGA control. Sonication-induced SF hydrogels were also proposed by 
Zhang et  al. [63] as injectable bone replacement biomaterials (Fig.  14.4). These 
hydrogels were combined with the osteogenic-related growth factors, vascular 
endothelial growth factor (VEGF), and bone morphogenic protein-2 (BMP-2), and 
evaluated as vehicles for the encapsulation and release of biological agents. The 
dual factors were slowly released from the injectable SF hydrogels promoting 
angiogenesis and new bone formation after in vivo implantation in rabbit maxillary 
sinus. The authors concluded that the proposed SF hydrogels can be used as inject-
able matrices in a minimally invasive approach to fill and regenerate bone tissue. 
Moreover, the possibility of being used as vehicles to deliver multiple growth fac-
tors was also a great achievement.

Considering the high incidence of articular cartilage-related injuries [64], hydrogels 
are particularly desired matrices for cartilage TE, since these are water-swollen 
materials capable of retaining and absorbing large volumes of water and maintain-
ing sufficient mechanical properties to support loading forces. Moreover, hydrogels 
have shown to be capable of encapsulating cells, biomolecules, and growth factors, 
for controlled drug delivery approaches after implantation in cartilage defects [65, 
66]. SF-based hydrogels have also shown great potential for cartilage regeneration 
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applications [67]. Sonication-induced SF hydrogels were proposed by Chao et al. 
[68] as an alternative approach to the commonly accepted agarose hydrogels [69] 
that yield the ability to sustain immature chondrocytes with biomechanical proper-
ties comparable to the native cartilage tissue. However, the non-degradability and 
lack of possibilities to modify the agarose’s structure, composition, and mechanical 
properties increased the author’s interest of using biocompatible, biodegradable, 
and highly tuned SF hydrogels to prepare cartilaginous constructs. These hydrogels 
presented a variety of structural and mechanical properties according to the SF 
extraction method, concentration, and gelation conditions. Moreover, the rapid 
encapsulation of chondrocytes and full maintenance of cell viability for 42 days 
with ECM formation (collagen and glycosaminoglycans) suggests that these hydro-
gels can be used as 3D models of cartilage tissue formation and maturation. In a 
different study, Park et al. [70] proposed novel sonication-induced SF composite 
hydrogels with fibrin/hyaluronic acid for nucleus pulposus cartilage formation. The 
authors demonstrated that the composite hydrogels allowed the chondrogenic dif-
ferentiation in five different groups made of fibrin/hyaluronic acid and different SF 
concentrations. Importantly, the mechanical strength measurements also showed 
that SF induced a stronger mechanical support for cartilage tissue on composite 
hydrogels than fibrin/hyaluronic acid hydrogels alone. Yodmuang et al. [71] have 
proposed SF-based composites made by combining silk microfibers with SF hydro-
gels as a potential support material for cartilage TE. SF fiber-agarose hydrogel com-
posite materials were used as control condition, showing that the 100% SF-based 
composites presented better and similar mechanical properties to those of native 
cartilage tissue (Fig. 14.5). The SF fiber reinforcement significantly influenced the 
mechanical and biological properties of composite materials supporting chondro-
cytes maturation and cartilage matrix deposition. Once again, the versatility of SF 
as a composite material came to overcome the limitations presented by the “gold 

Fig. 14.4 Photographs of the sonication-induced SF hydrogels and rabbit maxillary sinus surgery: 
(a) Aqueous SF solution transforming into SF hydrogels by ultrasonication. (b) Injectable property 
of the SF hydrogels. (c) SF hydrogel injection into the rabbit maxillary sinus cavity. Adapted with 
permission [63]. Copyright 2011, Elsevier
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standard” agarose-based biomaterials. The same recognition was done by Singh 
et al. [57] that demonstrated higher levels of cartilaginous tissue formation (glycos-
aminoglycans and collagen matrix deposition) within microporous hydrogels of SF 
blended with agarose, as compared with the microporous hydrogels of agarose used 
as control.

Lately, bilayered hydrogels combining different polymeric materials [36, 72], or 
encapsulating growth factors and/or cell populations, have also shown promising 
results in OC tissue repair/regeneration [73–75]. SF biomaterials can be particularly 
attractive for these strategies due to the self-assembly properties and controlled pro-
cessing of the β-sheet crystalline content, which enable to modulate the degradation 
rate and mechanical properties of SF structures according to the target OC tissue 
[76]. In a recent study, a 3D bio-printing method was used to create SF-gelatin (SF- 
G) bioinks incorporated with human mesenchymal stem cells [77]. Enzymatic and 
physical crosslinking methods were applied after cell incorporation for post- printing 
stabilization, showing that both developed constructs supported multilineage dif-
ferentiation and specific tissue formation according to the applied crosslinking 

Fig. 14.5 Histological analysis of the SF- and agarose-based hydrogels combined with silk micro-
fibers. (A) Alcian blue staining used to visualize the glycosaminoglycans (GAGs) content within 
the hydrogels. The black arrows indicate the localization of GAGs surrounding the silk microfibers 
within the SF-based hydrogels. Immunohistochemical analysis of (B) type II collagen and (C) type 
I collagen content. The inset images represent the negative staining. Adapted with permission [71]. 
Copyright 2014, Elsevier
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method. These results provide a proof-of-concept for the fabrication of 3D hetero-
geneous tissue constructs using different crosslinking methods of SF-G hydrogels 
with different mechanical properties and biological effects, especially required for 
OC tissue regeneration. Moreover, the possibility of creating a printed construct for 
a target tissue in a patient-specific approach would be the answer for personalized 
OC therapy and regeneration.

14.4  Silk Fibroin-Based Scaffolds

Scaffolds are 3D porous matrices developed to provide a defined microenvironment 
that promotes tissue repair and regeneration. Ideally, scaffolds should be able to: (1) 
stimulate cell-biomaterial interactions, cell attachment, growth, and migration, (2) 
facilitate transport of mass, nutrients, and regulatory factors for cell survival, prolif-
eration, and differentiation, (3) afford structural mechanical support, as tensile 
strength and elasticity, (4) degrade at a controlled rate, and (5) present minimal 
degree of inflammation or toxicity in vivo [78]. Further, scaffolds have desired char-
acteristics for cell transfer into a defect site and to limit cell loss, instead of simple 
cells injection to the defects.

Layered scaffolds aiming bone and OC TE applications, where both underly-
ing bone and cartilage tissues are damaged, are able to promote regeneration 
with specific properties and biological requirements [49, 55–57]. The strategy is 
the fabrication of stratified scaffolds consisting of separate osteogenic and chon-
drogenic regions, which can be manufactured in a single integrated implant, or 
fabricated independently and joined together with sutures or sealants. It is pre-
tended to ensure a good compatibility between the regions by keeping the porous 
structure and the mechanical strength. Porosity and pore sizes, respectively, of 
50–90% and 300 μm are required for an improved osteogenesis, whereas a pore 
size between 90 and 120 μm is recommended for chondrogenesis [79]. Several 
technologies have been applied to produce scaffolds with organized porosity and 
pore size, namely foam replica, salt-leaching/solvent casting, freeze-drying, 
phase separation, gas foaming, rapid prototyping, supercritical fluid technology, 
additive manufacturing, photolithography, microfluidics, and electrospinning 
[14, 26, 31, 33, 80–86]. These techniques also allow envisioning the encapsula-
tion of pharmaceutical agents/drugs and cells.

Considering the unique properties of SF for biomedical applications as above-
mentioned, the fabrication of useful scaffold SF-based systems, as well as con-
structs, has been extensively investigated with very positive results, to repair and 
regenerate the bone, cartilage, and OC tissues [26, 31, 39, 87, 88]. Saha et al. [39] 
evaluated the osteo-/chondro-inductive ability of acellular mulberry and non- 
mulberry SF scaffolds as an implantable platform in OC therapeutics. It was shown 
that SF scaffolds of Antheraea mylitta (non-mulberry) were more chondro- inductive, 
while those of Bombyx mori (mulberry) were more osteo-inductive in similar condi-
tions. The in vitro culture in chondro- and osteo-inductive media, showed that non- 
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mulberry constructs seeded with human bone marrow stromal cells exhibited 
chondrocyte-like cells behavior up to 8 weeks of culture, whereas mulberry con-
structs seeded with human bone marrow stromal cells formed bone-like nodules. In 
vivo neomatrix formation on the scaffolds, absorbed with transforming growth fac-
tor β-3 or recombinant human BMP-2, was demonstrated after implantation for 
8 weeks, in OC defects of the knee joints of Wistar rats. The neomatrix formed 
comprised collagen and glycosaminoglycans except in mulberry silk without growth 
factors, where a predominantly collagenous matrix was observed.

A different strategy was reported by Chen et al. [89] where they used SF sponge 
scaffolds seeded with rabbit bone marrow stromal cells (BMSC) aiming to engineer 
a multilayered OC construct. BMSC-seeded scaffolds were first cultured separately 
in osteogenic and chondrogenic stimulation media. Then, the differentiated pieces 
were combined with RADA self-assembling peptides and subsequently co-cultured. 
It was shown that after co-culture, the GAG production in the chondrogenic region 
was downregulated compared with the chondrogenic control group, while the GAG 
production in the osteogenic region was greater than from the osteogenic control 
group. Furthermore, in the intermediate region of co-cultured samples, hypertrophic 
chondrogenic gene markers collagen type X and MMP-13 were found on both 
chondrogenic and osteogenic sections. However, significant differences of gene 
expression profile were found in distinct zones of the constructs co-cultured, and the 
intermediate region had significantly higher hypertrophic chondrocyte gene expres-
sion. Moreover, results showed that specific stimulation from osteogenic and chon-
drogenic BMSCs affected both layers inducing the formation of an OC interface. 
Another interesting work investigated the capability of regenerated SF/natural 
degummed silk fiber composite scaffolds, combined with fibrin glue, with and with-
out autologous chondrocytes for the repair of OC lesions [90, 91]. The scaffolds 
showed very good mechanical properties and porosity due to the incorporation of 
silk fibers into the SF. In vivo biocompatibility tests of the scaffolds after implanta-
tion in OC defects of rabbit knees demonstrated good healing, regular chondrocyte 
arrangement, great connection to native tissues, and complete degradation 36 weeks 
post-implantation.

In order to improve the rapid degradation and low mechanical strength of pure 
chondroitin sulfate (CS), Zou et al. [92] developed a scaffold combining SF with 
CS, using salt-leaching, freeze-drying, and crosslinking methodologies, for carti-
lage tissue repair. The scaffolds exhibited a porous and interconnected structure 
with pores sizes of approximately 100–300 μm (Fig. 14.6I). In vitro biocompatibil-
ity tests using human articular chondrocytes (hACs) cultured on the scaffolds 
showed the formation of clusters inside the pores of SF scaffold, but better adhesion 
in SF/CS scaffold (Fig. 14.6II). After 12 weeks post-implantation in a rabbit OC 
defect model, the defects in SF scaffolds were repaired with fibrocartilage tissue 
and cartilage-like tissue, generated a thinner layer compared to the surrounding 
normal cartilage tissue. The defects in SF/CS scaffolds were repaired by thicker 
cartilage-like tissue, and well-organized subchondral bone (Fig. 14.6III). It was also 
observed that SF/CS scaffolds maintained better chondrocyte phenotype than SF 
scaffold, and silk-CS scaffolds reduced chondrocyte inflammatory response that 
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was induced by interleukin (IL)-1β, consistent with the well-reported anti- 
inflammatory activities of CS.

Alternative approaches for OC TE involve SF-based structures combined with 
other functional materials, as the case of calcium phosphates (CaPs), can  significantly 
enhance its biofunctionalities, and hence improved advantages of the final compos-
ites [14, 31, 87]. Yan et al. [14] prepared bilayered scaffolds for OC defects regen-
eration, consisting of SF and SF/CaP, respectively, for cartilage and bone regions 
using salt-leaching/freeze-drying techniques (Fig.  14.7A). The scaffolds showed 
improved micro/macrostructure able to promote cell attachment and proliferation, 
as well as enhanced osteoconductivity and mechanical strength by the incorporation 
of calcium phosphate in SF. Also, good adhesion and proliferation of rabbit bone 
marrow mesenchymal stromal cells (RBMSCs) cultured on the scaffolds during 
7 days were observed. The scaffolds were implanted subcutaneously and in critical 
sizes of OC defects in the rabbit knee for 4 weeks, showing a fully integration into 
the host tissue with no inflammation (Fig. 14.7B). Moreover, the ingrowths of the 
subchondral bone in the bottom domain and the regeneration of cartilage in the 
surface area of the implant were observed. The quantitative results of CaP content 
and porosity of different regions showed much higher void space in the defect con-
trols than in the defects with implant, with CaP content of 20% higher in SF/CaP 
layer than in the SF. From Fig. 14.7C, it can be observed that the connective tissues 
were tightly integrated in the implants, and filled the inner pores of the scaffolds, 

Fig. 14.6 (I) Microstructure of SF and SF/CS scaffolds observed by scanning electron micros-
copy. (II) Cytocompatibility of SF and SF/CS scaffolds with hACs (scale bars:  500, 200, and 
100 μm). (III) Histological evaluation after 12 weeks post-implantation: (A) Hematoxylin and 
eosin (H&E) histological images. (a, d) Non-treated group; (b, e) SF group; (c, f) SF/CS group. 
Arrows indicate rudimental scaffold materials. (B) Safranin-O staining of histological sections. (a, 
d) Non-treated group; (b, e) SF group; (c, f) SF/CS group. (Aa–c) and (Ba–c), scale bar: 500 mm. 
(Ad–f) and (Bd–f), scale bar: 200 mm. (A, B) Images of the bottom row represent the top row 
images at higher magnification. Adapted with permission [92]. Copyright 2017, Elsevier
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with visible vessels formed inside the scaffolds, and some fibroblasts presented in 
the SF/CaP layer.

Recently, in a work developed by our group, biofunctional scaffolds composed 
of SF and β-tricalcium phosphate, incorporating different ions, reported enhanced 
mechanical properties, improved cell proliferation, and higher osteogenic potential, 
which can also be used to engineer the bone layer in OC applications [93]. The scaf-
folds showed macropores highly interconnected with a size around 500 μm, and 
microporous structure pores with a size range of 1–10 μm (Fig. 14.8A). The biomin-
eralized SF scaffolds, after immersion in SBF for 15  days, showed globule-like 
structures of apatite crystals, while the incorporation of ceramic powders into SF 
leads to the formation of porous spherulites-like structures (Fig. 14.8B). Interestingly, 
in vitro assays using hASCs presented different responses on cell proliferation/dif-
ferentiation when varying the ionic agents in the biofunctional scaffolds (Fig. 14.8C). 
The incorporation of Zn into the scaffolds led to improved proliferation, while the 
Sr- and Mn-doped scaffolds presented higher osteogenic potential as demonstrated 
by DNA quantification and ALP activity. The combination of Sr with Zn led to an 
influence on cell proliferation and osteogenesis when compared with single ions.

As mentioned earlier, biomimetic OC multilayered systems, with specific micro-
structures and properties, have the potential clinical benefit in promoting bone and 
cartilage tissue repair and replacement. Taking an OC approach, Çakmak et al. [94] 

Fig. 14.7 (A) Macroscopic image of the bilayered scaffolds (scale bar: 3 mm). (B) Images of the 
bilayered explants after implantation in rabbit OC defects: (a) Macroscopic image of the explants, 
the black arrow indicates the implanted scaffold and the white arrow indicates the defect control 
(scale bar: 5 mm); (b) micro-CT analysis of the explants, the grey arrow indicates neocartilage, and 
the white arrow indicates new subchondral bone formation (scale bar: 4 mm). (C) Images of the 
bilayered explants after subcutaneous implantation in rabbit: (a) Macroscopic image of the explants 
(scale bar: 1 cm); (b) SEM image of the explants (scale bar: 1 mm), the arrow indicates the inter-
face; (c-e) H&E staining of the SF layer, interface and SF/CaP layer in the explants, respectively 
(scale bar: 200 mm). The arrow in (c) indicates vessels, and the arrow in (e) indicates fibroblasts. 
Adapted with permission [14]. Copyright 2014, Elsevier
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designed a SF-based trilayered scaffold suitable for both bone and cartilage, fab-
ricated by salt-leaching process. For this purpose, the bone side was prepared with 
4% (w/v) SF plus 5% (w/w) hydroxyapatite, the interface was obtained from 4% 
(w/v) SF, and for the cartilage layer were used arginine-glycine-aspartic acid-serine 
(RGDS)-containing peptide amphiphile hydrogels. The final mean pore size 
obtained for bone and OC interface layers was, respectively, 416  ±  87 μm and 
194 ± 67 μm. Osteogenic and chondrogenic activity were evaluated by hBMSCs 
cultured in the SF scaffold in osteogenic media, while hACs were encapsulated and 
cultured inside the PA-RGDS in chondrogenic media, without using selective 
growth factors. After 2 weeks of growing separately, the bone and cartilage layers 
were combined with the interface layer by the soft silk scaffolds, followed by co- 
cultured in an OC cocktail medium. Results showed that the presence of hACs in the 
co-cultures significantly increases the osteogenic differentiation of hBMSCs, 
whereas hACs produces a significant amount of glycosaminoglycans (GAGs) for 

Fig. 14.8 Scanning electron micrographs of SF, SF/TCP and SF/ionic-doped TCP scaffolds. (A) 
Before and (B) after 15 days of mineralization. (C) Viability and proliferation of hASCs seeded in 
the scaffolds: Alamar blue assay of hASCs cultured for 14 days (left), and DNA quantification at 
different time points (right). *significant differences compared with SF and SF/MnTCP and with 
SF/MnTCP and SF/SrTCP (p <0.05), **significant differences compared between SF and SF/TCP 
(p <0.005), ***significant differences compared between SF at day 3 and the different composi-
tions at day 28 (p <0.0005), ****significant differences compared between with SF and SF/SrTCP 
and SF/ZnTCP (p <0.0001). Adapted with permission [93]. Copyright 2017, S. Karger AG, Basel

V. P. Ribeiro et al.



319

the cartilage region. Moreover, the effect of hBMSCs on chondrogenic differentia-
tion of hACs was less effective than that of hACs on hBMSCs, and the hACs in the 
co-culture preserved the amount of synthesized chondrogenic ECM. Ding et al. [38] 
developed a trilayered scaffold combining SF/hydroxyapatite and paraffin-sphere 
leaching with a modified temperature gradient-guided thermal-induced phase sepa-
ration (TIPS) technique. The bone layer and interface are constituted respectively 
by a porous and dense structure (Fig.  14.9). Live/dead tests indicated good 
 biocompatibility for supporting the growth, proliferation, and infiltration of adi-
pose-derived stem cells (ADSCs) in the scaffolds. Histological and immunohisto-
chemical stainings confirmed that the ADSCs could be induced to differentiate 
towards chondrocytes or osteoblasts in vitro at chondral and bony layers in the pres-
ence of chondrogenic or osteogenic culture medium, respectively. Moreover, the 
intermediate layer could play an isolating role for preventing the cells within the 
chondral and bone layers from mixing with each other.

14.5  Concluding Remarks and Research Efforts

Many progresses have been made over the past few decades in order to fully treat 
and replace the damaged or non-functional OC tissues. TE is an essential approach 
for that, which can combine different biomaterials, bioactive molecules, and cells. 
Repairing OC lesions remains a formidable challenge due to the high complexity of 
native OC tissue, and the limited self-repair capability of cartilage. Innovative strat-
egies, such as the ones aforementioned, present solutions for specific OC chal-
lenges, and take important roles in cell proliferation and differentiation, envisioning 
the formation of new tissues. Such approaches will provide the production of hybrid 

Fig. 14.9 Macroscopic image of the OC scaffold showing the microstructure of bone and chon-
dral layers. Adapted with permission [38]. Copyright 2014, American Chemical Society
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constructs that act as bioresorbable temporary implants and resemble the physical 
characteristics of the ECM. Hydrogels are defined as possessing high water content 
and viscoelastic nature. On the other hand, scaffolds have mechanical strength nec-
essary to temporarily offer structural support until new tissue ingrowth.

Among all the natural biopolymers presently available, SF has shown remark-
able potential for biomedical applications due to its favorable structural and 
mechanical properties, as well good biocompatibility, biodegradability, and thermal 
stability. The design of 3D structures involving SF results in biomaterials with 
structural integrity for self-healing and load-bearing for future applications in OC 
TE. Furthermore, multiphasic structures, with distinct subchondral bone and carti-
lage regions and well-integrated interface, can overcome the common problems 
experienced with monolayers scaffolds, and be an effective approach for the effec-
tive regeneration of OC tissue.
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Chapter 15
In Situ Cross-Linkable Polymer Systems  
and Composites for Osteochondral  
Regeneration

María Puertas-Bartolomé, Lorena Benito-Garzón, 
and Marta Olmeda-Lozano

Abstract Injectable hydrogels have demonstrated being a promising strategy for 
cartilage and bone tissue engineering applications, owing to their minimal invasive 
injection procedure, easy incorporation of cells and bioactive molecules, improved 
contact with the surrounding tissues and ability to match defects with complex 
irregular shapes, characteristics of osteoarthritic pathology. These unique properties 
make them highly suitable bioscaffolds for treating defects which are otherwise not 
easily accessible without and invasive surgical procedure. In this book chapter it has 
been summarized the novel appropriate injectable hydrogels for cartilage and bone 
tissue engineering applications of the last few years, including the most commonly 
used materials for the preparation, both natural and synthetic, and their fabrication 
techniques. The design of a suitable injectable hydrogel with an adequate gelation 
time that gathers perfect bioactive, biocompatible, biodegradable and good mechan-
ical properties for clinical repair of damaged cartilage and bone tissue is a challenge 
of significant medical interest that remain to be achieved.
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15.1  Introduction

Cartilage and bone damage is an important pathology that affects to a large part of 
the population and can be caused by a trauma, arthritis or even a sport-related injury 
[1, 2]. However, clinical repair of the damaged cartilage and bone tissue is an 
important challenge that remains to be achieved, and thus, developing a novel 
biomaterial to repair and regenerate the damaged cartilage and bone tissue 
permanently is of significant medical interest.

The biology of cartilage and bony extracellular matrix (ECM) is crucial in 
achieving an effective cartilage and bone tissue regeneration. Both cartilage and 
bone ECM provide very specialized and complex 3D microenvironments crucial for 
chondrocytes and osteoblasts growth and maintenance [3, 4]. On the one hand, 
cartilage is a fiber-reinforced composite material with chondrocytes within a 
specialized and unique ECM composed of glycosaminoglycans (GAG), structural 
and functional proteins and glycoproteins [5–7]. Due to lack of vascularization, 
innervation, lymphatic networks, and progenitor, it is limited in terms of healing 
and recovery of damage cartilage tissue [8–13]. On the other hand, bone is a 
connective tissue highly vascularized and biomineralized with high mechanical 
properties [3, 14] whose ECM is composed of collagen I fibers and carbonated 
hydroxyapatite, complemented with proteoglycans, glycoproteins, and sialoproteins 
[15, 16]. However, common techniques for bone repair such as autografting and 
allografting are limited [17–19]. Therefore, the complexity of the cartilage and bony 
ECM, essential for their specific functions, becomes the development of novel 
ECM-mimicking biomaterials a great challenge in cartilage and bone engineering.

Hydrogels have attracted strong attention for applications in tissue engineering 
and regenerative medicine owing to their three-dimensional ECM-mimicking poly-
meric network, swellability and their porous framework, allowing for cell transplan-
tation and proliferation [20–22]. Particularly, they have attracted widespread interest 
among all the biomaterials for their use as scaffolds for cartilage and bone tissue 
engineering owing to their similarity to the cartilage and bony ECM that provides an 
appropriate microenvironment facilitating the cell adhesion, migration, prolifera-
tion, and differentiation as well as an effective delivery of nutrients and growth fac-
tors (Fig. 15.1) [23–30]. Injectable hydrogels in situ formed upon injection have 
also gained increased attention recently for osteochondral regeneration. These sys-
tems allow an aqueous mixture of gel precursors and bioactive agents (therapeutic 
drugs, cells, or bioactive factors) to be mixed and injected using a syringe into the 
defect and, once administered, the gel precursors are cross-linked through physical 
interactions or chemical bonds in situ [3, 31, 32]. Principally, injectable hydrogels 
are highly desirable for cartilage and bone clinical trials owing to advantages such 
as minimally invasive injection procedure replacing implantation surgery, easy 
incorporation of cells and bioactive molecules, good alignment with the surround-
ing tissues, and ability to match defects with complex irregular geometries, shape, 
and size that are hallmarks of osteoarthritic pathology [32–36]. Therefore, these 
unique properties make injectable hydrogels highly suitable bioscaffolds for  treating 
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defects which are otherwise not easily accessible without an invasive surgical pro-
cedure, supporting cartilage, and bone regeneration.

Both biomaterials and appropriate fabrication techniques play crucial roles in 
designing suitable injectable hydrogels as scaffolds for cartilage and bone tissue- 
engineering. Nowadays, a large number of hydrogels derived from different natural 
or synthetic polymers have been exploited for reconstruction of deficient osteochon-
dral interface or articular cartilage tissues [37–42]. Natural polymers such as ECM 
proteins and polysaccharides have been widely used owing to some advantages such 
as a variety of chemical functionalities that can confer mucoadhesive or antibacte-
rial properties, affinity towards other biomolecules, in particular proteins, inherent 
biocompatibility, biodegradability, and nonimmunogenicity [43–52]. Also numer-
ous hydrogels based on synthetic polymers such as poly(ethylene glycol) (PEG), 
poly(l-glutamic acid), and polyacrylamide (HPAM) have been reported due to the 
highly tunable mechanical and physicochemical properties [53–55]. Besides, hybrid 
hydrogels consisting of natural and synthetic biopolymers combine the biocompat-
ibility, biodegradability, and tunable mechanical strength that made them also an 
interesting option for osteochondral and cartilage tissue regeneration [36, 56, 57].
Furthermore, selective and fast cross-linking reactions under physiological condi-
tions are prerequisites for in situ formation of injectable hydrogels, conferring 
mechanical stability and structural integrity to the hydrogel matrix [58]. Physically 
injectable hydrogels are spontaneously formed by weak secondary forces such as 
hydrophobic or ionic interactions, normally induced by change of environmental 
factors including temperature, pH, force, concentration, and ions. Otherwise, chem-
ical hydrogels are formed by covalently cross-linking, using nontoxic chemical 

Fig. 15.1 Interaction between cell receptors and biomolecules conjugated to extracellular matrix 
in situ hydrogels. Reprinted with permission from Prog Polym Sci 39(12):1973–1986 Copyright 
(2014) Elsevier
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cross-linkers or enzymes [59, 60]. By controlling the density of cross-linking, the 
mechanical properties and biodegradation rates of the hydrogels can be highly tun-
able [61]. The scheme describing different methods for production of physically and 
chemically cross-linked hydrogels is illustrated in Fig. 15.2.

Therefore, the development of a suitable injectable hydrogel for cartilage and 
bone engineering is urgently needed. In this book chapter have been discussed 
different strategies of the last few years for developing novel injectable hydrogels 
for cartilage and bone tissue repair, focusing on the biomaterials of preparation.

15.2  In Situ Hydrogels Prepared with Different Biomaterials

15.2.1  Chitosan Based In Situ Hydrogels

Chitosan is a linear polysaccharide composed of d-glucosamine and 
N-acetylglucosamine units obtained by deacetylation of natural chitin, found in 
shells of shrimps and crabs. Chitosan is currently an attractive material for tissue- 
engineering applications due to its great biocompatibility, biodegradability, and 
hemostatic and antibacterial activity. Particularly, its structural similarity to cartilage 
glycosaminoglycan makes chitosan-based hydrogels great candidates as injectable 
materials for cartilage repair [47, 62–65].

However, native chitosan is insoluble in water because of its strong intermolecu-
lar hydrogen bonding, it is soluble in acetic acid solution but it requires exhaustive 
washing steps and restricts its biomedical applications. To overcome this limitation, 
different chemical modifications can be carried out in order to obtain water-soluble 
chitosan derivatives. For example, Sharma et al. carried out the chemical coupling 
of an amino acid to the native chitosan, obtaining a water-soluble histidine-modified 
chitosan [66]. Another common method is the conjugation of glycolic acid to the 

Fig. 15.2 Schematic representation of different methods for production of physically and chemi-
cally cross-linked hydrogels. Reprinted with permission from Biomacromolecules 17(11):3441–
3463 Copyright (2016) American Chemical Society
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chitosan yielding chitosan-based derivatives with a higher water solubility until a 
maximum pH of 7.8 [65]. In the study of Rong Jin et al. this coupling method is 
used to obtain a chitosan–glycolic acid (GA) soluble at water that allows the 
preparation of an injectable hydrogel under physiological conditions for cartilage 
regeneration [67]. The hydrogel system consists on chitosan–glycolic acid/tyrosine 
(Ch-GA/Tyr) conjugates enzymatically cross-linked using either tyrosinase or 
horseradish peroxidase (HRP). This kind of cross-linking is being of high interest in 
the last years because of its low cytotoxicity and mild cross-linking conditions [65, 
68]. Both enzymes provide a stable cross-linking, but the proliferation of 
chondrocytes is better for the hydrogels cross-linked with tyrosinase so they are 
more suited for cartilage regeneration. This enzyme, in the presence of oxygen, 
catalyzes the reaction from phenol to quinone which can react with other quinones 
or with the nucleophilic amino groups obtaining the network [69]. Moreover, the 
gelation time can be modulated by changing the concentration of enzyme and the 
degree of tyrosine substitution. Thus, the tyrosinase-cross-linked Ch-GA/Tyr 
conjugates have a high potential of application for cartilage tissue engineering. In 
another study, Kamoun has also prepared a water-soluble chitosan derivative 
conjugating succinic anhydride to the chitosan [70]. In this case, a new in situ self- 
forming hydrogel is obtained with this N-succinic chitosan and dialdehyde starch 
cross-linking the aldehyde groups with the functional amine groups through a 
Schiff-base reaction without using any additional cross-linker. The properties of this 
new class of hybrid hydrogels make them preferable as a covalent in situ forming 
scaffold for cartilage tissue engineering.

Glycol-chitosan derivatives have been currently used in order to create injectable 
materials for cartilage tissue engineering. In the study of Sung Cho et  al. a new 
photocrosslinkable thermogelling polymer based on methacrylated hexanoyl glycol 
chitosan (M-HGC) has been developed for cartilage regeneration [71, 72]. The nov-
elty of this work lies in the use of thermosensitive polymer based on a polysaccha-
ride that shows thermogelling property around body temperature, while usually they 
are based on synthetic block copolymers. This new system can be chemically cross-
linked through the methacryl groups by UV radiation obtaining a stable and elastic 
hydrogel with improved mechanical properties, without using any additional cross-
linker. Based on the biodegradability, good chondrocyte viability after 7 days, and 
modulated thermogellation, the M-HGC hydrogels have proven to be promising 
candidates as injectable carriers for cartilage regeneration. Cao et al. have obtained 
an in situ injectable hydrogel system using also glycol chitosan chemically cross-
linked under physiological conditions with a functionalized poly(ethylene glycol) 
(poly(EO-co-Gly)-CHO containing pendant aldehyde groups [73]. In this case the 
cross-linking consists of a Schiff’s base formation between aldehyde pendant groups 
of the poly(EO-co-Gly)-CHO and the amino groups of glycol chitosan obtaining 
stable covalent benzoic-imine bonds. The concentration of cross-linker, the gelation 
time, network morphology, and mechanical properties can be modulated. High via-
bility of chondrocytes encapsulated in the hydrogels was demonstrated after 14 days, 
and the phenotype was well preserved, proving that these injectable hydrogels are 
promising materials for cartilage tissue engineering (Fig. 15.3).
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All these research works presented based on chitosan focus on cartilage regen-
eration repair due to its structure similar to glycosaminoglycans present in the car-
tilage extracellular matrix and the limited healing ability of the cartilage. However, 
articular osteochondral defects involve not only to cartilage but to underlying sub-
chondral bone. Therefore, it is a great challenge to design new materials to regener-
ate simultaneously cartilage and bone, obtaining complex tissues. Zhang et al. have 
designed a single scaffold consisting of two different regions, poly(l-glutamic acid) 
(PLGA)/chitosan (CS) hydrogel and PLGA/CS/n- hydroxyapatite- graft-poly(l-
glutamic acid) (nHA-g-PLGA) supporting both hyaline cartilage and subchondral 
bone regeneration respectively [74]. Adipose derived stem cells were seeded into 
the osteochondral scaffolds, and the cell/scaffolds were tested in vivo in rabbit artic-
ular osteochondral defects confirming a good regeneration process both in cartilage 
and subchondral bone.

Thermosensitive hydrogels have also attracted great attention for biomedical 
applications, due to their similarity to ECM and their support for cell proliferation 

Fig. 15.3 Schematic illustration of the injectable hydrogels formation by Schiff base cross-linking 
between aqueous solutions of glycol chitosan and poly (EO-co-Gly)-CHO. Adapted with permis-
sion from J Mater Chem B 3(7):1268–1280 Copyright (2014) The Royal Society of Chemistry
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migration and differentiation [75, 76]. Different natural and synthetic polymers 
have been used to synthesize this kind of polymers [77, 78] but those with natural 
polymers are particularly attractive due to their similarity with ECM, such as 
polysaccharides or proteins [79, 80]. Chitosan has been commonly used in the 
preparation of thermosensitive polymers in combination with phosphates derivatives 
such a as glycerophosphate [77], ammonium hydrogen phosphate [81], and 
dipotassium hydrogen orthophosphate [82]. Specifically, in 2000, Chenite et  al. 
developed a commercially available system called BST-CarGel® with highly 
deacetylated Chitosan and glycerophosphate (GP) which has been used clinically 
for cartilage repair and whose ownership belongs nowadays to Piramal Life 
Sciences. This thermosensitive system turns into gel at body temperature, so it gels 
in situ when injected in  vivo with a complicated gelation mechanism [83, 84]. 
Extensive studies have been carried out with the system BST-CarGel® in the area 
of cartilage tissue engineering. For example, it has been demonstrated that BST- 
CarGel® with bone marrow stimulation significantly promotes hyaline cartilage 
regeneration [85–87]. Also a large number of studies have demonstrated that both 
CS/α-GP- and CS/β-GP-based hydrogels are biodegradable and biocompatible 
owning tunable physicochemical properties [88–90]. However, the gelation time for 
CS/ β-GP-based hydrogels is too long and could result in an ectopic cartilage tissue 
formation causing pain. To decrease this gelation time, the β-GP concentration can 
be increased, but this leads to significant cytotoxicity limiting the biomedical 
applications. In order to overcome this limitation, Assaad et  al. have reported a 
method to decrease the cytotoxicity combining β-GP with NaHCO3 and phosphate 
buffer [91]. Also Deng et al. have used NaHCO3 in order to obtain shorter gelation 
times and better mechanical properties, improving the biocompatibility [92]. 
Additionally, other works have been reported in which the CH/GP is combined with 
other biopolymers in order to obtain a new system with improved mechanical 
properties, degradation speed, and stability [47, 93, 94]. Furthermore, a large 
number of clinical studies have been carried out, as will be explained in the Sect. 
15.3 [95–98] proving that BST-CarGel® is an effective treatment for cartilage repair 
significantly better than microfracture (MFX) alone.

15.2.2  Hyaluronic Acid Based In Situ Hydrogels

Hyaluronic acid is a high molecular weight linear polysaccharide composed of 
disaccharide units of glucuronic acid (HA) and N-acetylglucosamine found in soft 
tissue and synovial fluid such as cartilage ECM. HA interacts with chondrocytes 
through the receptor CD44 playing an important role in cartilage formation, 
mesenchymal cell migration, condensation, and chondrogenic differentiation, and 
maintaining cartilage homeostasis. Furthermore, HA provides lubrication and 
resistance to articulating surfaces, promotes wound healing and tissue regeneration, 
and increases osteoblastic bone formation, and therefore, it is a very attractive 
material for cartilage tissue repair [99–101].
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However, HA is not good as filler for bone defects because it forms a solution 
that can leak out from the defect. This is an important restriction in the use of HA in 
biomedicine, so it is necessary to modify the HA rheological properties by 
combining it with other polymers in order to overcome this limitation [102]. In the 
study of Bellini et al., a three-component hydrogel consisting of HA, gellan gum, 
and calcium chloride was reported [103]. This stable system has been designed in a 
smart combination suitable for filling and capping bone defects avoiding any 
leakage. The gellan gum is ionically cross-linked with calcium chloride without any 
additional cross-linker which could be cytotoxic, and changing the hydrogel 
composition they can modulate the gelation time, mechanical properties, and 
degradation times. Human primary osteoblasts are cultured into the hydrogels 
showing a good proliferation and osteoblastic progression, so these hydrogels are 
suitable materials for bone regeneration of osteochondral defects. In the study of Yu 
et al., HA is mixed this time with a synthetic polymer, PEG, using a new strategy 
that includes two cross-linking methods [104]. First, a fast gelation is obtained by 
enzymatic cross-linking, and subsequently, a Diels–Alder cross-linking provides 
the hydrogel antifatigue and shape memory properties. ATDC-5 cells were 
encapsulated in the hydrogel demonstrating high proliferation and metabolic 
viability, and thus, these results support a promising strategy for different cartilage 
tissue engineering applications. Afterwards, this group has also developed a similar 
HA/PEG system obtaining a faster gelation time by Diels–Alder cross-linking 
[105]. It is demonstrated that changing the gelation time the cell encapsulation 
viability can be improved. HA-based hydrogels have been also prepared in 
combination with chitosan, taking advantage of its similar structure to GAG. Park 
et al. have obtained an injectable HA/methacrylated glycol chitosan hydrogel by 
photocrosslinking with a riboflavin photoinitiator and visible light [48]. 
Chondrocytes are successfully encapsulated in the hydrogel and irradiated, 
maintaining high viability and round shape, and with increased deposition of 
cartilaginous ECM. Thus, this Ch/HA-based hydrogel has the requirements and the 
potential to be used in cartilage tissue engineering.

Another common strategy to improve the mechanical properties of the HA-based 
hydrogels is to modify the HA rheological properties by using HA derivatives. 
Palumbo et al. have used two hyaluronic acid derivatives bearing ethylenediamine 
(EDA) or EDA and octadecyl groups C18 to obtain a stable hydrogel cross-linked 
with divinylsulfone functionalized inulin through an azo-Michael reaction [46]. It is 
proved that the presence of pendant C18 chains improve the mechanical properties 
and also decrease its susceptibility to hyaluronidase hydrolysis. Furthermore, the 
chemistry of this cross-linking is a safe strategy for chondrocytes encapsulation 
which results in high proliferation and viability until 28  days. In the study of 
Calogerto et  al. a similar system has been prepared with the amino derivative 
HA-EDA and α-elastin-grafted HA-EDA (HA-EDA-g-α-elastin) chemically cross- 
linked via Michael-type addition forming stable hydrogels [106]. Chondrocytes 
encapsulated in the hydrogel recognize α-elastin through specific interactions that 
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favor a better metabolic activity and allow the improvement of the elastic modulus 
of the hydrogel by acting as biological cross-linkers. In addition, degradation pro-
files indicate that this injectable hydrogel scaffold possesses desired properties for 
the treatment of articular cartilage damage under physiological conditions. Also in 
the study of Fenn et al., methacrylated-HA hydrogels are obtained controlling the 
degree of modification and the molecular weight, in order to achieve the optimal 
mechanical properties for osteochondral regeneration [107]. Visible light cross- 
linked is presented as a viable methodology for natural-based in situ hydrogels and 
a safe alternative to UV photocrosslinked hydrogels, which can compromise the 
viscosity or the stiffness of the material. Furthermore, in  vitro test with human 
mesenchymal stem cells (MSCs) shows that these hydrogels does not present 
significant cytotoxic effects.

Another option to overcome the poor mechanical properties of the HA is to com-
bine it with other polymers. A new strategy is reported in the work of Domingue 
et al. by reinforcing the hydrogel with cellulose nanocrystals as nanofillers [108]. 
The nanocomposite hydrogel include adipic acid dihydrazide-modified HA and 
aldehyde-modified HA reinforced by aldehyde-modified cellulose nanocrystals. 
The system exhibits good cell supportive properties due to the improved structural 
integrity. Also hASC encapsulated in the hydrogel are able to spread well exhibiting 
noticeable proliferative activity. Therefore, this work supports a valuable strategy 
for modulate the structural and biological properties of the hydrogel, expanding 
their range of applications (Fig. 15.4).

Fig. 15.4 Scheme of injectable hyaluronic acid-based hydrogels (HAX) reinforced with CNCs, 
prepared using a double-barrel syringe. (a) Hydrazide-functionalized hyaluronic acid (ADH-HA) 
and (b) aldehyde functionalized hyaluronic acid (a-HA), with or without aldehyde-modified CNCs 
(a-CNCs), are mixed and cross-linked obtaining stable hydrogels. Reprinted with permission from 
Bioconjug Chem 26(8):1571–1581 Copyright (2015) American Chemical Society
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15.2.3  Collagen/Gelatin-Based In Situ Hydrogels

Collagen is the most abundant protein of the body and it can be found in cartilage, 
bone, skin, connective tissue and ligaments. Recently, natural collagen-based 
hydrogels have been widely used to design scaffolds for different biomedical 
applications. ECM of cartilage is rich in collagen, so it has been specifically used 
lately in cartilage tissue engineering, due to their biocompatibility, biodegradability, 
the low antigenic property and the ability of inducing chondrogenic differentiation 
of mesenchymal stem cells (MSCs) promoting the secretion of cartilage specific 
ECM [10, 50, 109, 110]. In the study of Cooper et al. a collagen interpenetrating 
polymer network has been designed to mimic cartilage glycosaminoglycans and 
improve the lubrication, as a therapy for osteoarthritis diseases [111]. The system 
consists on the in situ formation of a photopolymerized network with native collagen 
fibrils which reduce the solid-solid interfacial friction, demonstrating its potential as 
a treatment to enhance the tribological function of cartilage in the articulations. Also 
Yuan et al. have prepared an injectable physically cross-linked composite combining 
type I and type II collagen [50]. It is demonstrated that chondrocytes embedded in 
the hydrogel can maintain their phenotype and secrete cartilage-specific 
ECM.  Furthermore, the ECM secretion of these chondrocytes can be regulated 
changing the compressive modulo of the hydrogel.

Collagen-based in situ hydrogels are usually combined with other biomaterials. 
In the study of Kontturi et al. type II collagen and HA are integrated creating an 
injectable hydrogel similar to cartilage tissue [112]. The biomaterials are chemically 
cross-linked with poly(ethylene glycol) ether tetrasuccinimidyl glutarate (4SPEG), 
noncytotoxic for chondrocytes [113], and complemented with the transformed 
growth factor β1, obtaining a strong and stable network. Chondrocytes are 
successfully encapsulated in the hydrogel system maintaining viability and 
characteristics, so this hydrogel is a potential cell delivery system for cartilage 
tissue engineering. In the work of Choi et al. type II collagen, chondroitin sulfate 
(CS) and chitosan are integrated in an injectable hydrogel enhancing the physical 
stability of Col or Ch by themselves [29]. The hydrogel system consists on 
methacrylated glycol chitosan bearing the cartilaginous ECM, and riboflavin, which 
allows in situ gelation by UV–Vis photopolymerization. The effectively 
encapsulation and proliferation of chondrocytes and MSCs and their production of 
cartilage matrix support that these hydrogels are potential systems to promote tissue 
regeneration. Another study carried out by Moreira et al. has combined collagen 
with chitosan, in this case to prepare bioactive thermoresponsive injectable 
hydrogels [114]. The chitosan-based hydrogel is chemically conjugated with 
collagen and reinforced with bioactive glass nanoparticles, improving the mechanical 
properties. Cell studies demonstrate that this is an innovative and promising 
thermogelling material for bone and cartilage bioapplications.

From the degradation of collagen, it is obtained the Gelatin, a biocompatible and 
biodegradable natural protein. It has been recently used to prepare injectable 
hydrogels because of its cartilage reparation properties. However, gelatin-based 
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hydrogels, similar to collagen-based hydrogels, possess low mechanical properties 
and shrinkage of gels [115, 116]. Currently, enzymatic cross-linking method has 
attracted high interest in the preparation of injectable hydrogels for biomedical 
applications and it has been demonstrated to enhance chondrocyte proliferation 
in vitro and collagen and GAG production [65, 68]. Wang et al. have reported an 
enzymatic cross-linked gelatin-based injectable hydrogel for ectopic cartilage 
formation and early-stage osteochondral defect repair [117]. The system is 
composed of gelatin–hydroxyphenylpropionic acid (Gtn-HPA) and cross-linked by 
oxidative coupling of HPA moieties catalyzed by H2O2 and HRP. Varying the 
concentration ratio Gtn-HPA/H2O2 the stiffness of the hydrogels can be controlled, 
maintaining fast gelation time. It is demonstrated that changes is this stiffness allow 
the modulation of chondrocyte cellular functions, and cartilage tissue histogenesis 
and repair. In a different study Shen et al. have created a new though porous hydrogel 
combining gelatin with chitosan via in situ precipitation (described in Fig. 15.5) 
[49]. The porosity and degradation rate of the hydrogel can be tuned by changing 
the composition, obtaining a hydrogel with improved mechanical properties for 
cartilage engineering.

A thermoresponsive injectable hydrogel has been designed for Oh et  al. with 
gelatin-graft-poly(N-isopropylacrylamide) [118]. In this case, the system is prepared 
by gelling oil-in-water high internal phase emulsions using the thermoresponsive 
property of the copolymer units obtaining a high porosity system. This new strategy 
of fabrication provides scaffolds suitable for cell encapsulation and supporting its 
spreading and proliferation. An innovative study has been developed by Puertas 
et  al. to obtain another thermosensitive hydrogel with bioadhesive properties 
composed of gelatin and a catechol containing copolymer [119]. The system exhibits 
good biocompatibility, antioxidant behavior, and anti-inflammatory properties. 
Likewise, excellent bone bioadhesive properties have been demonstrated attributed 
to the catechol moiety, showing that this system possesses a great potential of 

Fig. 15.5 Schematic representation of formation process of chitosan–gelatin (CG) gel with in situ 
precipitation method: (a) chitosan membrane filled with CG/acetic acid solution and put into the 
NaOH solution; (b) the gel is formed with the OH from NaOH penetrating towards the c axis after 
12 h, then positively charged chitosan protonated and established strong electrostatic interactions 
with the negatively charged gelatin. Reprinted with permission from RSC Adv 5:55640–55647 
Copyright (2015) The Royal Society of Chemistry
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application for bone tissue regeneration processes. Also in the field of bone tissue 
engineering, Visser et al. have created a cell carrier with a gelatin methacrylamide 
hydrogel and multipotent stromal cells and cartilage-derived matrix particles 
embedded on it [120]. It is found that this system allows for the formation of 
endochondral bone in the degradable hydrogel, offering a new strategy for relevant- 
size bone grafts.

15.2.4  Alginate-Based In Situ Hydrogels

Alginate is natural polysaccharide consisting of guluronic and maluronic acids. 
Biopolymers that mimic the ECM properties have been widely used for tissue 
engineering because their potential promoting cellular adhesion, migration and 
proliferation, likewise, alginate has been commonly used to create injectable 
hydrogels for cartilage tissue engineering applications [121–123]. Alginate-based 
hydrogels can form rapid and stable biocompatible scaffolds; however, the 
mechanical properties of the hydrogel are not strong enough to support the 
regenerated tissue. Consequently, alginate is usually modified or combined with 
other biomaterials to overcome this drawback. Furthermore, it can be also blended 
with other polymers to improve its cell adhesion ability [45].

Balakrishnan et al. have developed a novel hydrogel consisting of oxidized algi-
nate, gelatin, and borax by self-cross-linking or auto-polymerization [124], without 
using any additional cytotoxic component [43]. The adhesive hydrogel is well inte-
grated with the cartilage and chondrocytes encapsulated demonstrates favorable 
viability, migration, and proliferation within the matrix while maintaining their phe-
notype. Therefore, this is a promising cell-attractive adhesive material for cartilage 
tissue engineering for the treatment of OA. Zeng et al. also use an alginate/gelatin 
based hydrogel [125]. In this work a novel microcavitary hydrogel is obtained with 
gelatin microspheres within an alginate matrix and it is demonstrated that the size 
of microcavity affects the proliferation of encapsulated chondrocytes, preferring the 
smallest size. Park et al. have created a biodegradable hydrogel with alginate and 
hyaluronic acid. In this case alginate has been partially oxidized with sodium peri-
odate in order to improve the biodegradability of alginate in physiological condi-
tions [45]. Chondrocytes were encapsulated in the system and it was injected 
subcutaneously into mice, showing GAG secretion, chondrogenic marker genes 
expression and effective cartilage regeneration. Oxidized alginate has been also 
used in the study of Yan et  al. with oxidized poly(L-glutamic acid), obtaining a 
novel biodegradable hydrogel by self-cross-linking through Schiff base formation 
in physiological conditions [59]. This novel material has demonstrated successful 
injectability, rapid in  vivo gelling, chondrocytes encapsulation and viability, 
satisfactory mechanical stability, and favorable ectopic cartilage formation. 
Similarly, in the study of Zheng et al. alginate has been blended creating a triple- 
phased hydrogel with nano-hydroxyapatite (nano-HA), collagen and alginate 
ionically cross-linked with Ca2+, which is an easy method extensively use for 
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alginate-based hydrogels formation [126–129]. This triphased composite possess 
improved mechanical properties, high viability and proliferation and upregulated 
hyaline cartilage markers, thus it is a valuable strategy for osteochondral tissue 
engineering. However, alginate hydrogels ionically cross-linked have some 
disadvantages. Specifically, due to the difficulty in the control of the cross-linking, 
the mechanical and biophysical properties are uncontrolled. Therefore, Lee et al. 
describe a bioinspired approach for the preparation of alginate hydrogels based on 
dopamine conjugated to the alginate backbone and a posterior oxidative cross- 
linking [130]. The system exhibits moldable physical and mechanical properties 
and a higher biocompatibility due to the lack of cations in the hydrogel. This 
approach can provide a new method to develop tunable biocompatible hydrogels for 
osteochondral therapies (Fig. 15.6).

15.2.5  Fibrin-Based In Situ Hydrogels

Fibrin is a natural fibrous protein that has a key role in blood clotting widely used 
for cartilage tissue engineering as a cell matrix, enhancing cell attachment, mobility, 
proliferation and differentiation [131, 132]. However, fibrin presents low mechanical 
stiffness and fast degradation so it is commonly used in combination with other 
materials.

Benavides et  al. have developed a fibrin-based injectable hydrogel containing 
poly(ethylene glycol) (PEG), which increase the longevity of the hydrogel, and 
human amniotic fluid-derived stem cells[133]. This novel hydrogel is a fibrin-driven 
platform for vascular formation and promotes in situ neovascularization of human 
amniotic fluid stem derived cells from. Almeida et al. have developed an injectable 

Fig. 15.6 Schematic representation of in situ cross-linking mechanism of PLGA/ALG injectable 
hydrogel using dual syringe and obtaining a stable system. Reprinted with permission from 
Biomacromolecules 15(12):4495–4508 Copyright (2014) American Chemical Society
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fibrin-based hydrogel functionalized with cartilage ECM microparticles and the 
transforming growth factor-β3 as a new therapy for joint regeneration [134]. It is 
demonstrated that fibrin-based hydrogels can induce in vivo production of cartilage 
tissue by freshly isolated stromal cells, so these results support a new potential 
method for cell-based therapies for articular cartilage regeneration. Hwang et al. 
have developed a different fibrin-based hydrogel consisting of alginate particles and 
cells in a fibrin matrix [135]. This system enhances cellular viability, mobility, and 
proliferation, and contributes to volume retention and vascularization in vivo, so it 
is an attractive approach for soft tissue reparation.

15.2.6  Elastin-Based In Situ Hydrogels

Currently, in situ hydrogels based on ECM proteins such as collagen, fibrin, or elas-
tin are promising materials for cartilage tissue engineering. Elastin improves elas-
ticity and cellular interactions during the tissue regeneration [136], but it has low 
mechanical properties, and the use of cytotoxic cross-linking agents is necessary.

In the study of Fathi et al. elastin has been covalently cross-linked with the copo-
lymer poly(NIPAAmco-(PLA/HEMA)-co-OEGMA-co-NAS) obtaining a thermo-
responsive and highly cytocompatible system with improved mechanical properties 
and structural stability [137]. Furthermore, the degradation rate and gelation proper-
ties can be modulated by changing the composition of copolymer, to meet the spe-
cific requirements for cartilage regeneration.

15.2.7  Chondroitin Sulfate-Based In Situ Hydrogels

Chondroitin sulfate is a sulfated glycosaminoglycan composed of repeating units of 
D-glucuronic acid and N-acetylgalactosamine. It plays an important structural role 
in cartilage providing resistance to compression so it has been widely used for 
cartilage tissue engineering [138, 139].

Wiltsey et al. have reported a family of injectable hydrogels consisting of poly(N- 
isopropylacrylamide)-graft-chondroitin sulfate which forms an adhesive interface 
with surrounding disc tissue [140]. It has been demonstrated that the material 
possesses good mechanical properties, improved adhesive tensile strength and high 
cytocompatibility with human embryonic kidney 293 cells, thus, these injectable 
hydrogels can be used for nucleus pulposus regeneration. In the study of Chen et al. 
an injectable pullulan/chondroitin sulfate composite has been developed [141]. The 
hydrogel is enzymatically cross-linked with horseradish peroxidase and hydrogen 
peroxide, which makes the system easily adaptable and minimally invasive 
(Fig.  15.7). The presence of chondroitin sulfate facilitates chondrogenesis and 
enhances cell proliferation, thus showing promise for regenerating cartilage tissue.
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15.2.8  Synthetic Biomaterials-Based In Situ Hydrogels

Due to the wide range of possibilities of modification of their chemical structure and 
molecular composition, hydrogels based on synthetic polymers exhibit highly 
tunable mechanical properties, biodegradability, biocompatibility, and biochemical 
characteristics. However, cell–material interaction and biocompatibility has to be 
taken into account throughout the design of these materials. Several degradable 
synthetic polymers have been studied for the development of injectable hydrogels 
for cartilage tissue engineering; these polymers include Poly(ethylene glycol) PEG 
[142], poly(l-glutamic acid) [54], poly(vinyl alcohol) [143, 144], α,β-poly-(N- 
hydroxyethyl)-dl-aspartamide [145], poly(N-isopropyl acrylamide) (PNIPAAm) 
[57], PEG-poly(N-isopropyl acrylamide) (PNIPAAm) [146], poly(lactic acid) 
PLLA [147] and methoxy polyethylene glycol–poly(ε-caprolactone) [148].

Koushki et al. reported a biphasic hydrogel based on partially hydrolyzed poly-
acrylamide (HPAM) and nanocrystalline hydroxyapatite (nHAp) enzymatically 
cross-linked with chromium acetate [55]. Mechanical and physical properties of the 
hydrogel system can be tuned by varying the molecular weight and the cross-link 
agent concentration. In the above-said work, the incorporation of nHAp provides a 
dual function to the hydrogel for differentiation towards both soft and hard tissue, 
resulting in an increased gelation rate, improved mechanical properties, and 
increased surface wettability. However, a cytotoxic behavior for mesenchymal stem 
cells is evidenced for high chromium acetate concentrations. One of the concerns 
associated with the enzyme-mediated cross-linking reaction is the retention of the 
enzyme inside the hydrogel matrix, which inevitably occurs during gelation. HRP- 
catalyzed cross-linking is a potential safety strategy [149] to solve this issue. For 
example, Ren et  al. have developed in situ bioinspired polymers based on 
glycopolypeptide hydrogels through enzymatic cross-linking reaction in the 
presence of HRP and H2O2 [2]. These systems are designed to act as an analogue of 
proteoglycans present in the ECM of native cartilage and they are synthesized by 

Fig. 15.7 Hydrogel formation from carboxymethyl pullulan-tyramine (CMP-Tas) and chondroitin 
sulfate-tyramine (CS-TA) via HRP-mediated cross-linking in the presence of H2O2. Adapted with 
permission from Sci Rep 6:20014 Copyright (2016) Springer Nature
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conjugation of poly(γ-propargyl-l-glutamate) (PPLG) with 3-(4-hydroxyphenyl) 
propanamide (HPPA) and azido-modified mannose (PPLG-g-Man/HPPA) or 
1-(2-(2-methoxyethoxy)ethoxy)-2-azidoethane (PPLG-g-MEO3/HPPA). Results 
reveal a higher proliferation rate of chondrocytes cultured in vitro in PPLG-g-Man/
HPPA as well as maintained chondrocyte phenotype and production of cartilaginous 
specific matrix in subcutaneous model.

Nevertheless, in order to avoid additional chemical cross-linking agents Yan 
et al. have reported a novel poly(l-glutamic acid)-based injectable hydrogel [54]. In 
situ chemical cross-linking system using Schiff base reaction has been carried out. 
In this study the hydrazide-modified poly(l-glutamic acid) (PLGA–ADH) and 
aldehyde-modified poly(l-glutamic acid) (PLGA–CHO) are prepared using 
carbodiimide hydrochloride (EDC) activation and sodium periodate (NaIO4) 
oxidation. Both the hydrazide modification degree of PLGA–ADH and oxidation 
degree of PLGA–CHO can be adjusted by the amount of activators and NaIO4, 
respectively. Furthermore, the gelation time, equilibrium swelling, degradation rate, 
microscopic morphology, and rheological properties can be easily controlled by the 
solid content of the hydrogels, –NH2/–CHO molar ratio and oxidation degree of 
PLGA–CHO.  These materials have demonstrated successful injectability, rapid 
in vivo gelling, chondrocytes encapsulation and viability, satisfactory mechanical 
stability, and favorable ectopic cartilage formation.

Synthetic hydrogels derived from PEG offer a broad field for tuning a wide range 
of scaffold properties while simultaneously maintaining the chondrocyte phenotype 
and supporting cartilage-specific matrix production [150]. Hydrogel degradation is 
a critical design parameter for matrix elaboration, where nondegrading hydrogels 
restrict matrix deposition and evolution to the nearby cells. Skaalure et al. [53] have 
developed a new cartilage-specific, degradable hydrogel based on poly(ethylene 
glycol) (PEG). Novel photoclickable thiol-ene PEG hydrogels are presented such as 
enzymatically degradable peptide with the incorporation of a cross-linker based on 
aggrecan. Degradability of the aggrecanase sensitive hydrogel is investigated by 
encapsulating bovine chondrocytes, which exhibit differences in metabolic activity. 
The efficacy of the degradable hydrogel is dependent on the cell source. Nonetheless, 
the aggrecanase-sensitive hydrogel is degraded and preserve the chondrocyte 
phenotype. Kwon et al. [148] have formulated an injectable in situ forming hydrogel 
from methoxy polyethylene glycol (MPEG) and poly (*-caprolactone) (PCL). 
MPEG-PLC (MP) diblock polymers undergo a solution-to-gel phase transition at 
body temperature, so can be premixed with chondrocytes before being injected. 
This system is able to form cartilage in a subcutaneous site in  vivo, which 
accumulated with increasing implantation time.

15.3  Clinical Applications of In Situ Hydrogels

Articular cartilage is a very specialized connective tissue that covers the joints 
whose function is acting as a shock absorber of large loads providing a slip surface 
with low friction. Pathologies that affect hyaline cartilage are the main cause of pain 
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and dysfunction, producing a medium or long term degeneration of the joint. 
Hyaline cartilage has the characteristics of being avascular, alymphatic, and aneural 
tissue, so its capacity for regeneration and self-repair is very limited.

In recent years, multiple surgical procedures have been developed with the aim 
of repairing osteochondral lesions. The most common technique is microfractures, 
involving making small holes in the area of injury until the subchondral bone in 
order to create a blood clot that can fill the defect allowing the access of progenitor 
cells from the bone marrow [151]. However, it usually results on the creation of 
fibrocartilage, which does not meet the mechanical characteristics of articular 
hyaline cartilage, and is kept in the injury area for a short period of time. Good 
clinical results are obtained only for young patients with small chondral lesions, low 
body mass index and an acute onset of symptoms, thus, finding a good procedure 
for clinical repair of damaged cartilage and bone tissue is an important challenge 
that remains to be achieved.

The use of injectable hydrogels is increasingly widespread in clinical trial for 
cartilage and bone tissue engineering, as explained before, due to its numerous 
advantages such as minimally invasive injection procedure or ability to fill the 
chondral defect area regardless of its shape and geometry [152–154]. Because of 
these systems, the need for traditional open surgeries has been reduced, reducing 
also the medical care expenses and the time of surgical procedures as well as 
decreasing postoperative pain and improving recovery time. In addition, these 
hydrogels can serve as vehicles for therapeutic agents such as growth factors, drugs, 
or certain cells that stimulate tissue regeneration [3, 31, 32, 35]. Injectable hydrogels 
can be combined with microfracture technique in order to increase the stability of 
the blood clot formed and avoiding the creation of fibrocartilage. To reach that goal 
several injectable hydrogels are being used in clinical practice for osteochondral 
lesions repair [98].

In June 2013, the use of the GelrinC hydrogel for the treatment of chondral and 
osteochondral lesions was approved (Regents Biomaterials). GelrinC is an injectable 
and bioabsorbable hydrogel composed of polyethylene glycol diacrylate (PEG-DA) 
covalently bound to denatured human fibrinogen (DHF), whose mechanical 
properties and degradation rate can be adjusted by modifying PEGylation. After 
standard microfracture, the hydrogel is injected as a liquid, conforming to the size, 
shape, and depth of the lesion. Then, after short exposure to UV-A light in situ, the 
hydrogel becomes a semisolid implant tightly integrated with the surrounding tissue 
and bone, preventing the uncontrolled infiltration of mesenchymal stem cells into 
the defect and the formation of fibrous tissue. The GelrinC scaffold formed will be 
reabsorbed and replaced by regenerated cartilage in a period of 6–12 months [42, 
155]. After testing its efficacy and safety, the GelrinC hydrogel has been used in 
clinical practice. In the work of Jeuken et  al. [156] patients with knee chondral 
lesions are treated with GelrinC hydrogel. Microfractures are performed and the 
GelrinC solution is implanted on them. After 90 s of exposure to UVA light, the 
hydrogel becomes an elastomeric implant allowing the filling of the defect, 
regardless of the geometry or depth of the defect. Then, the repair tissue composition 
is evaluated by Magnetic Resonance Imaging MRI: proportion of GAG, water and 
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orientation and architecture of collagen fibers. In this image study, the complete 
filling of the lesion is visualized at 6 months postoperatively, and it is maintained 
until 18 months. After 24 months, the MRI values are similar to those of the native 
articular cartilage. Thus, an integration of the product with the surrounding cartilage 
and bone tissue has been observed, demonstrating the safety and efficacy of 
formation of new hyaline cartilage from the periphery of the inward lesion.

Another product used in clinical practice with the aim of restoring chondral 
defects associated with microfractures is a chitosan and glycerol phosphate based 
hydrogel called BST-CarGel (Piramal Life Sciences, Laval, Quebec, Canada), 
structurally similar to GAG found in articular cartilage (explained above in Sect. 
15.2.1). Several in vivo studies support the use of this BST-CarGel for chondral 
pathology. In the work of Spiller et al., an experimental in vivo study is carried out 
by applying BST-CarGel in chondral lesions on sheep knees [39]. They injected 
hydrogel loaded with chondrocytes and that not loaded with the same, observing a 
complete repair for lesions with BST-CarGel loaded with chondrocytes, and partial 
repair for lesions with nonloaded CarGel. In other study performed by Chevrier 
et al., similar chitosan and glycerol phosphate hydrogels are loaded with autologous 
blood from New Zealand white rabbits [95]. The in vivo experiment is carried out 
performing a microfracture until the subchondral bone and injecting the BST- 
CarGel. In the knees treated with the hydrogel three changes can be observed in the 
healing process to be taken into account: there is an increase in the local inflammatory 
response in an initial phase as well as the proportion of bone marrow cells; an 
increase in vascularization and repair tissue is observed; and finally, an increase of 
the intramembranous bone formation and subchondral bone remodeling. These 
results are very similar to those obtained by Mathieu et  al.’s study [96], where 
chondral lesions are also performed on rabbit knees and treated with BST-CarGel 
and autologous blood. In this work another group is studied consisting of the BST- 
CarGel hydrogel containing blood factors such as thrombin, tissue factor or 
recombinant human factor VIIa. In both groups an increase in angiogenesis and 
tissue repair is observed.

Once the safety and efficacy of the product have been demonstrated, several 
studies have been published in medical clinical practice. In the study of Steinwachs 
et  al. [86], microfractures are performed in patients with a single chondral knee 
lesion and then the BST-CarGel is injected by arthroscopic approach, reducing the 
aggressiveness of the surgical procedure and decreasing the recovery time. Six 
months after arthroscopic treatment the MRI results indicate complete filling of the 
defect and remission of the subchondral bone edema. The performing of the 
microfracture and the hydrogel implantation is explained in Fig. 15.8. Also BST- 
CarGel has been used in other joint lesions. For example, the study of Vilá y Rico 
et al. describe the arthroscopic technique for BST-CarGel in combination with bone 
marrow stimulation (BMS) techniques for the treatment of osteochondral talus 
[157], and in the study of Mas et  al. BST-CarGel in combination with a hip 
arthroscopic microfracture procedure is performed for isolated full-thickness 
acetabular cartilage defects treatment [87].
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There are currently studies supporting the use of CarGel associated with micro-
fractures for the treatment of chondral lesions [98], such as the study by Shive et al. 
where they compare the use of BST-CarGel in microfractures with the microfrac-
tures treatment alone, assessing structural, clinical and functional results at 5 years 
post-surgery. It was observed that lesions treated with BST-CarGel presented greater 
reparative capacity but no changes in the pain or functional scales, so authors con-
clude that a better cartilage repair, bulkier and of higher quality is produced in the 
lesions treated with BST-CarGel. These results are very similar to those obtained in 
the study by Stanish et al. [97] where they also performed a randomized controlled 
clinical trial of 80 patients with chondral lesions on the femoral condyle divided 
into two treatment groups: microfractures or microfractures with BST-CarGel. As in 
the previous study, at MRI level, greater filling of the chondral lesion and higher 
quality are observed at 12 months postoperatively, while at functional level and life 
quality, do not present statistically significant changes in both treatment groups. 
Therefore, these commercial injectable hydrogels favor the repair of chondral 
lesions by a tissue similar to the primary hyaline cartilage; however, finding a per-
fect biomaterial to repair osteochondral lesions also aimed at functional level and 
better quality of life is still a challenge.

15.4  Conclusions and Future Trends

In this chapter novel injectable hydrogels for cartilage and bone tissue engineering 
applications over the recent years are summarized, including the most commonly 
used materials for the preparation, both natural and synthetic, and their fabrication 

Fig. 15.8 Key steps of arthroscopic treatment of cartilage lesions with microfracture and BST-
CarGel. (a–c) The cartilage defect is debrided down to the subchondral bone, with removal of the 
calcified layer, and to a stable rim of healthy cartilage. (d) Microfractures are performed with an 
awl. (e) The defect is arranged in a horizontal position, and the liquid is drained. (f) The defect can 
be further dried with a swab. (g) The BST-CarGel is injected into the defect and (h) forms a stable 
clot in the defect after 15 min. Reprinted with permission from Arthrosc Tech 3(3):e399–e402 
Copyright (2014) Elsevier
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techniques. Injectable hydrogels are definitely a promising strategy for cartilage and 
bone tissue engineering applications, owing to their minimal invasive properties and 
ability to fill irregular defects; however, there are still many challenges to be 
addressed in order to effectively achieve cartilage and bone repair and regeneration 
in vivo. The design of a suitable scaffold that gathers perfect bioactive, biocompatible, 
biodegradable, and mechanical properties is the major challenge of developing 
injectable hydrogels, and that is why the material used for preparation and the 
fabrication method chosen are quite important. Natural materials are commonly 
used for the preparation of injectable hydrogels due to their similarity to the natural 
cartilage and bone ECMs, thus obtaining perfect biocompatibility and 
biodegradability; however, their mechanical properties are usually not favorable, 
limiting their applications. In contrast, injectable hydrogels obtained with synthetic 
materials possess suitable mechanical properties and stability but poor biocompatible 
biodegradable and bioactive properties. Likewise, the gelation time plays a key role 
in the design of injectable scaffolds. In order to fulfill clinical requirements, a 
suitable injectable hydrogel should be easily injected and rapidly cross-linked in a 
reasonable time, short enough to prevent the unwanted diffusion of gel precursors; 
nevertheless, excessively rapid and premature gelation may lead to needle clogging 
or an increase in the viscosity of the injectable solution. Selective and fast physical 
or chemical cross-linking reactions under physiological conditions are prerequisites 
for in situ formation of injectable hydrogels, so the fabrication technique also must 
be prudently chosen and requires further research. Chemically cross-linked 
injectable hydrogels show excellent mechanical properties and stability but can 
have hostile effects in vivo because of chemical reactions, while physically cross- 
linked hydrogels show a slow response time and poor stability, despite their easy 
preparation. [38]. In conclusion, the development of novel biomaterials and 
methodologies to obtain injectable hydrogels integrating perfect gelation time, good 
mechanical properties, and physiological stability as well as good biocompatibility 
and biodegradability is an important challenge that remains to be achieved for the 
clinical application of the hydrogels in cartilage and bone tissue engineering.

References

 1. Walker KJ, Madihally SV (2015) Anisotropic temperature sensitive chitosan-based 
injectable hydrogels mimicking cartilage matrix. J  Biomed Mater Res B Appl Biomater 
103(6):1149–1160

 2. Ren K, He C, Xiao C, Li G, Chen X (2015) Injectable glycopolypeptide hydrogels as bio-
mimetic scaffolds for cartilage tissue engineering. Biomaterials 51(Supplement C):238–249. 
https://doi.org/10.1016/j.biomaterials.2015.02.026

 3. Amini AA, Nair LS (2012) Injectable hydrogels for bone and cartilage repair. Biomed Mater 
7(2):024105. https://doi.org/10.1088/1748-6041/7/2/024105

 4. Ahadian S, Sadeghian RB, Salehi S, Ostrovidov S, Bae H, Ramalingam M, Khademhosseini 
A (2015) Bioconjugated hydrogels for tissue engineering and regenerative medicine. 
Bioconjug Chem 26(10):1984–2001

M. Puertas-Bartolomé et al.

https://doi.org/10.1016/j.biomaterials.2015.02.026
https://doi.org/10.1088/1748-6041/7/2/024105


347

 5. Benders KE, van Weeren PR, Badylak SF, Saris DB, Dhert WJ, Malda J (2013) Extracellular 
matrix scaffolds for cartilage and bone regeneration. Trends Biotechnol 31(3):169–176

 6. Brown BN, Badylak SF (2014) Extracellular matrix as an inductive scaffold for functional 
tissue reconstruction. Transl Res 163(4):268–285

 7. Zhang X, Zhu J, Liu F, Li Y, Chandra A, Levin LS, Beier F, Enomoto-Iwamoto M, Qin L 
(2014) Reduced EGFR signaling enhances cartilage destruction in a mouse osteoarthritis 
model. Bone Res 2:14015

 8. Vilela C, Correia C, Oliveira JM, Sousa RA, Espregueira-Mendes J, Reis RL (2015) Cartilage 
repair using hydrogels: a critical review of in vivo experimental designs. ACS Biomater Sci 
Eng 1(9):726–739

 9. Liao J, Shi K, Ding Q, Qu Y, Luo F, Qian Z (2014) Recent developments in scaffold-guided 
cartilage tissue regeneration. J Biomed Nanotechnol 10(10):3085–3104

 10. Yuan T, Zhang L, Li K, Fan H, Fan Y, Liang J, Zhang X (2014) Collagen hydrogel as an 
immunomodulatory scaffold in cartilage tissue engineering. J  Biomed Mater Res B Appl 
Biomater 102(2):337–344

 11. Buckwalter JA (1998) Articular cartilage: injuries and potential for healing. J  Orthopaed 
Sports Phys Ther 28(4):192–202

 12. Zhang W, Ouyang H, Dass CR, Xu J  (2016) Current research on pharmacologic and 
regenerative therapies for osteoarthritis. Bone Res 4:15040

 13. Frisch J, K Venkatesan J, Rey-Rico A, Madry H, Cucchiarini M (2015) Current progress 
in stem cell-based gene therapy for articular cartilage repair. Curr Stem Cell Res Ther 
10(2):121–131

 14. Tan R, Feng Q, She Z, Wang M, Jin H, Li J, Yu X (2010) In vitro and in vivo degradation of 
an injectable bone repair composite. Polym Degrad Stab 95(9):1736–1742

 15. Alford AI, Kozloff KM, Hankenson KD (2015) Extracellular matrix networks in bone remod-
eling. Int J Biochem Cell Biol 65:20–31

 16. Cordonnier T, Sohier J, Rosset P, Layrolle P (2011) Biomimetic materials for bone tissue 
engineering–state of the art and future trends. Adv Eng Mater 13(5)

 17. Tomlinson RE, Silva MJ (2013) Skeletal blood flow in bone repair and maintenance. Bone 
Res 1(4):311

 18. Flierl MA, Smith WR, Mauffrey C, Irgit K, Williams AE, Ross E, Peacher G, Hak DJ, Stahel 
PF (2013) Outcomes and complication rates of different bone grafting modalities in long 
bone fracture nonunions: a retrospective cohort study in 182 patients. J Orthopaed Surg Res 
8(1):33

 19. Marenzana M, Arnett TR (2013) The key role of the blood supply to bone. Bone Res 1(3):203
 20. Ahmed EM (2015) Hydrogel: Preparation, characterization, and applications: A review. 

J Adv Res 6(2):105–121. https://doi.org/10.1016/j.jare.2013.07.006
 21. Hunt JA, Chen R, van Veen T, Bryan N (2014) Hydrogels for tissue engineering and 

regenerative medicine. J  Mater Chem B 2(33):5319–5338. https://doi.org/10.1039/
C4TB00775A

 22. Mora-Boza A, Puertas-Bartolomé M, Vázquez-Lasa B, San Román J, Pérez-Caballer A, 
Olmeda-Lozano M (2017) Contribution of bioactive hyaluronic acid and gelatin to regen-
erative medicine. Methodologies of gels preparation and advanced applications. Eur Polym 
J 95:11–26

 23. Zhang L, Xia K, Lu Z, Li G, Chen J, Deng Y, Li S, Zhou F, He N (2014) Efficient and facile 
synthesis of gold nanorods with finely tunable plasmonic peaks from visible to near-IR range. 
Chem Mater 26(5):1794–1798

 24. Deng Y, Wang M, Jiang L, Ma C, Xi Z, Li X, He N (2013) A comparison of extracellular 
excitatory amino acids release inhibition of acute lamotrigine and topiramate treatment in the 
hippocampus of PTZ-kindled epileptic rats. J Biomed Nanotechnol 9(6):1123–1128

 25. Shin SR, Li Y-C, Jang HL, Khoshakhlagh P, Akbari M, Nasajpour A, Zhang YS, Tamayol A, 
Khademhosseini A (2016) Graphene-based materials for tissue engineering. Adv Drug Deliv 
Rev 105:255–274

15 In Situ Cross-Linkable Polymer Systems and Composites for Osteochondral…

https://doi.org/10.1016/j.jare.2013.07.006
https://doi.org/10.1039/C4TB00775A
https://doi.org/10.1039/C4TB00775A


348

 26. Fan C, Wang D-A (2015) A biodegradable PEG-based micro-cavitary hydrogel as scaffold 
for cartilage tissue engineering. Eur Polym J 72:651–660

 27. Fan J, He N, He Q, Liu Y, Ma Y, Fu X, Liu Y, Huang P, Chen X (2015) A novel self-assembled 
sandwich nanomedicine for NIR-responsive release of NO. Nanoscale 7(47):20055–20062

 28. Lu Z, Huang Y, Zhang L, Xia K, Deng Y, He N (2015) Preparation of gold nanorods using 1, 
2, 4-Trihydroxybenzene as a reducing agent. J Nanosci Nanotechnol 15(8):6230–6235

 29. Choi B, Kim S, Lin B, Wu BM, Lee M (2014) Cartilaginous extracellular matrix-modified 
chitosan hydrogels for cartilage tissue engineering. ACS Appl Mater Interfaces 6(22):20110–
20121. https://doi.org/10.1021/am505723k

 30. Yazdimamaghani M, Vashaee D, Assefa S, Walker K, Madihally S, Köhler G, Tayebi L (2014) 
Hybrid macroporous gelatin/bioactive-glass/nanosilver scaffolds with controlled degrada-
tion behavior and antimicrobial activity for bone tissue engineering. J Biomed Nanotechnol 
10(6):911–931

 31. Sivashanmugam A, Arun Kumar R, Vishnu Priya M, Nair SV, Jayakumar R (2015) An over-
view of injectable polymeric hydrogels for tissue engineering. Eur Polym J 72(Supplement C): 
543–565. https://doi.org/10.1016/j.eurpolymj.2015.05.014

 32. Li Y, Rodrigues J, Tomas H (2012) Injectable and biodegradable hydrogels: gelation, bio-
degradation and biomedical applications. Chem Soc Rev 41(6):2193–2221. https://doi.
org/10.1039/C1CS15203C

 33. Johnson TD, Christman KL (2013) Injectable hydrogel therapies and their delivery strategies 
for treating myocardial infarction. Expert Opin Drug Deliv 10(1):59–72. https://doi.org/10.1
517/17425247.2013.739156

 34. Nguyen MK, Lee DS (2010) Injectable biodegradable hydrogels. Macromol Biosci 
10(6):563–579. https://doi.org/10.1002/mabi.200900402

 35. Bae KH, Wang L-S, Kurisawa M (2013) Injectable biodegradable hydrogels: progress and 
challenges. J Mater Chem B 1(40):5371–5388. https://doi.org/10.1039/C3TB20940G

 36. Radhakrishnan J, Subramanian A, Sethuraman S (2017) Injectable glycosaminoglycan–pro-
tein nano-complex in semi-interpenetrating networks: a biphasic hydrogel for hyaline car-
tilage regeneration. Carbohydr Polym 175(Supplement C):63–74. https://doi.org/10.1016/j.
carbpol.2017.07.063

 37. Ko DY, Shinde UP, Yeon B, Jeong B (2013) Recent progress of in situ formed gels for 
biomedical applications. Prog Polym Sci 38(3):672–701. https://doi.org/10.1016/j.
progpolymsci.2012.08.002

 38. Liu M, Zeng X, Ma C, Yi H, Ali Z, Mou X, Li S, Deng Y, He N (2017) Injectable hydro-
gels for cartilage and bone tissue engineering. Bone Res 5:17014. https://doi.org/10.1038/
boneres.2017.14

 39. Spiller KL, Maher SA, Lowman AM (2011) Hydrogels for the repair of articular cartilage 
defects. Tissue Eng Part B Rev 17(4):281–299. https://doi.org/10.1089/ten.teb.2011.0077

 40. Yang J-A, Yeom J, Hwang BW, Hoffman AS, Hahn SK (2014) In situ-forming injectable 
hydrogels for regenerative medicine. Prog Polym Sci 39(12):1973–1986. https://doi.
org/10.1016/j.progpolymsci.2014.07.006

 41. Eslahi N, Abdorahim M, Simchi A (2016) Smart polymeric hydrogels for cartilage tissue 
engineering: a review on the chemistry and biological functions. Biomacromolecules 
17(11):3441–3463. https://doi.org/10.1021/acs.biomac.6b01235

 42. Chuah YJ, Peck Y, Lau JEJ, Hee HT, Wang D-A (2017) Hydrogel based cartilaginous tis-
sue regeneration: recent insights and technologies. Biomater Sci 5(4):613–631. https://doi.
org/10.1039/C6BM00863A

 43. Balakrishnan B, Joshi N, Jayakrishnan A, Banerjee R (2014) Self-crosslinked oxidized algi-
nate/gelatin hydrogel as injectable, adhesive biomimetic scaffolds for cartilage regeneration. 
Acta Biomater 10(8):3650–3663. https://doi.org/10.1016/j.actbio.2014.04.031

 44. Seol YJ, Park JY, Jeong W, Kim TH, Kim SY, Cho DW (2015) Development of hybrid 
scaffolds using ceramic and hydrogel for articular cartilage tissue regeneration. J Biomed 
Mater Res A 103(4):1404–1413. https://doi.org/10.1002/jbm.a.35276

M. Puertas-Bartolomé et al.

https://doi.org/10.1021/am505723k
https://doi.org/10.1016/j.eurpolymj.2015.05.014
https://doi.org/10.1039/C1CS15203C
https://doi.org/10.1039/C1CS15203C
https://doi.org/10.1517/17425247.2013.739156
https://doi.org/10.1517/17425247.2013.739156
https://doi.org/10.1002/mabi.200900402
https://doi.org/10.1039/C3TB20940G
https://doi.org/10.1016/j.carbpol.2017.07.063
https://doi.org/10.1016/j.carbpol.2017.07.063
https://doi.org/10.1016/j.progpolymsci.2012.08.002
https://doi.org/10.1016/j.progpolymsci.2012.08.002
https://doi.org/10.1038/boneres.2017.14
https://doi.org/10.1038/boneres.2017.14
https://doi.org/10.1089/ten.teb.2011.0077
https://doi.org/10.1016/j.progpolymsci.2014.07.006
https://doi.org/10.1016/j.progpolymsci.2014.07.006
https://doi.org/10.1021/acs.biomac.6b01235
https://doi.org/10.1039/C6BM00863A
https://doi.org/10.1039/C6BM00863A
https://doi.org/10.1016/j.actbio.2014.04.031
https://doi.org/10.1002/jbm.a.35276


349

 45. Park H, Lee KY (2014) Cartilage regeneration using biodegradable oxidized alginate/hyal-
uronate hydrogels. J  Biomed Mater Res A 102(12):4519–4525. https://doi.org/10.1002/
jbm.a.35126

 46. Palumbo FS, Fiorica C, Di Stefano M, Pitarresi G, Gulino A, Agnello S, Giammona G (2015) 
In situ forming hydrogels of hyaluronic acid and inulin derivatives for cartilage regeneration. 
Carbohydr Polym 122:408–416. https://doi.org/10.1016/j.carbpol.2014.11.002

 47. Naderi-Meshkin H, Andreas K, Matin MM, Sittinger M, Bidkhori HR, Ahmadiankia N, 
Bahrami AR, Ringe J  (2014) Chitosan-based injectable hydrogel as a promising in situ 
forming scaffold for cartilage tissue engineering. Cell Biol Int 38(1):72–84. https://doi.
org/10.1002/cbin.10181

 48. Park H, Choi B, Hu J, Lee M (2013) Injectable chitosan hyaluronic acid hydrogels for 
cartilage tissue engineering. Acta Biomater 9(1):4779–4786. https://doi.org/10.1016/j.
actbio.2012.08.033

 49. Shen Z-S, Cui X, Hou R, Li Q, Deng H-X, Fu J  (2015) Tough biodegradable chitosan–
gelatin hydrogels via in situ precipitation for potential cartilage tissue engineering. RSC Adv 
5:55640–55647. https://doi.org/10.1039/C5RA06835E

 50. Yuan L, Li B, Yang J, Ni Y, Teng Y, Guo L, Fan H, Fan Y, Zhang X (2016) Effects of com-
position and mechanical property of injectable collagen I/II composite hydrogels on chon-
drocyte behaviors. Tissue Eng Part A 22(11-12):899–906. https://doi.org/10.1089/ten.
TEA.2015.0513

 51. Dispenza C, Todaro S, Bulone D, Sabatino MA, Ghersi G, San Biagio PL, Lo Presti C 
(2017) Physico-chemical and mechanical characterization of in-situ forming xyloglucan gels 
incorporating a growth factor to promote cartilage reconstruction. Mater Sci Eng C 70(Part 
1):745–752. https://doi.org/10.1016/j.msec.2016.09.045

 52. Wang R, Leber N, Buhl C, Verdonschot N, Dijkstra PJ, Karperien M (2014) Cartilage adhe-
sive and mechanical properties of enzymatically crosslinked polysaccharide tyramine conju-
gate hydrogels. Polym Adv Technol 25(5):568–574. https://doi.org/10.1002/pat.3286

 53. Skaalure SC, Chu S, Bryant SJ (2015) An enzyme-sensitive PEG hydrogel based on aggrecan 
catabolism for cartilage tissue engineering. Adv Healthc Mater 4(3):420–431. https://doi.
org/10.1002/adhm.201400277

 54. Yan S, Zhang X, Zhang K, Di H, Feng L, Li G, Fang J, Cui L, Chen X, Yin J (2016) Injectable 
in situ forming poly(l-glutamic acid) hydrogels for cartilage tissue engineering. J  Mater 
Chem B 4(5):947–961. https://doi.org/10.1039/C5TB01488C

 55. Koushki N, Tavassoli H, Katbab AA, Katbab P, Bonakdar S (2015) A new injectable biphasic 
hydrogel based on partially hydrolyzed polyacrylamide and nano hydroxyapatite, crosslinked 
with chromium acetate, as scaffold for cartilage regeneration. AIP Conf Proc 1664(1):070002. 
https://doi.org/10.1063/1.4918437

 56. Schuurman W, Levett PA, Pot MW, van Weeren PR, Dhert WJA, Hutmacher DW, Melchels 
FPW, Klein TJ, Malda J (2013) Gelatin-methacrylamide hydrogels as potential biomaterials 
for fabrication of tissue-engineered cartilage constructs. Macromol Biosci 13(5):551–561. 
https://doi.org/10.1002/mabi.201200471

 57. Mellati A, Kiamahalleh MV, Madani SH, Dai S, Bi J, Jin B, Zhang H (2016) Poly(N- 
isopropylacrylamide) hydrogel/chitosan scaffold hybrid for three-dimensional stem cell cul-
ture and cartilage tissue engineering. J Biomed Mater Res A 104(11):2764–2774. https://doi.
org/10.1002/jbm.a.35810

 58. Overstreet DJ, Dutta D, Stabenfeldt SE, Vernon BL (2012) Injectable hydrogels. J Polym Sci 
B 50(13):881–903. https://doi.org/10.1002/polb.23081

 59. Yan S, Wang T, Feng L, Zhu J, Zhang K, Chen X, Cui L, Yin J  (2014) Injectable in situ 
self-cross-linking hydrogels based on poly(l-glutamic acid) and alginate for cartilage tissue 
engineering. Biomacromolecules 15(12):4495–4508. https://doi.org/10.1021/bm501313t

 60. Patenaude M, Smeets NMB, Hoare T (2014) Designing injectable, covalently cross-linked 
hydrogels for biomedical applications. Macromol Rapid Commun 35(6):598–617. https://
doi.org/10.1002/marc.201300818

15 In Situ Cross-Linkable Polymer Systems and Composites for Osteochondral…

https://doi.org/10.1002/jbm.a.35126
https://doi.org/10.1002/jbm.a.35126
https://doi.org/10.1016/j.carbpol.2014.11.002
https://doi.org/10.1002/cbin.10181
https://doi.org/10.1002/cbin.10181
https://doi.org/10.1016/j.actbio.2012.08.033
https://doi.org/10.1016/j.actbio.2012.08.033
https://doi.org/10.1039/C5RA06835E
https://doi.org/10.1089/ten.TEA.2015.0513
https://doi.org/10.1089/ten.TEA.2015.0513
https://doi.org/10.1016/j.msec.2016.09.045
https://doi.org/10.1002/pat.3286
https://doi.org/10.1002/adhm.201400277
https://doi.org/10.1002/adhm.201400277
https://doi.org/10.1039/C5TB01488C
https://doi.org/10.1063/1.4918437
https://doi.org/10.1002/mabi.201200471
https://doi.org/10.1002/jbm.a.35810
https://doi.org/10.1002/jbm.a.35810
https://doi.org/10.1002/polb.23081
https://doi.org/10.1021/bm501313t
https://doi.org/10.1002/marc.201300818
https://doi.org/10.1002/marc.201300818


350

 61. Yang J, Zhang YS, Yue K, Khademhosseini A (2017) Cell-laden hydrogels for osteochon-
dral and cartilage tissue engineering. Acta Biomater 57(Supplement C):1–25. https://doi.
org/10.1016/j.actbio.2017.01.036

 62. Tan H, Chu CR, Payne KA, Marra KG (2009) Injectable in situ forming biodegradable 
chitosan–hyaluronic acid based hydrogels for cartilage tissue engineering. Biomaterials 
30(13):2499–2506

 63. Di Martino A, Sittinger M, Risbud MV (2005) Chitosan: a versatile biopolymer for 
orthopaedic tissue-engineering. Biomaterials 26(30):5983–5990

 64. Hu X, Zhang Z, Wang G, Yao L, Xia Y, Sun A, Gu Y, He N, Li Z, Yang W (2015) Preparation 
of chitosan-sodium sodium tripolyphosphate nanoparticles via reverse microemulsion-ionic 
gelation method. J Bionanosci 9(4):301–305

 65. Jin R, Teixeira LM, Dijkstra PJ, Karperien M, Van Blitterswijk C, Zhong Z, Feijen 
J (2009) Injectable chitosan-based hydrogels for cartilage tissue engineering. Biomaterials 
30(13):2544–2551

 66. Morris VB, Sharma CP (2010) Folate mediated histidine derivative of quaternised chitosan as 
a gene delivery vector. Int J Pharm 389(1):176–185

 67. Jin R, Lin C, Cao A (2014) Enzyme-mediated fast injectable hydrogels based on chitosan- 
glycolic acid/tyrosine: preparation, characterization, and chondrocyte culture. Polym Chem 
5(2):391–398. https://doi.org/10.1039/C3PY00864A

 68. Nguyen DH, Tran NQ, Nguyen CK (2013) Tetronic-grafted chitosan hydrogel as an inject-
able and biocompatible scaffold for biomedical applications. J  Biomater Sci Polym Ed 
24(14):1636–1648

 69. Lee SH, Lee Y, Lee S-W, Ji H-Y, Lee J-H, Lee DS, Park TG (2011) Enzyme-mediated cross- 
linking of Pluronic copolymer micelles for injectable and in situ forming hydrogels. Acta 
Biomater 7(4):1468–1476

 70. Kamoun EA (2016) N-succinyl chitosan–dialdehyde starch hybrid hydrogels for biomedical 
applications. J Adv Res 7(1):69–77. https://doi.org/10.1016/j.jare.2015.02.002

 71. Li Z, Cho S, Kwon IC, Janát-Amsbury MM, Huh KM (2013) Preparation and characteriza-
tion of glycol chitin as a new thermogelling polymer for biomedical applications. Carbohydr 
Polym 92(2):2267–2275

 72. Cho IS, Cho MO, Li Z, Nurunnabi M, Park SY, Kang SW, Huh KM (2016) Synthesis and 
characterization of a new photo-crosslinkable glycol chitosan thermogel for biomedical 
applications. Carbohydr Polym 144:59–67. https://doi.org/10.1016/j.carbpol.2016.02.029

 73. Cao L, Cao B, Lu C, Wang G, Yu L, Ding J  (2015) An injectable hydrogel formed by in 
situ cross-linking of glycol chitosan and multi-benzaldehyde functionalized PEG analogues 
for cartilage tissue engineering. J Mater Chem B 3(7):1268–1280. https://doi.org/10.1039/
C4TB01705F

 74. Zhang K, He S, Yan S, Li G, Zhang D, Cui L, Yin J  (2016) Regeneration of hyaline-like 
cartilage and subchondral bone simultaneously by poly(l-glutamic acid) based osteochondral 
scaffolds with induced autologous adipose derived stem cells. J Mater Chem B 4(15):2628–
2645. https://doi.org/10.1039/c5tb02113h

 75. Ni P, Ding Q, Fan M, Liao J, Qian Z, Luo J, Li X, Luo F, Yang Z, Wei Y (2014) Injectable 
thermosensitive PEG–PCL–PEG hydrogel/acellular bone matrix composite for bone regen-
eration in cranial defects. Biomaterials 35(1):236–248

 76. Peniche H, Reyes-Ortega F, Aguilar MR, Rodríguez G, Abradelo C, García-Fernández L, 
Peniche C, Román JS (2013) Thermosensitive macroporous cryogels functionalized with 
bioactive chitosan/bemiparin nanoparticles. Macromol Biosci 13(11):1556–1567

 77. Zhou HY, Jiang LJ, Cao PP, Li JB, Chen XG (2015) Glycerophosphate-based chitosan ther-
mosensitive hydrogels and their biomedical applications. Carbohydr Polym 117(Supplement 
C):524–536. https://doi.org/10.1016/j.carbpol.2014.09.094

 78. Klouda L, Mikos AG (2008) Thermoresponsive hydrogels in biomedical applications. Eur 
J Pharm Biopharm 68(1):34–45

 79. Martínez A, Blanco M, Davidenko N, Cameron R (2015) Tailoring chitosan/collagen scaf-
folds for tissue engineering: effect of composition and different crosslinking agents on scaf-
fold properties. Carbohydr Polym 132:606–619

M. Puertas-Bartolomé et al.

https://doi.org/10.1016/j.actbio.2017.01.036
https://doi.org/10.1016/j.actbio.2017.01.036
https://doi.org/10.1039/C3PY00864A
https://doi.org/10.1016/j.jare.2015.02.002
https://doi.org/10.1016/j.carbpol.2016.02.029
https://doi.org/10.1039/C4TB01705F
https://doi.org/10.1039/C4TB01705F
https://doi.org/10.1039/c5tb02113h
https://doi.org/10.1016/j.carbpol.2014.09.094


351

 80. Mogoşanu GD, Grumezescu AM (2014) Natural and synthetic polymers for wounds and 
burns dressing. Int J Pharm 463(2):127–136

 81. Nair LS, Starnes T, Ko J-WK, Laurencin CT (2007) Development of injectable thermogelling 
chitosan–inorganic phosphate solutions for biomedical applications. Biomacromolecules 
8(12):3779–3785

 82. Ta HT, Han H, Larson I, Dass CR, Dunstan DE (2009) Chitosan-dibasic orthophosphate 
hydrogel: a potential drug delivery system. Int J Pharm 371(1):134–141

 83. Chenite A, Chaput C, Wang D, Combes C, Buschmann M, Hoemann C, Leroux J, Atkinson 
B, Binette F, Selmani A (2000) Novel injectable neutral solutions of chitosan form biodegrad-
able gels in situ. Biomaterials 21(21):2155–2161

 84. Chenite A, Buschmann M, Wang D, Chaput C, Kandani N (2001) Rheological characterisa-
tion of thermogelling chitosan/glycerol-phosphate solutions. Carbohydr Polym 46(1):39–47

 85. y Rico JV, Dalmau A, Chaqués FJ, Asunción J  (2015) treatment of osteochondral lesions 
of the talus with bone marrow stimulation and chitosan–glycerol phosphate/blood implants 
(BST-CarGel). Arthrosc Tech 4(6):e663–e667

 86. Steinwachs MR, Waibl B, Mumme M (2014) Arthroscopic treatment of cartilage lesions with 
microfracture and BST-CarGel. Arthrosc Tech 3(3):e399–e402

 87. Tey M, Mas J, Pelfort X, Monllau JC (2015) Arthroscopic treatment of hip chondral defects 
with bone marrow stimulation and BST-CarGel. Arthrosc Tech 4(1):e29–e33

 88. Dang QF, Yan JQ, Lin H, Liu CS, Chen XG, Ji QX, Li J, Liu Y (2015) Biological evaluation 
of chitosan-based in situ-forming hydrogel with low phase transition temperature. J Appl 
Polym Sci 132(10)

 89. Douglas TE, Skwarczynska A, Modrzejewska Z, Balcaen L, Schaubroeck D, Lycke S, 
Vanhaecke F, Vandenabeele P, Dubruel P, Jansen JA (2013) Acceleration of gelation and 
promotion of mineralization of chitosan hydrogels by alkaline phosphatase. Int J  Biol 
Macromol 56:122–132

 90. Wu G, Yuan Y, He J, Li Y, Dai X, Zhao B (2016) Stable thermosensitive in situ gel-form-
ing systems based on the lyophilizate of chitosan/α,β-glycerophosphate salts. Int J Pharm 
511(1):560–569. https://doi.org/10.1016/j.ijpharm.2016.07.050

 91. Assaad E, Maire M, Lerouge S (2015) Injectable thermosensitive chitosan hydrogels 
with controlled gelation kinetics and enhanced mechanical resistance. Carbohydr Polym 
130:87–96

 92. Deng A, Kang X, Zhang J, Yang Y, Yang S (2017) Enhanced gelation of chitosan/beta-sodium 
glycerophosphate thermosensitive hydrogel with sodium bicarbonate and biocompatibil-
ity evaluated. Mater Sci Eng C Mater Biol Appl 78:1147–1154. https://doi.org/10.1016/j.
msec.2017.04.109

 93. Dang Q, Liu K, Zhang Z, Liu C, Liu X, Xin Y, Cheng X, Xu T, Cha D, Fan B (2017) Fabrication 
and evaluation of thermosensitive chitosan/collagen/alpha, beta-glycerophosphate hydro-
gels for tissue regeneration. Carbohydr Polym 167:145–157. https://doi.org/10.1016/j.
carbpol.2017.03.053

 94. Mirahmadi F, Tafazzoli-Shadpour M, Shokrgozar MA, Bonakdar S (2013) Enhanced 
mechanical properties of thermosensitive chitosan hydrogel by silk fibers for cartilage tissue 
engineering. Mater Sci Eng C Mater Biol Appl 33(8):4786–4794. https://doi.org/10.1016/j.
msec.2013.07.043

 95. Chevrier A, Hoemann CD, Sun J, Buschmann MD (2007) Chitosan-glycerol phosphate/
blood implants increase cell recruitment, transient vascularization and subchondral bone 
remodeling in drilled cartilage defects. Osteoarthritis Cartilage 15(3):316–327. https://doi.
org/10.1016/j.joca.2006.08.007

 96. Mathieu C, Chevrier A, Lascau-Coman V, Rivard GE, Hoemann CD (2013) Stereological 
analysis of subchondral angiogenesis induced by chitosan and coagulation factors in micr-
odrilled articular cartilage defects. Osteoarthritis Cartilage 21(6):849–859. https://doi.
org/10.1016/j.joca.2013.03.012

15 In Situ Cross-Linkable Polymer Systems and Composites for Osteochondral…

https://doi.org/10.1016/j.ijpharm.2016.07.050
https://doi.org/10.1016/j.msec.2017.04.109
https://doi.org/10.1016/j.msec.2017.04.109
https://doi.org/10.1016/j.carbpol.2017.03.053
https://doi.org/10.1016/j.carbpol.2017.03.053
https://doi.org/10.1016/j.msec.2013.07.043
https://doi.org/10.1016/j.msec.2013.07.043
https://doi.org/10.1016/j.joca.2006.08.007
https://doi.org/10.1016/j.joca.2006.08.007
https://doi.org/10.1016/j.joca.2013.03.012
https://doi.org/10.1016/j.joca.2013.03.012


352

 97. Stanish WD, McCormack R, Forriol F, Mohtadi N, Pelet S, Desnoyers J, Restrepo A, 
Shive MS (2013) Novel scaffold-based BST-CarGel treatment results in superior cartilage 
repair compared with microfracture in a randomized controlled trial. J  Bone Joint Surg 
95(18):1640–1650

 98. Shive MS, Stanish WD, McCormack R, Forriol F, Mohtadi N, Pelet S, Desnoyers J, Methot 
S, Vehik K, Restrepo A (2015) BST-CarGel (R) treatment maintains cartilage repair supe-
riority over microfracture at 5 years in a multicenter randomized controlled trial. Cartilage 
6(2):62–72. https://doi.org/10.1177/1947603514562064

 99. Muzzarelli RA, Greco F, Busilacchi A, Sollazzo V, Gigante A (2012) Chitosan, hyaluronan 
and chondroitin sulfate in tissue engineering for cartilage regeneration: a review. Carbohydr 
Polym 89(3):723–739

 100. Astachov L, Vago R, Aviv M, Nevo Z (2011) Hyaluronan and mesenchymal stem cells: from 
germ layer to cartilage and bone. Front Biosci 16:261–276

 101. Kim IL, Mauck RL, Burdick JA (2011) Hydrogel design for cartilage tissue engineering: a 
case study with hyaluronic acid. Biomaterials 32(34):8771–8782

 102. Yeom J, Hwang BW, Yang DJ, Shin H-I, Hahn SK (2014) Effect of osteoconductive hyaluro-
nate hydrogels on calvarial bone regeneration. Biomater Res 18(1):8

 103. Bellini D, Cencetti C, Meraner J, Stoppoloni D, D’Abusco AS, Matricardi P (2015) An in 
situ gelling system for bone regeneration of osteochondral defects. Eur Polym J 72:642–650. 
https://doi.org/10.1016/j.eurpolymj.2015.02.043

 104. Yu F, Cao X, Li Y, Zeng L, Yuan B, Chen X (2014) An injectable hyaluronic acid/PEG hydro-
gel for cartilage tissue engineering formed by integrating enzymatic crosslinking and Diels-
Alder “click chemistry”. Polym Chem 5(3):1082–1090. https://doi.org/10.1039/C3PY00869J

 105. Yu F, Cao X, Li Y, Zeng L, Zhu J, Wang G, Chen X (2014) Diels–Alder crosslinked HA/
PEG hydrogels with high elasticity and fatigue resistance for cell encapsulation and articular 
cartilage tissue repair. Polym Chem 5(17):5116–5123

 106. Fiorica C, Palumbo FS, Pitarresi G, Gulino A, Agnello S, Giammona G (2015) Injectable in 
situ forming hydrogels based on natural and synthetic polymers for potential application in 
cartilage repair. RSC Adv 5(25):19715–19723. https://doi.org/10.1039/C4RA16411C

 107. Fenn SL, Oldinski RA (2016) Visible light crosslinking of methacrylated hyaluronan hydro-
gels for injectable tissue repair. J Biomed Mater Res B Appl Biomater 104(6):1229–1236. 
https://doi.org/10.1002/jbm.b.33476

 108. Domingues RM, Silva M, Gershovich P, Betta S, Babo P, Caridade SG, Mano JF, Motta 
A, Reis RL, Gomes ME (2015) Development of injectable hyaluronic acid/cellulose nano-
crystals bionanocomposite hydrogels for tissue engineering applications. Bioconjug Chem 
26(8):1571–1581. https://doi.org/10.1021/acs.bioconjchem.5b00209

 109. Parmar PA, Chow LW, St-Pierre J-P, Horejs C-M, Peng YY, Werkmeister JA, Ramshaw JA, 
Stevens MM (2015) Collagen-mimetic peptide-modifiable hydrogels for articular cartilage 
regeneration. Biomaterials 54:213–225

 110. Zhang L, Yuan T, Guo L, Zhang X (2012) An in vitro study of collagen hydrogel to induce 
the chondrogenic differentiation of mesenchymal stem cells. J  Biomed Mater Res A 
100(10):2717–2725

 111. Cooper BG, Lawson TB, Snyder BD, Grinstaff MW (2017) Reinforcement of articular car-
tilage with a tissue-interpenetrating polymer network reduces friction and modulates inter-
stitial fluid load support. Osteoarthritis Cartilage 25(7):1143–1149. https://doi.org/10.1016/j.
joca.2017.03.001

 112. Kontturi LS, Jarvinen E, Muhonen V, Collin EC, Pandit AS, Kiviranta I, Yliperttula M, Urtti 
A (2014) An injectable, in situ forming type II collagen/hyaluronic acid hydrogel vehicle for 
chondrocyte delivery in cartilage tissue engineering. Drug Deliv Transl Res 4(2):149–158. 
https://doi.org/10.1007/s13346-013-0188-1

 113. Barhoumi A, Salvador-Culla B, Kohane DS (2015) NIR-triggered drug delivery by collagen- 
mediated second harmonic generation. Adv Healthc Mater 4(8):1159–1163

M. Puertas-Bartolomé et al.

https://doi.org/10.1177/1947603514562064
https://doi.org/10.1016/j.eurpolymj.2015.02.043
https://doi.org/10.1039/C3PY00869J
https://doi.org/10.1039/C4RA16411C
https://doi.org/10.1002/jbm.b.33476
https://doi.org/10.1021/acs.bioconjchem.5b00209
https://doi.org/10.1016/j.joca.2017.03.001
https://doi.org/10.1016/j.joca.2017.03.001
https://doi.org/10.1007/s13346-013-0188-1


353

 114. Moreira CD, Carvalho SM, Mansur HS, Pereira MM (2016) Thermogelling chitosan–colla-
gen–bioactive glass nanoparticle hybrids as potential injectable systems for tissue engineer-
ing. Mater Sci Eng C 58:1207–1216

 115. Song K, Li L, Li W, Zhu Y, Jiao Z, Lim M, Fang M, Shi F, Wang L, Liu T (2015) Three- 
dimensional dynamic fabrication of engineered cartilage based on chitosan/gelatin hybrid 
hydrogel scaffold in a spinner flask with a special designed steel frame. Mater Sci Eng C 
55:384–392

 116. Santoro M, Tatara AM, Mikos AG (2014) Gelatin carriers for drug and cell delivery in tissue 
engineering. J Control Release 190:210–218

 117. Wang L-S, Du C, Toh WS, Wan ACA, Gao SJ, Kurisawa M (2014) Modulation of chon-
drocyte functions and stiffness-dependent cartilage repair using an injectable enzymatically 
crosslinked hydrogel with tunable mechanical properties. Biomaterials 35(7):2207–2217. 
https://doi.org/10.1016/j.biomaterials.2013.11.070

 118. Oh BH, Bismarck A, Chan-Park MB (2015) Injectable, interconnected, high-porosity mac-
roporous biocompatible gelatin scaffolds made by surfactant-free emulsion templating. 
Macromol Rapid Commun 36(4):364–372. https://doi.org/10.1002/marc.201400524

 119. Puertas-Bartolomé M, Fernández-Gutiérrez M, García-Fernández L, Vázquez-Lasa B, San 
Román J (2018) Biocompatible and bioadhesive low molecular weight polymers containing 
long-arm catechol-functionalized methacrylate. Eur Polym J 98:47

 120. Visser J, Gawlitta D, Benders KE, Toma SM, Pouran B, van Weeren PR, Dhert WJ, Malda 
J  (2015) Endochondral bone formation in gelatin methacrylamide hydrogel with embed-
ded cartilage-derived matrix particles. Biomaterials 37:174–182. https://doi.org/10.1016/j.
biomaterials.2014.10.020

 121. Follin B, Juhl M, Cohen S, Pedersen AE, Gad M, Kastrup J, Ekblond A (2015) Human 
adipose- derived stromal cells in a clinically applicable injectable alginate hydrogel: pheno-
typic and immunomodulatory evaluation. Cytotherapy 17(8):1104–1118

 122. Ruvinov E, Cohen S (2016) Alginate biomaterial for the treatment of myocardial infarction: 
progress, translational strategies, and clinical outlook: from ocean algae to patient bedside. 
Adv Drug Deliv Rev 96:54–76

 123. Venkatesan J, Bhatnagar I, Manivasagan P, Kang K-H, Kim S-K (2015) Alginate composites 
for bone tissue engineering: a review. Int J Biol Macromol 72:269–281

 124. Rojo L, Vázquez B, Deb S, San Román J (2009) Eugenol derivatives immobilized in auto- 
polymerizing formulations as an approach to avoid inhibition interferences and improve bio-
functionality in dental and orthopedic cements. Acta Biomater 5(5):1616–1625

 125. Zeng L, Yao Y, Wang DA, Chen X (2014) Effect of microcavitary alginate hydrogel with 
different pore sizes on chondrocyte culture for cartilage tissue engineering. Mater Sci Eng C 
Mater Biol Appl 34:168–175. https://doi.org/10.1016/j.msec.2013.09.003

 126. Han Y, Zeng Q, Li H, Chang J (2013) The calcium silicate/alginate composite: preparation 
and evaluation of its behavior as bioactive injectable hydrogels. Acta Biomater 9(11):9107–
9117. https://doi.org/10.1016/j.actbio.2013.06.022

 127. Jaikumar D, Sajesh K, Soumya S, Nimal T, Chennazhi K, Nair SV, Jayakumar R (2015) 
Injectable alginate-O-carboxymethyl chitosan/nano fibrin composite hydrogels for adipose 
tissue engineering. Int J Biol Macromol 74:318–326

 128. Zheng L, Jiang X, Chen X, Fan H, Zhang X (2014) Evaluation of novel in situ synthesized 
nano-hydroxyapatite/collagen/alginate hydrogels for osteochondral tissue engineering. 
Biomed Mater 9(6):065004. https://doi.org/10.1088/1748-6041/9/6/065004

 129. Gothard D, Smith EL, Kanczler JM, Black CR, Wells JA, Roberts CA, White LJ, Qutachi 
O, Peto H, Rashidi H (2015) In vivo assessment of bone regeneration in alginate/bone 
ECM hydrogels with incorporated skeletal stem cells and single growth factors. PLoS One 
10(12):e0145080

 130. Lee C, Shin J, Lee JS, Byun E, Ryu JH, Um SH, Kim D-I, Lee H, Cho S-W (2013) 
Bioinspired, calcium-free alginate hydrogels with tunable physical and mechanical prop-
erties and improved biocompatibility. Biomacromolecules 14(6):2004–2013. https://doi.
org/10.1021/bm400352d

15 In Situ Cross-Linkable Polymer Systems and Composites for Osteochondral…

https://doi.org/10.1016/j.biomaterials.2013.11.070
https://doi.org/10.1002/marc.201400524
https://doi.org/10.1016/j.biomaterials.2014.10.020
https://doi.org/10.1016/j.biomaterials.2014.10.020
https://doi.org/10.1016/j.msec.2013.09.003
https://doi.org/10.1016/j.actbio.2013.06.022
https://doi.org/10.1088/1748-6041/9/6/065004
https://doi.org/10.1021/bm400352d
https://doi.org/10.1021/bm400352d


354

 131. Choi JW, Choi BH, Park SH, Pai KS, Li TZ, Min BH, Park SR (2013) Mechanical stimulation 
by ultrasound enhances chondrogenic differentiation of mesenchymal stem cells in a fibrin- 
hyaluronic acid hydrogel. Artif Organs 37(7):648–655

 132. Snyder TN, Madhavan K, Intrator M, Dregalla RC, Park D (2014) A fibrin/hyaluronic acid 
hydrogel for the delivery of mesenchymal stem cells and potential for articular cartilage 
repair. J Biol Eng 8(1):10

 133. Benavides OM, Brooks AR, Cho SK, Petsche Connell J, Ruano R, Jacot JG (2015) In situ 
vascularization of injectable fibrin/poly(ethylene glycol) hydrogels by human amniotic 
fluid-derived stem cells. J Biomed Mater Res A 103(8):2645–2653. https://doi.org/10.1002/
jbm.a.35402

 134. Almeida HV, Eswaramoorthy R, Cunniffe GM, Buckley CT, O'Brien FJ, Kelly DJ (2016) 
Fibrin hydrogels functionalized with cartilage extracellular matrix and incorporating freshly 
isolated stromal cells as an injectable for cartilage regeneration. Acta Biomater 36:55–62. 
https://doi.org/10.1016/j.actbio.2016.03.008

 135. Hwang C, Ay B, Kaplan D, Rubin J, Marra K, Atala A, Yoo J, Lee S (2013) Assessments of 
injectable alginate particle-embedded fibrin hydrogels for soft tissue reconstruction. Biomed 
Mater 8(1):014105

 136. Ozsvar J, Mithieux SM, Wang R, Weiss AS (2015) Elastin-based biomaterials and mesenchy-
mal stem cells. Biomater Sci 3(6):800–809

 137. Fathi A, Mithieux SM, Wei H, Chrzanowski W, Valtchev P, Weiss AS, Dehghani F (2014) 
Elastin based cell-laden injectable hydrogels with tunable gelation, mechanical and 
biodegradation properties. Biomaterials 35(21):5425–5435. https://doi.org/10.1016/j.
biomaterials.2014.03.026

 138. Liao J, Qu Y, Chu B, Zhang X, Qian Z (2015) Biodegradable CSMA/PECA/graphene porous 
hybrid scaffold for cartilage tissue engineering. Sci Rep 5

 139. Dwivedi P, Bhat S, Nayak V, Kumar A (2014) Study of different delivery modes of chon-
droitin sulfate using microspheres and cryogel scaffold for application in cartilage tissue 
engineering. Int J Polym Mater Polym Biomater 63(16):859–872

 140. Wiltsey C, Kubinski P, Christiani T, Toomer K, Sheehan J, Branda A, Kadlowec J, 
Iftode C, Vernengo J  (2013) Characterization of injectable hydrogels based on poly 
(N-isopropylacrylamide)-g-chondroitin sulfate with adhesive properties for nucleus pulposus 
tissue engineering. J Mater Sci Mater Med 24(4):837–847

 141. Chen F, Yu S, Liu B, Ni Y, Yu C, Su Y, Zhu X, Yu X, Zhou Y, Yan D (2016) An injectable enzy-
matically crosslinked carboxymethylated pullulan/chondroitin sulfate hydrogel for cartilage 
tissue engineering. Sci Rep 6:20014. https://doi.org/10.1038/srep20014

 142. Jin R, Moreira Teixeira LS, Krouwels A, Dijkstra PJ, van Blitterswijk CA, Karperien M, 
Feijen J  (2010) Synthesis and characterization of hyaluronic acid–poly(ethylene glycol) 
hydrogels via Michael addition: an injectable biomaterial for cartilage repair. Acta Biomater 
6(6):1968–1977. https://doi.org/10.1016/j.actbio.2009.12.024

 143. Bonakdar S, Emami SH, Shokrgozar MA, Farhadi A, Ahmadi SAH, Amanzadeh A (2010) 
Preparation and characterization of polyvinyl alcohol hydrogels crosslinked by biodegrad-
able polyurethane for tissue engineering of cartilage. Mater Sci Eng C 30(4):636–643. https://
doi.org/10.1016/j.msec.2010.02.017

 144. Bichara DA, Zhao X, Bodugoz-Senturk H, Ballyns FP, Oral E, Randolph MA, Bonassar 
LJ, Gill TJ, Muratoglu OK (2011) Porous poly(vinyl alcohol)-hydrogel matrix-engineered 
biosynthetic cartilage. Tissue Eng Part A 17(3-4):301–309. https://doi.org/10.1089/ten.
TEA.2010.0322

 145. Sun S, Cao H, Su H, Tan T (2009) Preparation and characterization of a novel inject-
able in situ cross-linked hydrogel. Polym Bull 62(5):699–711. https://doi.org/10.1007/
s00289-009-0048-9

 146. Alexander A, Ajazuddin KJ, Saraf S, Saraf S (2014) Polyethylene glycol (PEG)–Poly(N- 
isopropylacrylamide) (PNIPAAm) based thermosensitive injectable hydrogels for bio-
medical applications. Eur J  Pharm Biopharm 88(3):575–585. https://doi.org/10.1016/j.
ejpb.2014.07.005

M. Puertas-Bartolomé et al.

https://doi.org/10.1002/jbm.a.35402
https://doi.org/10.1002/jbm.a.35402
https://doi.org/10.1016/j.actbio.2016.03.008
https://doi.org/10.1016/j.biomaterials.2014.03.026
https://doi.org/10.1016/j.biomaterials.2014.03.026
https://doi.org/10.1038/srep20014
https://doi.org/10.1016/j.actbio.2009.12.024
https://doi.org/10.1016/j.msec.2010.02.017
https://doi.org/10.1016/j.msec.2010.02.017
https://doi.org/10.1089/ten.TEA.2010.0322
https://doi.org/10.1089/ten.TEA.2010.0322
https://doi.org/10.1007/s00289-009-0048-9
https://doi.org/10.1007/s00289-009-0048-9
https://doi.org/10.1016/j.ejpb.2014.07.005
https://doi.org/10.1016/j.ejpb.2014.07.005


355

 147. Fabbri M, Soccio M, Costa M, Lotti N, Gazzano M, Siracusa V, Gamberini R, Rimini B, 
Munari A, García-Fernández L (2016) New fully bio-based PLLA triblock copoly (ester ure-
thane) s as potential candidates for soft tissue engineering. Polym Degrad Stab 132:169–180

 148. Kwon JS, Yoon SM, Kwon DY, Kim DY, Tai GZ, Jin LM, Song B, Lee B, Kim JH, Han DK, 
Min BH, Kim MS (2013) Injectable in situ-forming hydrogel for cartilage tissue engineering. 
J Mater Chem B 1(26):3314–3321. https://doi.org/10.1039/C3TB20105H

 149. Lee BP, Dalsin JL, Messersmith PB (2002) Synthesis and gelation of DOPA-modified 
poly(ethylene glycol) hydrogels. Biomacromolecules 3(5):1038–1047. https://doi.
org/10.1021/bm025546n

 150. Nicodemus GD, Skaalure SC, Bryant SJ (2011) Gel structure has an impact on pericellu-
lar and extracellular matrix deposition, which subsequently alters metabolic activities in 
chondrocyte-laden PEG hydrogels. Acta Biomater 7(2):492–504. https://doi.org/10.1016/j.
actbio.2010.08.021

 151. Sharma B, Fermanian S, Gibson M, Unterman S, Herzka DA, Cascio B, Coburn J, Hui 
AY, Marcus N, Gold GE, Elisseeff JH (2013) Human cartilage repair with a photoreactive 
adhesive-hydrogel composite. Sci Transl Med 5(167):167ra166. https://doi.org/10.1126/
scitranslmed.3004838

 152. Liu H, Liu J, Qi C, Fang Y, Zhang L, Zhuo R, Jiang X (2016) Thermosensitive injectable in-
situ forming carboxymethyl chitin hydrogel for three-dimensional cell culture. Acta Biomater 
35:228–237. https://doi.org/10.1016/j.actbio.2016.02.028

 153. Radhakrishnan J, Subramanian A, Krishnan UM, Sethuraman S (2017) Injectable and 3D 
bioprinted polysaccharide hydrogels: from cartilage to osteochondral tissue engineering. 
Biomacromolecules 18(1):1–26. https://doi.org/10.1021/acs.biomac.6b01619

 154. Kondiah PJ, Choonara YE, Kondiah PP, Marimuthu T, Kumar P, du Toit LC, Pillay V (2016) 
A review of injectable polymeric hydrogel systems for application in bone tissue engineering. 
Molecules 21(11). https://doi.org/10.3390/molecules21111580

 155. Jeuken JMR, Roth AK, Peters JR, Donkelaar C, Thies JC, van Rhijn LW, Emans J (2016) 
Polymers in cartilage defect repair of the knee: current status and future prospects. Polymer 
8:219

 156. Trattnig S, Ohel K, Mlynarik V, Juras V, Zbyn S, Korner A (2015) Morphological and com-
positional monitoring of a new cell-free cartilage repair hydrogel technology—GelrinC by 
MR using semi-quantitative MOCART scoring and quantitative T2 index and new zonal 
T2 index calculation. Osteoarthritis Cartilage 23(12):2224–2232. https://doi.org/10.1016/j.
joca.2015.07.007

 157. Vila YRJ, Dalmau A, Chaques FJ, Asuncion J  (2015) Treatment of osteochondral lesions 
of the talus with bone marrow stimulation and chitosan-glycerol phosphate/blood implants 
(BST-CarGel). Arthrosc Tech 4(6):e663–e667. https://doi.org/10.1016/j.eats.2015.07.008

15 In Situ Cross-Linkable Polymer Systems and Composites for Osteochondral…

https://doi.org/10.1039/C3TB20105H
https://doi.org/10.1021/bm025546n
https://doi.org/10.1021/bm025546n
https://doi.org/10.1016/j.actbio.2010.08.021
https://doi.org/10.1016/j.actbio.2010.08.021
https://doi.org/10.1126/scitranslmed.3004838
https://doi.org/10.1126/scitranslmed.3004838
https://doi.org/10.1016/j.actbio.2016.02.028
https://doi.org/10.1021/acs.biomac.6b01619
https://doi.org/10.3390/molecules21111580
https://doi.org/10.1016/j.joca.2015.07.007
https://doi.org/10.1016/j.joca.2015.07.007
https://doi.org/10.1016/j.eats.2015.07.008


Part VI
Translation of Osteochondral Tissue 

Products



359© Springer International Publishing AG, part of Springer Nature 2018 
J. M. Oliveira et al. (eds.), Osteochondral Tissue Engineering,  
Advances in Experimental Medicine and Biology 1058, 
https://doi.org/10.1007/978-3-319-76711-6_16

Chapter 16
Stem Cells in Osteochondral Tissue 
Engineering
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Diego Ghinelli, and Roberto Buda

Abstract Mesenchymal stem cells (MSCs) are pluripotent stem cells with the ability 
to differentiate into a variety of other connective tissue cells, such as chondral, bony, 
muscular, and tendon tissue. Bone marrow-derived MSCs are pluripotent cells that 
can differentiate among others into osteoblasts, adipocytes and chondrocytes.

Bone marrow-derived cells may represent the future in osteochondral repair. A 
one-step arthroscopic technique is developed for cartilage repair, using a device to 
concentrate bone marrow-derived cells and collagen powder or hyaluronic acid 
membrane as scaffolds for cell support and platelet gel.

The rationale of the “one-step technique” is to transplant the entire bone-marrow 
cellular pool instead of isolated and expanded mesenchymal stem cells allowing 
cells to be processed directly in the operating room, without the need for a labora-
tory phase. For an entirely arthroscopic implantation are employed a scaffold and 
the instrumentation previously applied for ACI; in addition to these devices, autolo-
gous platelet-rich fibrin (PRF) is added in order to provide a supplement of growth 
factors. Results of this technique are encouraging at mid-term although long-term 
follow-up is still needed.

Keywords Cartilage repair · Ankle · Stem cells · Bone marrow · Arthroscopy

16.1  Introduction

Osteochondral lesions are defects of the cartilaginous surface and underlying sub-
chondral bone; the most involved joints are ankle and knee joint. In the ankle, the 
majority of such lesions occur within the talar dome, with the tibial plafond more 
rarely involved. Traditionally, talar dome lesions have been described as occurring 
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predominantly in the posteromedial or anterolateral region of the talar dome. In the 
knee, these defects can be found more frequently at the level of medial femoral 
condyle, but lateral femoral condyle, patello femoral joints, and tibial plafond can 
be involved [1, 2]. Lesions of the articular cartilage have a large variety of causes; 
most frequently these lesions have traumatic origin and, being particularly related 
to sport activities, they are now in strong increase. These lesions frequently occur in 
young and active patients (20–30 years), with high functional request [3]. Returning 
the damaged articular cartilage back to a functionally normal state has been a major 
challenge for orthopedic surgeons.

Chondral tissue shows poor healing abilities and limited regenerative capacity; 
therefore, the damage may became irreversible and lead to chronic disability status 
with pain, recurrent swelling, limited function, and, finally, to an early osteoarthritis 
[4]. Cartilage lesions can be classified following ICRS criteria as either full or par-
tial thickness depending on whether they extend or not to the subchondral bone. 
Partial thickness articular cartilage defects are unable to heal by themselves. In this 
type of lesions, subchondral bone presents a barrier between the defect and the bone 
marrow cells. Instead, in full thickness cartilage defects, contact with the pluripo-
tent mesenchymal stem cells (MSCs) is available. Spontaneous repair consists of 
the production of a fibrocartilaginous tissue that fills the gap. This tissue is a weak 
substitute of hyaline cartilage that gradually degenerates with time. The main efforts 
for cartilage repair are aimed to filling of the cartilage defect with a tissue that has 
the same mechanical properties with hyaline cartilage and the integration of this 
tissue with the original articular cartilage [5].

The greatest success repairing these lesions arthroscopically has occurred using 
the cell, scaffold, and growth factor trilogy in the repair strategy. It is believed that 
every good repair requires these three components to ensure adequate repair and 
regeneration of the lesion. Thanks to technical advancements, regenerative tech-
niques are quickly moving from traditional autologous chondrocyte implantation 
(ACI), that required of two operations and high costs, to bone marrow-derived cll 
transplantation (BMDCT), a technique capable to provide a repair of the lesion by 
hyaline cartilage in a one-step procedure, in conjunction with platelet gel and engi-
neered scaffolds able to support multipotent cells growth and differentiation. In the 
“one-step technique” the entire bone-marrow cellular pool is transplanted instead of 
isolated and expanded mesenchymal stem cells, so MSCs are implanted with all the 
mononuclear cells and high regenerative potential factors present in the bone mar-
row. This allows cells to be processed directly in the operating room, without the 
need for a laboratory phase. A scaffold and the instrumentation previously used for 
ACI are employed for an entirely arthroscopic implantation, and autologous plate-
let-rich fibrin (PRF) is added in order to provide a supplement of growth factors.

Using a device to concentrate bone marrow-derived cells and collagen powder or 
hyaluronic acid membrane as scaffolds for cell support and platelet gel, a one-step 
arthroscopic technique may represent the future in osteochondral repair [6].
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16.2  Mesenchymal Stem Cells

Mesenchymal stem cells are heterogeneous and multipotent cell populations with 
the ability to differentiate into a variety of other connective tissue cells, such as 
chondral, bony, muscular, and tendon tissue, responding to local microenviromental 
stimuli such as cytokines and growth factors, which are released in response of tis-
sue injury or disease. These cells can be expanded and induced, either in vitro or 
in vivo, to terminally differentiate into osteoblasts, chondrocytes, adipocytes, teno-
cytes, myotubes, neural cells, and hematopoietic-supporting stroma.

Mesenchimal stem cells reside in specialized microenvironments known as 
niches. The niche is essential to support MSCs function and to maintain a correct 
balance between self-renewal and differentiation. The BM is a complex network of 
endothelial cells (including sinusoids, arterioles, and transition zone vessels) and 
mesenchymal stromal cells (including mesenchymal stem and progenitor cells, as 
well as osteolineage cells, chondrocytes and adipocytes) [7].

MSCs can provide substitute cells for those cells that expire and can account for 
the support of turnover dynamics in young adults. In case of severe tissue damages, 
MSCs can be attracted to the injuried site where they secrete bioactive factors that 
function to assist the repair and regeneration process. The MSCs could be mobilized 
from the marrow or other depots or can be culture-expanded MSCs that are deliv-
ered to the damage site either by direct or systemic injection. Once at the site of 
lesion, these cells produce inhibition factors for scarring and apoptosis, promote 
angiogenesis, and stimulate host progenitors to divide and differentiate into func-
tional regenerative units [8, 9].

At the end of nineteenth century, Cohnheim conjectured the presence of regen-
erative cells, hypotizing that bone marrow-derived fibroblasts were involved in 
wound healing throughout the body. In the 1960s and 1970s, Friedenstein described 
the ability of stromal cells isolated from bone marrow to regenerate or support ecto-
pic bone, stroma, and hematopoietic tissues [10]. Subsequently, in 1970, Caplan’s 
group [11] provided the first evidence of chondrogenic, osteogenic, and muscular 
differentiation potential of these cells and introduced the term “mesenchymal stem 
cells” in the early 1990s [12]. In the late 1980s and early 1990s, the heterogeneous 
population of mesenchymal stem cells from bone marrow was explored and found 
to be linked to the development of various mesenchymal tissues, as well as identify-
ing the first surface antigens expressed by MSCs (cluster of differentiation CD73 
and CD 105) [13–15].

Several authors [16, 17] found that most of MSCs are of perivascular origin; 
therefore, there is a direct correlation between MSCs frequency and blood vessel 
density in stromal vascularized tissue [18]. It is hypotized that pericytes are the 
source of MSCs, so the extensive distribution of perivascular precursors of MSCs 
explains their capacity to secrete chemokines locally in response to infection or 
disease in all vascularized districts of the body [19, 20].
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The secretion of growth factors and other chemokines from MSCs induces  
cells proliferation and angiogenesis. MSCs express mitogenic proteins, such as 
transforming growth factor alfa and beta (TGF-α and TGF-β), epithelial growth 
 factor (EGF), and insulin-like growth factor-1 (IGF-1) to increase fibroblast, epithe-
lial, and endothelial cell division. MSCs are also responsible to reduction of scar 
tissue formation thanks to local cells secreting paracrine factors keratinocyte growth 
factor and macrophage inflammatory proteins [21, 22].

The anti-inflammatory and immunomodulatory capacity of MSC is very impor-
tant in the restoration of localized or systemic conditions for normal healing and 
tissue regeneration. In many types of musculoskeletal trauma, inflammatory condi-
tions at the site of lesion block the natural repair processes by local progenitor and 
mature cells. MSCs prevent proliferation and function of many inflammatory 
immune cells, including T cells, natural killer cells, B cells, monocytes, macro-
phages, and dendritic cells. In particular, MSCs restore balance in the types of 
helper T cells and macrophages: they indirectly promote the transition of TH1 to TH2 
cells, improving tissue regeneration in cartilage and muscle, and a shift from mac-
rophages M1, pro-inflammatory and tissue growth inhibition, to M2, anti-inflamma-
tory and tissue healing [23, 24].

BMDCT were the first type of MSCs to be identified, and the ease of collection 
and relatively high quantity of MSCs still make bone marrow a commonly used 
source of mesenchymal stem cells. MSCs can be used as a cell suspension expanded 
by culture or just as a bone marrow concentrate. In addition of bone marrow, MSCs 
have been discovered and individuated in many adult and fetal tissues, such as der-
mis, fat, synovial fluid, umbrical cord blood, placenta, and amniotic fluid, with simi-
lar phenotypic characteristics but different propensities in proliferation and 
differentiation potentials [25]. Adipose-derived MSCs (ADSCs) obtained from 
lipoaspirates offer a great advantage as a cell source for cartilage tissue engineering, 
due to their abundance, easy availability, and their potential to differentiate into 
cartilage, besides bone, tendons, skeletal muscle, and fat [26]. Kim and Im [27] 
reported a lower chondrogenic potential of ADSCs when compared with BMSCs, 
but this disadvantage might be overcome by using a combination of transforming 
growth factor beta 2 (TGF-β2) and bone morphogenetic proteins (BMPs) or high 
doses of TGF-β2 and IGF-I in combination. In a recent review, Im [28], comparing 
current knowledge on BMSCs and ADSCs, reported that in vitro characterization 
showed that these two cells have many points of likeness, but ADSCs can be main-
tained in vitro longer, and exhibit more stable population doubling, higher prolifera-
tion and lower senescence than BMSCs. Most in  vitro and in  vivo studies 
demonstrated that BMSCs have greater osteogenic potentials, and ADSCs are more 
angio-inductive. Interesting results shows that BMSCs and ADSCs in combination 
synergistically improve bone and vessel formation. These findings suggest that this 
synergism could be utilized to reduce implanted cell numbers, and, consequently, 
the cost of cell therapy. In the clinical application of stem cells, it is unclear whether 
cells themselves integrate into a host to improve regeneration or if the main regen-
erative effects of stem cells come from released paracrine factors, so a full explana-
tion of this phenomenon needed further investigation [28].
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Several studies have been done regarding CD markers expressed on ADSCs and 
BMSCs. A few CD markers have been found to be differently expressed on ADSCs 
and BMSCs. Some of these have described higher CD106 expression in BMSCs 
[29, 30], while other studies found no difference [31, 32]. CD146, a cell surface 
marker of pericytes, is reported to be expressed two time more in early passage 
BMSCs than in early passage ADSCs. [33]; on the other hand, CD34, which is not 
detected in BMSCs, is expressed on ADSCs during early culture, but decreases after 
extensive passage. CD36, another differently expressed surface marker, is positive 
for ADSCs but negative for BMSCs [29].

In the last years, synovial-derived stem cells (SDSC) have attracted considerable 
attention as source of stem cells for cartilage tissue engineering because they dis-
play greater chondrogenic and less osteogenic potential than MSCs derived from 
bone marrow or periosteum [34, 35], but it is necessary to have other studies to 
confirm these data.

The availability and versatility of these remarkable cells make them an excellent 
treatment option for a wide variety of clinical pathologies [36–38].

The Mesenchymal and Tissue Stem Cell Committee of the International Society 
for Cellular Therapy has established the following minimal set of standard criteria 
to provide a uniform characterization of such cells: (1) they must be plastic-adher-
ent when maintained in standard culture conditions; (2) they must express CD105, 
CD73, and CD90 and lack surface expression of CD45, CD34, CD14 (or CD11b), 
CD97α (or CD19), and HLA-DR; (3) and they must be capable of differentiating to 
chondrocytes, osteoblasts, and adipocytes in vitro [39].

Progress in the field of regenerative medicine demonstrated that mesenchymal 
stem cells (MSCs) could replicate and regenerate both bone as well as cartilaginous 
tissue, therefore without any need for a laboratory treatment. Owing to the develop-
mental plasticity of mesenchymal stem cells, there is great interest in their applica-
tion to replace damaged tissues. Combined with modern advances in gene therapy 
and tissue engineering, they have the potential to improve the quality of life for 
many. The development of strategies to exploit the potential of stem cells to aug-
ment bone formation to replace or restore the function of traumatized, diseased, or 
degenerated bone is a major clinical and socioeconomic need [9, 40, 41].

16.3  Surgical Techniques

16.3.1  Indications

For the ankle, the arthroscopic treatment is indicated for focal osteochondral lesions 
of the talar dome or tibial plafond classified as grade 3–4 according to International 
Cartilage Repair Society classification (ICRS) (area of the lesion ≥1.0 cm2, depth of 
the lesion <5 mm) [42]. For lesions of depth higher than 5 mm demineralized bone 
matrix or autologous bone grafting is needed. Patients older than 60 years, patients 
with osteoarthritis or kissing lesions of the ankle, and patients with rheumatoid 
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arthritis should not be treated with this technique. Malalignment of the lower limb 
and the presence of joint laxity are considered relative contraindications to be cor-
rected if present.

For the knee, the treatment is indicated in patients who had grade-III or grade-IV 
osteochondral lesions (according to the classification system of the International 
Cartilage Repair Society) involving the femoral condyle or patello femoral joint, 
with clinical symptoms of pain, swelling, locking, or giving-way [43].

16.3.2  Surgical Procedure

The surgical technique for the BMDCT consists of several phases, all to be per-
formed during the same surgical session.

16.3.2.1  Platelet-Rich Fibrin Gel Production

The autologous platelet gel is used in order to provide directly in situ additional 
growth factors. The platelet gel is a very effective “accelerator” for healing processes 
[44]. The secretory granules of platelets, the α granules, contain platelet-derived 
growth factors AA, BB, and AB, transforming growth factors β1 (TGF-β1) and β2, 
platelet-derived epidermal growth factor, platelet-derived angiogenesis factor, insulin 
growth factor 1, and platelet factor 4, which influence bone regeneration [45]. 
Moreover, the platelet-rich fibrin (PRF) is rich in fibrin and is able to coagulate faster 
than PRP, providing an additional stability to the implant due to its jelly consistency.

The PRF is produced with an automatic system the day before the operation or 
the same day; 120 mL of venous blood are harvested with a needle size 16 connected 
to a bowl previously prepared with the anticoagulant solution. The bowl is then 
inserted inside the Vivostat® System (Vivolution A/S, 3460 Birkeroed, Denmark) 
and processed. At the end of the machine cycle, a syringe containing 6 mL of PRF 
is extracted either to be stored at −35 °C or used immediately. In the case of storage, 
the PRF needs to be slowly heated to room temperature for 30 min before its use.

16.3.2.2  Bone Marrow Aspiration

The bone marrow is aspirated from the posterior iliac crest after preparation of a 
sterile surgical field with the patient lying prone and already under spinal or general 
anesthesia (Fig. 16.1). The equipment for the bone marrow harvesting, concentra-
tion, and implant is part of a dedicated kit for osteochondral regeneration developed 
by Istituto Ortopedico Rizzoli and Novagenit (Mezzolombardo, Trento, Italy).

The bone marrow harvesting is performed with a marrow needle (size 
11 G × 100 mm), inserted 3 cm deep into the iliac crest marrow. A total of 60 mL of 
bone marrow is collected as a result of subsequent aspirations and is placed in a bag 
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preloaded with 500 UI of epsodilave in 10 mL of saline solution; 5 mL of bone mar-
row is aspired into a 20 mL plastic syringe, repeating the procedure with several 
perforations into the iliac crest through the same skin opening. The harvesting is 
made in little steps on different locations on the crest in order to maximize the col-
lection of stromal cells useful for the regeneration and reduce the diluting effect 
arising from the aspiration of the peripheral blood.

16.3.2.3  Bone Marrow Concentration

The previously extracted bone marrow volume is then reduced by eliminating the 
plasma and the red cells, therefore increasing its stem cells concentration. This pro-
cedure is performed directly at the end of the aspiration phase in the operating room 
using a cells separator-concentrator (Res-Q, ThermoGenesis, Rancho Cordova, CA) 
and its related sterile and disposable kit. In 12 min of multiple centrifugation cycles, 
the cell separator provides 6 mL of concentrated cells, containing the mesenchymal 
stem cells and other cell populations which constitute the nucleated bone marrow 
microenvironment.

Fig. 16.1 Surgical field 
showing aspiration of the 
bone marrow from the 
posterior iliac crest
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16.3.2.4  Surgical Approach

The patient is positioned in supine decubitus with a tourniquet at the leg to be oper-
ated. A standard ankle o knee arthroscopy is performed through anteromedial and 
anterolateral accesses.

The cartilage lesion is identified, and a flipped cannula is inserted into the lesion 
to enable insertion of the surgical instrumentations and to retract the fat pad from 
the operative field.

The lesion is inspected, so articular fibrosis, intra-articular loose bodies or osteo-
phytes are to be removed. The osteochondral lesion is debrided, resulting in an area 
with regular healthy cartilage margins for biomaterial implantation (Fig. 16.2).

The size of lesion is measured with the aid of a millimeter probe and recorded, 
in order to the biomaterial to be implanted is then prepared in the same size and 
shape of the lesion.

A hyaluronic acid membrane (Hyalofast®, Fidia Advanced Biopolymers, Italy) 
or collagen membrane (IOR-G1, Novagenit, Mezzolombardo, TN, Italy) is used for 
cell support. Approximately 2 mL of marrow concentrate is loaded onto the highly 
hydrophilic membrane and fastly absorbed, together with 1 mL of PRF using a dedi-
cated spray pen. The biomaterial is accurately clipped, following the size and the 
dimension of the lesion previously measured using the sizers provided by a special 
instrument set (Fig. 16.3). The cannula is then inserted through the arthroscopic 
access closer to the lesion with the help of the trocar, then the trocar is extracted and 
the joint distension is stopped. The fluid is completely removed from the joint. The 

Fig. 16.2 (a) Arthroscopic view: the lesion is inspected and shaved until healthy subchondral 
bone bed is reached; (b) Intraoperative view: a standard ankle arthroscopy is performed through 
anteromedial and anterolateral accesses
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final biomaterial is applied in the window cut out of the cannula and guided to the 
edge of the lesion. At this point, the cannula is removed and the biomaterial is made 
to adhere perfectly to the lesion through the use of a flat probe (Fig. 16.4).

At the end, the PRF is applied to cover the lesion, in order to provide a high con-
centration of growth factors and to further promote the stability of the implant due 
to coagulation of the PRF. The implant stability is checked performing ankle flex-
ion/extension movements. The skin accesses are closed with a 3-0 absorbable suture 
wire covered by a bandage, replaced the following day by a flat medication.

16.3.3  Postoperative Treatment and Rehabilitation Protocol

Patients are usually dismissed the day after surgery. Rehabilitation treatment should 
be personalized for each patient, depending on the patient’s clinical status, after an 
evaluation by a team comprising an orthopedist, a physiatrist, and a physiotherapist. 
Continuous passive motion (CMP) is immediately performed the day after surgery 
and gradually increased as tolerated. This movement, through compression and 
joint decompression, facilitates mesenchymal cells proliferation and their 

Fig. 16.3 Surgical 
instruments originally 
designed for autologous 
chondrocyte implantation 
and then adapted for bone 
marrow-derived cell 
transplantation

Fig. 16.4 Artroscopic view of knee (1) and ankle (2) showing (a) osteochondral lesion (b) bioma-
terial positioned in the lesion site (c) a layer of PRF sprayer over the biomaterial to provide the 
growth factor
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differentiation in the sense of chondrocyte, stimulates the synthesis of molecules of 
the cartilage matrix and reduces the risk of adhesions inside the joint.

Initially the CPM is performed at slow speed (1 cycle per min) for 6–8 h a day. 
Joint excursion must be adjusted according to the pain threshold, seeking both the 
movement of flexion extension that the one of prono-supination.

Starting from the 2nd day post-op the use of a passive mobilization device is 
recommended. During the first 6  weeks post-op walking is allowed using two 
crutches without applying any load on the operated leg, following by partial load. 
Total weightbearing is allowed at 8–10 weeks. Low-impact sport activity such as 
swimming and cycling are allowed 4 months after the surgery, while high-impact 
sport activities such as tennis, soccer, and running at 10–12 months.

16.3.4  Results

Giannini and his group published several studies of BMC implantation associated 
with scaffolds, in ankle and knee joint defects. In the 2009 study [6] on talar osteo-
chondral lesions, they showed clinical and radiological improvements at 24 months 
after BMC implantation in collagen or hyaluronic acid matrix. In other studies [4, 
46, 47] they reported a partial worsening between 24 and 48 months of follow-up, 
but the final result was still satisfactory compared to the basal level. In many com-
parative evaluations performed, they found positive clinical and MRI outcome in 
groups of patients treated with one-step BMC HA or collagen matrix implantation, 
versus open autologous condrocyte implantation (ACI) or arthroscopic matrix-
assisted autologous chondrocyte transplantation (MACT) for osteochondral lesions 
of the talus (OLTs) [1, 48]. Hannon et al. [49] compared retrospective outcomes 
after arthroscopic bone marrow stimulation (BMS) with and without concentrated 
bone marrow aspirate (cBMA) as a biological adjunct to the surgical treatment of 
osteochondral lesions (OCLs) of the talus and concluded that cBMA/BMS group 
had higher improvements in FAOS, SF-12 PCS and MOCART scores than BMS-
alone group; they also demonstrated that groups with cBMA had improved integra-
tion of the repair tissue with MRI demonstrating less fissuring and fibrillation.

BMC implantation with scaffold is also explored for the treatment of osteochon-
dral lesions of the knee (OLKs). The first results using BMC on HA matrix is 
reported by Buda et al., who found positive MRI and histology improvements at 
short-term follow-up [43, 50]. Gobbi et al. [51] observed superior outcomes using 
BMC instead of chondrocytes for the treatment of large patellofemoral defects. 
Similar results were obtained also using BMC on collagen scaffolds, as described 
by Gigante et al. [52]. After all, Skowronski et al. [53] documented stable mid-term 
outcomes after the treatment of large chondral lesions. A recent study of Gobbi et al. 
[54] analyzed use of multipotent stem cells and Hyaluronan-based scaffold for the 
treatment of full-thickness chondral defects of the knee in patients older than 
45 years evaluated for 4 years, compared to a younger control group; they demon-
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strated that functional outcomes are comparable to younger patients at final follow-
up and the results are not affected by age.

However, a long-term comparative study with a larger sample and with a detailed 
radiological analysis is desirable in order to ultimately assess the potential of this 
technique for young and old patients. Current evidence suggests that cBMA can 
improve cartilage repair in OLT, but future clinical research and clinical trials are 
necessary for better comparison of outcomes with other biological adjuncts.

16.4 Conclusions

Our many years of experience in the field of osteochondral repair has shown that the 
use of mesenchymal cells can be a valuable aid for the orthopedic surgeon. 
Specifically, the medullary concentrate taken from the iliac crest contains an ade-
quate amount of progenitor cells and a high quantity of growth factors. This element, 
if used on biocompatible scaffolds and with minimally invasive techniques, allows 
to obtain good results both from a clinical and functional point of view. We believe 
that in the light of the results obtained by this method it can represent a valid starting 
point for developing increasingly sophisticated bioengineering techniques.
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Chapter 17
Osteochondral Tissue Engineering: 
Translational Research and Turning 
Research into Products

Victoria Spencer, Erica Illescas, Lorenzo Maltes, Hyun Kim, Vinayak Sathe, 
and Syam Nukavarapu

Abstract Osteochondral (OC) defect repair is a significant clinical challenge. 
Osteoarthritis results in articular cartilage/subchondral bone tissue degeneration 
and tissue loss, which in the long run results in cartilage/ostecochondral defect for-
mation. OC defects are commonly approached with autografts and allografts, and 
both these options have found limitations. Alternatively, tissue engineered strategies 
with biodegradable scaffolds with and without cells and growth factors have been 
developed. In order to approach regeneration of complex tissues such as osteochon-
dral, advanced tissue engineered grafts including biphasic, triphasic, and gradient 
configurations are considered. The graft design is motivated to promote cartilage 
and bone layer formation with an interdigitating transitional zone (i.e., bone–carti-
lage interface). Some of the engineered OC grafts with autologous cells have shown 
promise for OC defect repair and a few of them have advanced into clinical trials. 
This chapter presents synthetic osteochondral designs and the progress that has 
been made in terms of the clinical translation.
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17.1  Introduction

Osteoarthritis (OA) is a joint disease that gradually wears down the protective artic-
ular cartilage until it worsens to affect the underlying subchondral bone. Affecting 
approximately 31 million in the USA, the progressive degradation of this cartilage 
and bone tissue results in chronic pain, swelling of the joint, and consequently lim-
ited mobility and stiffness. It is estimated that by 2030, about 67 million adults in 
the USA will suffer from some type of symptomatic OA [1]. OA has a single end 
stage, characterized by the loss of cartilage and bone tissue products, but the patho-
physiological pathways leading to this point can vary. Due to the avascular nature of 
cartilage, it lacks sufficient self-repair mechanisms, thereby hindering attempts at 
regeneration.

Although, osteoarthritis induced OC defects mainly originate from mechanical 
trauma, genetic and hormonal factors can also induce inflammation leading to OA 
induced OC defects. However, it is important to note that OC defects can be formed 
without the progression of OA. Malalignment of bones, injuries due to repetitive 
trauma, or hyperloading beyond physiological limits can also instigate such defects. 
Hence secondary to the elderly, athletes are very likely to require treatment due to 
OC tissue damage. Ischemia and avascular necrosis are leading factors to 
osteochondritis, which is another major cause for OC defects. Unlike OA, which 
commences primarily as an articular surface problem, osteochondritis dissecans 
(OCD) begins with the degradation of subchondral bone, which leaves the overlying 
articular cartilage susceptible to damage, seen as cracks on the surface of the bone 
[2]. Consequently, when left untreated, chronic OA and OCD can damage enough 
tissue, leading to various grades of osteochondral defects, requiring the need to 
employ tissue engineering strategies.

When discussing osteochondral (OC) defects it is important to understand its 
heterogeneous, multilayered tissue structure. OC tissue is sorted into non-calcified 
cartilage, calcified cartilage, and subchondral bone. The non-calcified cartilage 
region, which we refer to as articular cartilage is then further broken down into three 
zones: superficial, middle, and deep. Although all three of these zones contain 
similar extracellular components, the composition and organization between them 
vary in each zone. The extracellular content of articular cartilage mainly consists of 
chondroitin and keratin sulfate GAGs, aggrecan proteoglycans, and collagen fibers 
[3]. Collagen fibers in the superficial zone are oriented parallel to the surface and the 
corresponding chondrocytes are flattened in shape, following the tangential direction 
of the collagen fibers, providing cartilage with its tensile properties. Meanwhile, in 
the deep zone, collagen fibers form bundles oriented perpendicular to the surface as 
the cells in this region arrange themselves in a similar manner (Fig.  17.1). This 
orientation provides the tissue with the greatest resistance against compressive 
forces [3, 4]. It is this spatial and structural organization that provides articular 
cartilage with its unique mechanical properties, but for OC defects, replicating this 
intricate network remains a challenge.
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However, OC defects are more than articular cartilage damage and one has to con-
sider the damage to the underlying subchondral bone tissue as well [5]. Subchondral 
bone is a highly vascularized tissue with its own marrow, constantly supplying the 
tissue with nutrients, oxygen, and stem cells as part of the active remodeling process 
[6]. On the contrary, articular cartilage is hyaline cartilage that is avascular and there-
fore has a very limited regeneration capacity. This overlying tissue gathers nutrients 
from being in proximal contact with the nutrient supply of subchondral bone. In addi-
tion to being avascular, articular cartilage is also aneural, meaning that superficial 
damage is not always associated with immediate symptoms. In OC tissue, the interfa-
cial zone refers to the small region surrounding the tidemark where the transition from 
non-calcified hyaline cartilage to calcified cartilage and further subchondral bone 
occurs. This tidemark produces a reduced pore space, preventing the invasion of vas-
cularizing cells and ensuring cartilage tissue is not in directly exposed to blood, 
thereby preventing chondrocyte hypertrophy and apoptosis. Often, in an attempt to 
repair itself, the native stem cell population in bone will generate fibrocartilage at the 
cartilage defect site. However, seeing as fibrocartilage is not morphologically or bio-
mechanically similar to the hyaline cartilage it is replacing, the body cannot rely on 
this type of cartilage as a means to restore normal joint function, hence the demand for 
alternative treatment options [7].

In this chapter, we present engineered graft types developed for osteochondral 
defect repair and regeneration. The chapter will also present some of the translational 
efforts in terms of preclinical and clinical studies along with the products available 
for use in the clinic.

Fig. 17.1 Osteochondral tissue structure. Structural/spatial organization of (a) chondrocytes and 
(b) collagen fibers in non-calcified articular cartilage. Tidemark and subchondral bone layers are 
shown in both the images. In order to repair OC defects, one has to develop synthetic grafts with 
structure to support articular cartilage, subchondral bone, and cartilage–bone interface layer 
regeneration similar to the native tissue
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17.2  Current Treatment Options and Challenges

Current treatment options vary depending on the cause and degree of severity of the 
OC defect. Palliative treatments focus on removing cartilage or bone tissue that may 
be the direct cause of reported symptoms. Arthroscopic debridement, for example, 
focuses on removing synovitis-causing debris, smoothing down any rough tissue 
that may interfere with the movement of the joint, and synovectomy to get rid of any 
inflamed synovium tissue. However, since these treatments simply remove the 
problem-causing tissue, reparative approaches have been designed, focusing on 
replacing the damaged cartilage. Microfracture procedures remove the calcified 
tissue layer, exposing the subchondral bone and drilling through to access the bone 
marrow, providing access to biological healing molecules and mesenchymal stem 
cells from bone marrow. This allows the bone marrow stem cells to differentiate into 
chondrocyte-like cells, developing a cartilage layer of tissue at the defect site. 
However, this approach often results in fibrocartilage formation which is 
mechanically inferior to articular cartilage. For larger OC defects, tissue grafts are 
used to replace the lost tissue. However, since allografts come from a donor, they 
pose the risk of disease transmission and immune reaction, which can lead to 
rejection of the graft. Introducing a chronic immune reaction at an OC defect site 
simply increases the risk of OA development. Slower bone remodeling post- 
implantation has also been reported with OC allografts. When the patient has 
enough healthy tissue, an autograft may be used since it comes from the patient’s 
own tissue. However, due to this, autografts not only require multiple surgeries, but 
also result in donor-site morbidity [3].

Alternatively, tissue regeneration strategies centered on chondrocyte implanta-
tion have been considered. Autologous chondrocyte implantation (ACI) uses healthy 
cartilage harvested from the patient for autologous chondrocyte isolation and their 
ex  vivo expansion. The chondrocytes are then seeded onto the defect site and 
localized with a periosteal flap. A product developed using this method is referred 
to as Carticel, which is currently in clinical use. However, such regenerative 
treatments also have limitations as the procedure involves a multistep process 
including chondrocyte isolation, expansion, and implantation, and the outcomes of 
the method are also questionable. Long term postoperative analysis of the defect site 
has shown varying results, with much of the site being filled with fibrocartilage and 
Collagen I. Hypertrophic and calcified chondrocytes were also seen with the ACI 
treatments, caused by osteoinduction of the seeded cells by the periosteal flap used. 
This warrants the development of other tissue engineering strategies involving 
specialized scaffolds that can support bone and cartilage layer regeneration along 
with the development of native-like bone–cartilage interface.
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17.3  Tissue Engineered Osteochondral Scaffolds

The three principal components of tissue engineering are scaffolds, cells, and 
growth factors. Scaffolds for tissue engineering are three-dimensional and porous 
structures that can support cell in-growth and the required tissue formation. For OC 
tissue engineering, the optimal scaffold, in addition to being able to support cell 
attachment, proliferation and in-growth, the scaffold must also withstand functional 
site loading. The knee is subject to a myriad of cyclic forces generated upon walking, 
bending or running. It is integral that the tissues of the osteochondral regions 
adequately support functional loading in conjunction with the absorption of applied 
loading to establish the regeneration of a structurally and functionally effective 
joint. In addition to loading requirements, an employed scaffold must also be able 
to regenerate tissue that is similar to that of the native tissue [3, 8–10]. The 
arrangement of these native tissues is also quite paramount for the establishment of 
an effective scaffold. The osteochondral region can be divided into three zones 
consisting of cartilaginous and osseous regions separated by a transitional zone, 
also referred to as an interface. All three zones have their own unique physiological 
properties including cellular makeup and ECM composition and structure, which 
set one tissue apart from that of the adjacent one. Thus, a scaffold designed to mimic 
the natural stratification of the OC tissue layers would render maximum success at 
repairing osteochondral defects. Some of the common osteochondral scaffold 
designs are shown in Fig. 17.2 and detailed in the following sections.

(a) (b) (c) (d)

Fig. 17.2 Osteochondral scaffold configurations. (a) Monophasic, (b) Biphasic, (c) Triphasic, and 
(d) Gradient matrix structures. Biphasic scaffolds have been widely investigated, however, recent 
studies have focused on developing gradient scaffolds with integrated bone and cartilage phases in 
a single structure. Some of the preliminary results regarding gradient OC scaffolds have been 
presented in this chapter
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17.3.1  Monophasic

Scaffolds with no variation in composition or structure are referred to as monopha-
sic scaffolds. This approach is centered on the application of one material, or mul-
tiple materials, so long as they are constructed in a homogenous arrangement 
throughout. Architecture and porosity are also spatially distributed uniformly 
throughout this category of construct. In vivo studies have shown evidence of cell 
recruitment by such scaffolds when implanted in an osteochondral defect model. 
However, since material composition and its arrangement are the same throughout 
the entirety of the scaffold structure, the scaffold is the least able to appropriately 
regenerate the respective tissue layers found in the native tissue. By not addressing 
the prevalent differences within the microenvironments of cartilage and bone, there 
are inherent limitations in promoting site-specific cellular differentiation and matrix 
deposition. It has been found that the regenerated tissue when used monophasic 
scaffolds is often incomplete and homogeneous. For instance, Jeong et al. employed 
polycaprolactone (PCL) scaffolds loaded with BMP-2, and found that these seeded 
biological constructs produced significant cartilaginous tissue. However, in  vitro 
testing of the scaffolds showed higher expressions of hypertrophic chondrocyte 
markers, indicating a drift of the seeded primary chondrocytes towards endochondral 
ossification [11]. A relatively long term in  vivo evaluation of monophasic PLA 
scaffolds in the rabbit osteochondral defect model conducted by Chu et al., showed 
that after a year, majority of the defect had been filled with regenerated cartilaginous 
growth lacking in glycosaminoglycans, while the bone regeneration, if any, was 
inconsistent [12]. These results establish that monophasic scaffolds do not have the 
appropriate architecture to support regeneration of a complex tissue such as the 
osteochondral tissue, often resulting in the regeneration of one type of tissue 
throughout its entirety.

17.3.2  Biphasic

A biphasic scaffold employs up to two different materials or two opposing architec-
tural arrangements [5]. A scaffold can still be considered biphasic despite being 
composed of one material if there is a significant amount of structural disparity 
amongst its composition. These defining construct differences enable the scaffold to 
often obtain two opposing regions of differing physical or chemical makeup to more 
appropriately address the unique physiological characteristics found within the 
osteochondral region. Biphasic scaffolds have dedicated zones or phases for 
cartilage and bone layer growth. Since cartilage is a soft tissue, soft polymer 
matrices or hydrogels are commonly used to support cartilage layer regeneration. 
On the other hand, stiff matrices are proposed for bone layer regeneration. Together, 
biphasic matrices are designed to provide structural and mechanical flexibility with 
respect to cartilage and bone scaffold layer selection.
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The use of biphasic scaffold design has been studied extensively and has shown 
promising results in a wide range of studies, with many designs making it to the 
clinical trial stage (Table  17.2). Previously, Jiang et  al. constructed a biphasic 
composite scaffold with PLGA and partially seeded in the lower osseous phase with 
β-tricalcium phosphate, to promote osteogenesis [13]. The upper chondral phase of 
the graft was seeded with autologous porcine chondrocytes prior to implantation in 
a porcine model. Six months post implantation, histology data showed hyaline car-
tilage formation in the top and mineralization in the bottom layer of the scaffold. 
Moreover, there was integration of the bone phase with the surrounding host bone. 
In a separate study by Dresing et al., osteochondral scaffolds composed of poly(ester- 
urethane) and hydroxyapatite were press fit into defects within the femoral trochlear 
ridge of rabbits [14]. Following 12 weeks of implantation, histology revealed that 
subchondral bone generation rendered within the experimental groups was less than 
that seen with the control group, an empty defect without the scaffold. Frenkel et al. 
have also developed and tested a biphasic osteochondral design in a rabbit model, 
with focus on the regenerated cartilage layer [15]. The graft consisted of a PLA and 
hyaluronic acid osseous phase and fibrillar collagen I or hyaluronic acid-chitosan 
composite for its cartilage phase. While both graft types displayed hyaline-like 
regeneration of the articulating surface, with expression of collagen II and GAGs, 
an abnormal spatial dissociation of GAG expression and Col II was noticed, 
indicating regeneration of imperfect hyaline cartilage. These results demonstrated 
that one could not conclusively deduce if the biphasic unit had a profound effect on 
the regenerative process. One limitation with the biphasic design is that it is limited 
in its ability to produce conditions favorable for regeneration of the bone–cartilage 
interface that exists in native tissue.

17.3.3  Triphasic

Triphasic scaffolds consist of three different compositions or three opposing archi-
tectural arrangements. This configuration is proposed to have dedicated layers to 
support cartilage, mineralized cartilage, and subchondral bone regeneration, which 
are the three layers of an osteochondral tissue. Compared to biphasic structure, tri-
phasic scaffold arrangements include a transitional zone between the cartilaginous 
and bone layers [16]. This would render an interface area for transfer of loading 
forces as well as selective nutrients and cells from compartment to compartment. 
Thus, the zones could essentially communicate with one another as it occurs in the 
native osteochondral tissue. Through seeding distinct cell types within their respec-
tive layers, one can more accurately mimic the microenvironments found within 
native osteochondral tissue, resulting in more successful cell-specific proliferation 
upon implantation.

A study by Marquass et  al. investigated a triphasic scaffold, composed of an 
osseous phase constructed of β-tricalcium phosphate to support osteogenesis, a 
collagen I hydrogel phase for cartilaginous tissue formation, and an interfacial 
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space filled by autologous plasma [17]. Autologous MSCs collected from the ovine 
(sheep) subjects and seeded into the osseous and cartilage phase of the grafts and 
predifferentiated separately into the respective cell types, then combined with the 
autologous plasma phase. Scaffolds were placed within 4  mm knee defects and 
analyzed after periods of 6 and 12 months. The 6-month group showed superior 
cartilage and bone layer formation when compared to the control group, an 
osteochondral autograft. However, contribution of the third intermediate phase was 
not fully analyzed by the group. On the other hand, Da et al. performed a similar 
experiment utilizing a bovine cartilage derived upper phase and 3D printed PLGA/
TCP lower phase, combined with a compacted PLGA/TCP interfacial layer [18]. In 
vivo analysis in a rabbit model revealed superior regeneration of articular cartilage 
and trabecular bone in the triphasic designs. The regenerated tissue displayed 
columnar cartilage structure like that of native tissue, as well as an oriented 
trabecular structure for the subchondral bone after 6 months. In vitro analysis of the 
scaffolds showed that the compact intermediate layer presented very fine <10 μm 
pores that prevented cell migration between the two phases as well as limited fluid 
flow. Due to the restriction in cell and nutrient transport, it was speculated that the 
intermediate phase served to isolate each phase into its own compartment during 
early healing of the defect area, allowing the regenerating cells to mature in its own 
optimal microenvironment. However, as the intermediate layer degraded in vivo, the 
resulting cell and fluid access between the two phases would allow for integration 
of the two tissue types. These results indicate that the triphasic designs are 
advantageous over the monophasic and biphasic designs in terms of spatial 
arrangement, and the availability of dedicated layers to support bone and cartilage, 
while also promoting some integration between the two layers.

17.3.4  Gradient

To further replicate the native tissue characteristics, gradient designs have also gar-
nered much attention in osteochondral regeneration. As mentioned previously, 
native osteochondral tissue presents a gradient structure of chondrocytes, 
hypertrophic chondrocytes, calcified cartilage, and subchondral bone, and several 
grafts were developed to fully recapitulate such an environment. A gradient scaffold 
aims to mimic the complex gradient structure of native osteochondral tissue, 
utilizing physical architecture of the scaffold, compositional variations, and growth 
factor concentrations. Physical gradient scaffolds aim to address the architectural 
and mechanical variations in the osteochondral tissue, these scaffolds may vary in 
mechanical properties along its axis to mimic the transition from soft cartilage 
tissue to the calcified cartilage, and ultimately subchondral bone. As the local 
environment stiffness can drastically influence cell behavior and differentiation, this 
variation in mechanical properties can help regenerate the osteochondral tissue, 
while also providing similar response to mechanical stress as the native tissue. 
Porosity of the graft can also be used in a graded manner to promote site specific 
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differentiation of chondrocytes, hypertrophic chondrocytes, and osteoblasts. It was 
seen previously that larger pore sizes can significantly promote chondrocyte 
development [19, 20]. As the majority of the articular cartilage is relatively sparse 
and is mainly composed of extracellular matrix, the larger pore sizes allow the 
chondrocytes to reproduce matrix similar to that of native cartilage [3]. On the other 
hand, the subchondral phase requires a mechanically stable structure to support 
mechanical loading, which constrains the pore size of the lower region [21]. 
Compositional gradients are also used, where multiple osteoinductive and 
chondroinductive materials are used as a composite with opposing gradients to 
specifically drive the proliferation/differentiation of the relevant cell populations. 
The variety of known osteoinductive/chondroinductive materials allows for diverse 
compositions to be explored. Lastly, gradients of growth factors are used to directly 
induce desired cell behavior. Gradients of biochemical factors are prevalent in the 
body, with it being used for migration, proliferation, and differentiation in natural 
development and normal function of the body [22, 23]. Members of the transforming 
growth factor beta (TGF-β) superfamily have been used heavily in osteochondral 
tissue engineering. These factors, which include bone morphogenetic proteins 
(BMP), have been implicated in both osteogenesis and chondrogenesis, and have 
been used in gradient scaffold designs previously [24, 25]. The three types of 
gradient scaffolds are also often combined to develop more complex gradient 
scaffold systems. The main challenge associated with gradient scaffold arrangement 
is that it is an extremely difficult undertaking to construct a continuously and 
uniformly distributed structure. It requires highly specified and sophisticated 
fabrication techniques to achieve continuously gradient matrices. Some of the 
gradient scaffold fabrication methods are listed in Table 17.1.

Our group has recently developed a gradient matrix system for bone–cartilage 
interfacial tissue engineering [8, 26, 27]. The matrix was fabricated using an in 
house developed scaffold fabrication method, “particle sintering and porogen 
leaching.” In this method, PLGA microparticles were mixed with a desired amount 
of porogen (NaCl particles) and sintered to form a three-dimensional and porous 
structure [10, 26]. Post-sintering, the porogen was leached to form a scaffold 
structure with interconnected pore structure. By varying the porogen content along 
the matrix length—increased porogen content from bottom to top—it was possible 
to develop a gradient porous matrix [8, 26, 28]. The physical gradient of the matrix 
was also combined with compositional gradient by infusing the upper cartilaginous 
portion with a hyaluronic hydrogel to form an inverse gradient matrix, with opposing 
gel polymer contents [8, 27]. The matrix’s ability to support bone and cartilage layer 
regeneration was tested, in vitro, by seeding with human bone marrow derived and 
CD 271 positive mesenchymal stem cells [8]. Cell seeded constructs demonstrated 
chondrogenesis and osteogenesis when cultured separately in the respective media. 
Gradient grafts were cultured in a coculture media (1:1 ratio of osteogenic and 
chondrogenic media) to achieve simultaneous osteogenesis and chondrogenesis. In 
vitro culture of the gradient graft in the coculture media showed preferential 
chondrogenesis in the top of the matrix and osteogenesis in the bottom part of the 
matrix, as shown in Fig.  17.3. Through these studies, our group established the 
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Table 17.1 Selected examples of published physical, compositional, and growth factor gradient 
grafts for osteochondral tissue regeneration

Gradient type Details References

Physical Porosity Nukavarapu et al. PLGA microsphere 
scaffold with gradient pore structure 
formed using porogen leaching method. 
Highly porous upper region for cartilage 
regeneration and dense lower region for 
bone regeneration.
Sherwood et al. 3D printed PLGA scaffold 
with highly porous cartilage region and 
denser bone region. Also modified using 
tricalcium phosphate for denser bone 
regeneration regions

[26, 28, 
29]

Mechanical 
properties

Singh et al. Macroscopic gradient utilizing 
PLGA microsphere of different stiffness, 
controlled using incorporation of nanoscale 
TiO2 or CaCO3

[30]

Compositional PLGA, Hyaluronic 
acid

Majumdar et al., Dorcemus et al. Opposing 
gradients for PLGA microspheres for bone 
tissue regeneration, and hyaluronic acid for 
cartilage tissue regeneration. Also modified 
with gradient growth factor and/or 
hydroxyapatite inclusion

[8, 27]

Silk, Silica 
nanoparticles

Guo et al. Silk fibroin matrix conjugated 
with varying concentrations of peptide to 
bind with silica nanoparticles. High 
conjugation with peptide and silica at 
subchondral regions, decreasing as it 
approaches the cartilage regions

[31]

Collagen, 
Hydroxyapatite

Liu et al. Collagen I matrix was created by 
chemically crosslinking bovine collagen. 
The matrix was then placed in solution of 
calcium and phosphate ion solution, then 
mineralized through diffusion. The 
resultant matrix showed graduated 
hydroxyapatite deposition

[32]

Growth 
factors

TGF-β, BMP-2 Dormer et al. Growth factor incorporated 
PLGA microsphere graft, with opposing 
gradients of TGF-β loaded microspheres 
(chondrogenesis) and BMP-2 loaded 
microspheres (osteogenesis)
Di Luca et al. 3D printed PCL scaffold with 
functionalized PEG brushes to covalently 
bind with TGF-β at upper cartilage regions 
and BMP-2 at lower bone regions, with 
opposing gradients

[33–35]

β-Glycerophosphate 
(β-GP), Insulin

Erisken et al. Insulin, which promotes 
chondrogenesis, and β-GP, which promotes 
matrix mineralization, were encapsulated in 
polycaprolactone fibers, and arranged in 
opposing gradients, with more Insulin at 
upper cartilage regions and more β-GP at 
lower subchondral regions

[36]
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potential of gradient matrix for osteochondral tissue engineering. Further studies 
may be needed to understand how the biomaterial physical cues such as matrix 
porosity and stiffness, in addition to gradient structure, play a role in achieving 
osteochondral tissue engineering. Such studies, in addition to in vivo analysis of the 
gradient scaffolds, may lead to better understanding of the scaffold architecture, 
composition, and local matrix stiffness/elasticity required for regeneration and the 
development of new regenerative strategies where the biomaterials alone guide tis-
sue repair/regeneration.

17.4  Osteochondral Tissue Engineering: Bench to Bedside 
Translation

Based on preclinical success of multiphasic, many tissue engineering constructs 
have progressed to the clinical trial stage. Many clinical trials have been conducted 
using the biphasic design, composed of an upper cartilaginous phase and a lower 
osseous phase. Several biphasic scaffolds have been approved for use, mostly in the 
European Union, with trials still being conducted in the USA for many of the 
designs (Table 17.2).

One product currently undergoing clinical trials is Agili-C™ by CatriHeal. 
Agili-C™ is approved for use for osteochondral defects in the European Union, and 
is currently undergoing clinical trials in the USA. Agili-C™ aims to treat cartilage 
and osteochondral defects in both degenerative and nondegenerative lesions in the 
knee. The implant itself is biodegradable and biphasic, with coral aragonite, a crys-
talline calcium carbonate derived from coral matrix, serving as the osseous phase, 
and a hyaluronic acid impregnated aragonite cartilage phase [37, 38]. Coralline ara-

Fig. 17.3 Gradient OC scaffold and stem cell differentiation in vitro. Gradient graft with cells in 
the gel phase were primed for chondrogenesis for 7  days in chondrogenic media followed by 
21 days of culture in osteochondrogenic media with MSCs to attach to the bottom part of the 
matrix. (a) Pictorial representation of the top and bottom parts of the matrix, (b) GAG amount 
normalized to DNA, and (c) mineralization amount via alizarin red staining and quantification. 
GAG and mineralization quantifications were performed at days 7 and 28. Reprinted with 
permission from Tissue Engineering, Part A, Volume 23, Issue 15-16, by Dorcemus et al, published 
by Mary Ann Liebert, Inc., New Rochelle, NY [8]
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gonite has been known to be osteogenic, being used in various clinical products, and 
owes its osteogenic abilities to the natural porous, microstructure that promotes 
osteoblast attachment and function [39–42]. The calcium carbonate that makes up 
aragonite is also readily resorbed by multinucleated giant cells (presumably osteo-
clasts), which then increases the concentrations of free calcium and carbonate ions 
that can promote new bone formation by osteoblasts [42]. Meanwhile, the cartilage 
regeneration of the graft is achieved with the use of hyaluronic acid (HA), which is 
extensively used in cartilage tissue engineering applications, and is shown to pos-
sess some degree of chondroinductive abilities [8, 43, 44]. Using these materials, 
in vivo data from preclinical trials was obtained in a goat model [37, 38]. The results 

Table 17.2 Selected examples of osteochondral grafts and treatment options currently in clinical 
trials or approved

Product name
Company 
name Material Status

Agili-C Biphasic 
Implant

Cartiheal 
LTD

Biphasic construct: Aragonite and 
trace elements like strontium and 
magnesium (Bone); Modified 
aragonite and polymers (Cartilage)

Approved in EU; 
Clinical Trials in 
USA 
(NCT03299959)

BioMatrix 
Cartilage Repair 
Device

Kensey Nash 
Corporation

Bioresorbable scaffold with 
collagen fibril layer and calcium 
mineral layer held together with 
biodegradable polymer

Approved in EU

ChondroMimetic TiGenix Biphasic graft composed of 
unmineralized Type I collagen/
chondritin sulfate cartilaginous 
phase and mineralized Type I 
collagen/GAG with brushite 
calcium phosphate

Approved in EU

MaioRegen Fin-Ceramica 
Faenza Spa

Bioceramic, multilayered scaffold 
in a single gradient structure; 
deantigenated Type I equine 
collagen and magnesium enriched 
hydroxyapatite

Approved in EU

Chondrofix 
Osteochondral 
Allograft

Zimmer 
Biomet

Decellularized human hyaline 
cartilage and subchondral bone

Premarket approval 
not required in USA.

TruFit Plug Smith & 
Nephew

Biphasic osteochondral graft with 
porous PLGA with addition of 
calcium sulfate for bone 
regeneration

Approval in EU; 
Limited approval in 
USA.

CartiFill Sewon 
Cellontech

Modified Type I porcine collagen, 
stabilized with removal of 
telopeptides. For use in conjunction 
with microfracture technique to 
stabilize the mesenchymal stem cell 
population

Clinical Trials 
(NCT02685917)

Taken and modified from Nukavarapu et al. 2012 [3]
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showed that the aragonite-HA based graft was able to regenerate two distinct carti-
laginous and osseous phases. Immunohistochemistry also showed spatially distinct 
expression of type I collagen (bone matrix protein) and type II collagen (hyaline 
cartilage protein), indicating proper regeneration of the articular cartilage without 
evidence of fibroblast or hypertrophic chondrocyte formation. A further 1 year fol-
low-up of the study also showed similar results. Significant GAG deposition in the 
cartilage layer, along with type II collagen, and cell morphology suggests that the 
regenerated cartilage layer maintained its hyaline phenotype for a relatively 
extended period. However, the study does note that the 1 year follow-up does not 
necessarily confirm the maintenance of the hyaline cartilage, and further follow-ups 
would be needed to demonstrate a permanent hyaline cartilage regeneration. With 
these preclinical success of the graft, the Agili-C™ grafts are currently ongoing 
clinical trials, and are slated to be completed in 2019. While the complete clinical 
results are awaited, preliminary results published by CartiHeal show promising 
results for osteochondral repair in humans [45].

One product which is licensed and commercially available is the TruFit CB plug 
by Smith & Nephew. This plug is licensed to treat both chondral and osteochondral 
defects in Europe, but however is only approved for back filling of donor sites 
during autologous transplantation procedures in the USA [46, 47]. The TruFit CB 
plug is entirely synthetic, the plug is biphasic, composed of PLGA, with addition of 
calcium sulfate in the lower osseous phase, which allow for the plug to be resorbable 
once implanted [48]. The plug was designed to improve upon the microfracture 
technique, compensating for the loss in mechanical stability of the defect site during 
the procedure, using calcium sulfate to enhance bone growth, and allowing natural 
growth factors from bone marrow to infiltrate and initiate chondrogenesis [49]. 
Initial studies of the plug in a goat model showed favorable histological results, with 
evidence of hyaline-like cartilage regeneration, as well as integration with host 
tissue and between the regenerated tissues after 12 months [48]. Preliminary clinical 
results of the plug showed promising results, with all treated patients showing signs 
of improvement [50]. MRI analysis of the plugs also showed that the cartilage and 
bone phases of the plugs showed similar appearances to the native tissue [50].

However, questions of the plug’s efficacy have been raised following long-
term studies of the TruFit CB graft. Although initial results of the graft showed 
favorable regeneration of the target tissues, further studies and long-term follow-
ups showed varied results [47, 51, 52]. In clinical study conducted by Joshi et al., 
80% of the patients treated with TruFit plug reported improvements in conditions 
after 12 months, but patient satisfaction decreased to 10% after 24 months, and 
70% of the patients required revision surgeries due to pain and loss of joint func-
tion [51]. Radiological evaluation of the defect site also showed conflicting and 
negative results for both cartilage and bone layers [49, 51, 53, 54]. The cartilage 
layer showed varied results, ranging from damaged surfaces featuring fissures, 
and fibrillation after 12 months [49, 51] to evidence of fibrocartilage rather than 
hyaline cartilage formation after 12 months [54]. The subchondral bone of defect 
site also showed overly negative results, displaying signs of granulation tissue, 
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cyst formation, and sclerosis rather than bone regeneration [49, 51, 53, 54]. 
These results call to question the benefits of the TruFit plug in its use as an osteo-
chondral graft, and raises further questions regarding use of acellular, biphasic 
designs for osteochondral defect repair.

MaioRegen is another multiphasic osteochondral scaffold that has obtained 
European Union market approval for osteochondral regeneration. In contrast to 
previously mentioned osteochondral grafts, MaioRegen is a triphasic graft, 
mainly composed of Type I equine collagen and hydroxyapatite. The lowest 
layer of the graft is composed of 70% Mg-hydroxyapatite—30% Collagen I, the 
middle layer is 40% Mg-hydroxyapatite—60% Collagen I, and the upper carti-
laginous layer is made entirely with collagen I [55]. The incorporation of the 
middle layer was thought to enhance bonding between the regenerated cartilage 
and bone tissue, as well as recreate the graded structure of native tissue to an 
extent. In vitro and in vivo studies showed promising results, leading into exten-
sive clinical study of the graft. Results from the clinical trials also showed 
marked improvements to the defect area [55–59]. MRI assessment of the surgical 
site showed integration with the host tissue by 6 months, and complete filling of 
the cartilage layer and integration by 2 years [58, 59].

With these promising results, MaioRegen was able to obtain approval to mar-
ket in the European Union. However, issues regarding MaioRegen have also been 
brought up. In one case, 8 patients were implanted with MaioRegen graft in the 
femoral condyle, and observed via MRI after 18 months [60]. The MRI results 
indicated that defect filling in the subchondral and cartilaginous region did occur, 
but presence of newly formed bone was not detected. Also, a semiquantitative 
MRI method also showed differing zonal structure of the regenerated cartilage, 
which was confirmed through arthroscopy. The newly formed cartilage seemed to 
show more hypertrophic or fibroblastic characteristics in comparison to the native 
cartilage. Another set of clinical studies published by Christensen et  al. also 
showed negative results of the MaioRegen graft [61]. The study was conducted on 
10 patients, but two of the patients experienced increased pain and swelling soon 
after surgery, deemed to be due to the implant, and required removal of the 
implant. Furthermore, computed tomography (CT) scan images 3 years post-sur-
gery showed complete absence of mineralized tissue within the subchondral phase 
of the graft, only displaying defect filling with soft tissue, evident through MRI 
analysis. These results also question the efficacy of the MaioRegen graft and its 
previous claims to regenerate both articular cartilage and the underlying bone. 
However, it is worth noting the small sample size of the two trials, in comparison 
to the previous trials done.

Nevertheless, regeneration of osteochondral defects and maintenance of pheno-
type with the use of synthetic grafts remain a significant challenge, but other meth-
ods of osteochondral repair also present shortcomings. For instance, Chondrofix 
Osteochondral Allograft from Zimmer is a human derived decellularized hyaline 
cartilage and subchondral bone graft. This graft is thoroughly processed to remove 
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possible contaminants and disease vectors, while maintaining much of its native 
mechanical properties. Also, as an allograft, Chondrofix is not required to undergo 
the FDA premarket approval process, and claims to regenerate hyaline cartilage as 
well as the subchondral bone. However, after showing initial success, the Chondrofix 
Osteochondral Allograft has come under scrutiny following a 2016 study led by 
Farr et al. [62]. Chondrofix allografts were implanted on 32 patients and 23 implants 
were considered failures, with implant survivorship dipping to 19.6% after 2 years. 
Implant failure was defined as any need for reoperation of the implant or MRI/
arthroscopic analysis showing subchondral collapse or cartilage delamination. 
Much of the implants resulted in increased pain and needed reoperation due to the 
delamination of the articular cartilage phase of the implant and the subsequent 
irregular cartilage development. Histological analysis of the failed implants showed 
that the cartilage phase of the graft was largely acellular, and the formation of 
vascularized tissue formation in the delaminated implants. Therefore, it is clear that 
there still remains a clinical need for a synthetic graft that can successfully regenerate 
hyaline cartilage as well as the subchondral bone, and maintain stability of the 
regenerated tissue.

17.5  Conclusions

Current treatment options for OC defect repair are primarily palliative as opposed to 
restorative, and often results in inadequate healing of the defect area. The defect 
repair is complicated by its complex tissue structure and heterogeneity. However, 
studies to mimic the native OC tissue structure with cartilage and bone layers with 
an integrating interface led to the development of various synthetic grafts. Some of 
the OC grafts developed in biphasic and triphasic configurations have advanced to 
clinical trials in the European Union. Although initial studies show promising 
results, long-term studies are needed to ensure (1) regeneration of 
cartilage/subchondral bone layers, (2) cartilage–bone interface development, and 
(3) no phenotypic drift of the regenerated hyaline cartilage into the fibroblastic or 
hypertrophic lineages. Current efforts are to develop novel OC grafts with local- 
microstructural control to regulate chondrogenesis/osteogenesis to form 
osteochondral tissue in structure and function similar to the native tissue and repair 
the defect fully.
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Abstract Osteochondral lesions are frequent and important causes of pain and dis-
ability. These lesions are induced by traumatic injuries or by diseases that affect both 
the cartilage surface and the subchondral bone. Due to the limited cartilage ability to 
regenerate and self-repair, these lesions tend to gradually worsen and progress 
towards osteoarthritis. The clinical, social, and economic impact of the osteochon-
dral lesions is impressive and although therapeutic alternatives are under discussion, 
a consensus is not yet been achieved. Over the previous decade, new strategies based 
on innovative tissue engineering approaches have been developed with promising 
results. However, in order those products reach the market and help the actual patient 
in an effective manner, there is still a lot of work to be done. The current state of the 
implications, clinical aspects, and available treatments for this pathology, as well as 
the ongoing preclinical and clinical trials are presented in this chapter.
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18.1  Introduction

Articular cartilage (AC) originated from the mesenchymal, more precisely from the 
skeletal blastemal, is a unique and highly specialized connective tissue, with 
2–4 mm thickness, that covers the surface of diarthrodial joints [1]. Forming a very 
smooth, bright and sliding surface that facilitates pain-free movements during skel-
etal motion, this hyaline tissue has special mechanical properties. Composed pri-
marily of water (65–80% of the wet weight), cells and macromolecules, AC 
possesses the unique ability to absorb shock impacts, support heavy and repetitive 
loads, and withstand wear and tear over the course of a lifetime. Water is mainly 
dispersed in the interfibrillar space of the matrix, thus assuring the diffusion of the 
nutrients and creating a moving load-dependent phase that provides flexibility, 
deformability and resilient strength [1]. Chondrocytes (1–5% of total tissue volume) 
are the sole cells found in the lacunae of the cartilage and are responsible for the 
synthesis of the extracellular matrix (ECM) environment [2, 3]. The ECM is primar-
ily composed of collagens (10–20%), glycosaminoglycans (GAGs) and proteogly-
cans (PGs) [3]. There are others constituents that can be found in the matrix, namely, 
non-collagen proteins, glycoproteins, monosaccharides, and oligosaccharides [4].

Collagen type II represents the most abundant (90–95%) form of collagen in the 
AC. Collagen type X, XI and, although in minor quantity, collagen type V, VI, and 
IX are also present in the AC [4]. Collagen is a reinforcing structure of the water–
proteoglycans gel phase of the matrix that increases the tensile strength, and facili-
tates the anchorage of others macromolecules and the mineralization process. 
Depending on the mechanical demands, the collagen orientation varies through the 
thickness of the AC. The specific GAGs of physiological significance in the AC are 
hyaluronic acid (also known as hyaluronan), chondroitin sulfate, keratan sulfate, 
and dermatan sulfate, all forming unbranched chains of repeating disaccharides. 
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The PGs, which represent the second-largest group of macromolecules in the ECM 
of the AC, are macromolecules produced by the chondrocytes that consist of a “core 
protein” with one or more covalently attached glycosaminoglycan (GAG) chain(s). 
The AC contains a diversity of PGs that are essential for normal function, namely, 
decorin, biglycan, fibromodulin, and aggrecan. The largest in size and most abun-
dant by weight is aggrecan, a proteoglycan that possesses over 100 chondroitin sul-
fate and keratan sulfate chains. Aggrecan is able to interact with hyaluronan chains 
and fill the interfibrillar space of the AC matrix and constitutes approximately 90% 
of the total cartilage matrix [4]. Four different zones or layers could be easily identi-
fied in a histological examination of AC: (1) the superficial zone (10–20% of AC 
thickness), which contains collagen fibers packed tightly and aligned parallel to the 
articular surface, and a high water content and low PG concentration; (2) the middle 
or transitional zone (40–60% of AC thickness) with spherical and probably meta-
bolic active chondrocytes showing collagen fibers in a less organized pattern; (3) the 
deep zone (30% of AC thickness), which contains ellipsoid cells that line up in a 
columnar fashion perpendicular to the joint surface and presents the highest PG 
concentration and the lowest water content; and (4) the calcified zone (5% of AC 
thickness), which plays an integral role in securing the cartilage to bone, by anchor-
ing the collagen fibrils of the deep zone to the subchondral bone, and blocks the 
blood, neural or nutrients passage. Therefore, the nutrition to the AC is provided by 
the synovial and articular fluid in a very low oxygen tension environment [1, 3, 4]. 
Due to the absence of vasculature and nerve supply, cartilage has a low regenerative 
capacity. Thus, once injured, cartilage is much more difficult to repair.

Underneath the cartilage is the subchondral bone. Together, the AC and the sub-
chondral bone form the osteochondral unit, which is a functional unit uniquely 
adapted to assure the transfer of loads across the diarthrodial joint. The subchondral 
bone plate constitutes the more superficial layer of compact cortical bone of the 
subchondral bone. Under the subchondral bone plate, a transitional subchondral 
spongiosa zone completes the osteochondral unit [5]. Supplementary to its role as a 
mechanical shock absorber, the subchondral bone possesses another important met-
abolic function. It is richly perforated by hollow spaces that allow the invasion of 
arterial and venous vessels, as well as of nerves, up to the calcified cartilage from 
the spongiosa. Therefore, the subchondral bone also nourishes the deeper cartilage 
layers, providing more than 50% of its glucose, oxygen and water requirements [6].

Chondral and osteochondral lesions are frequently observed by arthroscopy and 
can be diagnosed in 60–66% of all patients submitted to an arthroscopic procedure 
[7–11]. A retrospective analysis of 25,124 knee arthroscopies found chondral lesion 
in 60% of the patients [7]. Of these chondral lesions, 67% were classified as local-
ized focal osteochondral or chondral lesions [7], 29% as osteoarthritis (OA), and, in 
2% of the cases, an osteochondritis dissecans was diagnosed [7]. The medial con-
dyle (34–58%) and the patella (11–36%) are the most frequent localizations of car-
tilage lesions in the knee [7, 8]. The most common cartilage lesion is a traumatic 
single lesion affecting a patient over 50 years old with a mean area of 2.1 cm2 [8]. 
In the eighteenth century, Hunter observed, when talking about articular cartilage, 
that “once destroyed, is not repaired” and that the evolution to degenerative changes 
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and OA is to be expected [12–15]. OA affects approximately 15% of the population 
and this number will double by the year 2020 due to population ageing and obesity 
[15]. The lower extremity is more commonly affected and researchers estimated the 
lifetime risk of developing symptomatic knee OA to be about 40% in men and 47% 
in women [15]. The direct and indirect costs of OA have been appraised at $65 bil-
lion per year [16]. Although a common location of osteochondral defects is the 
knee, any other joint could be affected by an osteochondral defect [17].

Several therapeutic alternatives are available for the treatment of chondral and 
osteochondral lesions, but a definitive and consensual treatment for the cartilage 
regeneration has not yet been found. In order to repair an osteochondral defect, the 
needs of the bone, cartilage, and the bone–cartilage interface must be taken into 
account [17]. A better understanding and knowledge of the cartilage and bone struc-
ture, of the biological and mechanical properties, and of the bone–cartilage inter-
face will improve the therapeutic alternatives. Tissue engineering has been proposing 
single, biphasic and multiphasic scaffolds, cell therapies and bioactive molecules as 
advance therapies for cartilage regeneration and repair [17].

18.2  Clinical Management of Osteochondral Lesions

A traumatic chondral or osteochondral lesion usually involves the repeated applica-
tion of a torsional and shear force or of a high energy force [18]. Advanced osteoar-
thritis and diseases involving necrosis of the subchondral bone due to different 
causes, including ischemia or repetitive trauma, can also be responsible for the 
development of osteochondral lesions [19]. Osteochondral lesions affect mostly the 
knee, particularly the medial femoral condyle (69%) (Fig. 18.1), the weight-bearing 
portion of the lateral femoral condyle (15%), the inferomedial pole of the patella 
(5%), and the trochlear fossa (1%) [19]. The other most commonly affected sites are 
the talar dome, the elbow, the shoulder, the wrist, and the hip [19]. The diagnosis is 
difficult. The symptoms are unspecific and the radiologic examination is negative in 
an early stage of the disease. Only a magnetic resonance imaging (MRI) is helpful 
as a diagnosis procedure for a cartilage lesion in an initial stage. The most important 
complaint is pain. It can be described in many ways and may have a mechanical 
rhythm that worsens gradually after the start of a new activity, especially when a 
previous trauma is involved [9]. Pain can be exacerbated for numerous reasons, 
from walking to more intense sport activities [9]. Associated symptoms, such as 
locking, pseudo-locking, and giving-way can be reported when loose bodies or 
associated lesions as meniscal tears or ligamentous injuries are present [20]. A 
methodic and exhaustive physical examination of the affected joint and of the con-
tralateral joint is mandatory. Joint swelling or joint effusion, crepitation, lameness, 
and limitations of the range of motion of the affected joint are often present [21].

Although radiographic studies are not very helpful in diagnosing cartilage lesions 
in an early stage, they can be useful for detecting osteochondral lesions,  osteoarthritis, 
osteochonditis dissecans, loose bodies, and limb malalignment [21]. In special 
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views, such as a 45° posteroanterior weight-bearing view of the knee (none as a 
“tunnel” view), a narrowing of the joint space of more than 2 mm when compared 
with the contralateral knee can diagnose a major cartilage lesion of the affected 
knee [22, 23].

MRI confirms the clinical diagnosis and is a valuable method not only for the 
characterization of the lesion, but also for the evaluation of the stability and viability 
of the osteochondral fragments. Moreover, it is useful for staging the disease, for the 
follow-up evaluation, for monitoring the effects of chondral pharmacologic and sur-
gical therapies, and in cartilage scientific research, namely, for the quantitative or 
semiquantitative assessment of cartilage [19, 24, 25]. MRI is helpful in the differen-
tial diagnosis of osteochondral fractures and stress fractures, which must be differen-
tiated from osteochondral lesions [19], and to understand all the associated lesions, 
such as subchondral cysts and meniscal or ligamentous injuries [21]. MRI is a nonin-
vasive procedure able to identify a cartilage lesion in a very early stage due to its 
ability to detect metabolic water content and structural defects. Therefore, this tech-
nique can diagnose cartilage lesions before arthroscopic observation [24, 25]. Despite 
the relevance of the information provided by MRI, arthroscopy remains the chosen 
technique for diagnosis and validation procedure of new therapeutic approaches [24].

For the correct evaluation of the severity of the cartilage lesion and its clinical 
implications in the treatment and outcomes, several classification scores were devel-
oped [26]. The popular Outerbridge classification score intended to classify the car-
tilage lesions according to macroscopic aspects, depth and extension of the cartilage 
injury [27]. Grade 1 included cartilage lesions presenting softening and swelling. 
Lesions with fissuring or fragmentation of the cartilage surface that do not exceed 
1.5 cm in diameter were classified as Outerbridge grade 2. In grade 3, fissures and 
cracks of the cartilage surface are present in an area of more than 1.5 cm. Grade 4 

Fig. 18.1 Chondral lesion
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of the Outerbridge classification score included the lesions where the cartilage is 
eroded down to the bone [27]. Despite the simplicity and the dissemination of the 
Outerbridge classification score, some limitations are present [28]. Outerbridge 
classification score is mainly focused on the depth of the lesion with very little 
attention to its size. For example, a narrow deep cartilage lesion is classified as a 
grade 4, according to the Outerbridge classification score, but a lesion with a poten-
tially worse prognosis, like an extensive partial thickness, is also classified as a 
grade 4 in this grading system (Fig. 18.2).

Due to the limitations of the Outerbridge classification score aforementioned, the 
International Cartilage Repair Society (ICRS) developed a five grade cartilage 
lesion classification system based on the macroscopic evaluation and the depth of 
the cartilage defect [29]. In grade 0, the cartilage is normal. Grade 1A includes 
superficial cartilage lesions with a cartilage softening and/or superficial fissures. 
Grade 1B includes superficial lesions where fissures and cracks are present. In grade 
2, cartilage lesions present a defect extending down to less than 50% of the cartilage 
thickness and fraying is present. In grade 3, the cartilage defect has to extend down 
to more than 50% of the cartilage thickness as well as down to the calcified layer. 
When there is complete loss of cartilage thickness and the underlying bone is 
exposed, the cartilage lesion will be classified as a grade 4 (Fig. 18.3).

Osteochondritis Dissecans (OCD) is a disorder characterized by the degeneration 
or aseptic necrosis of the subchondral bone followed by fragmentation of the overly-
ing cartilage and that can progress to osteoarthritis [19, 30]. As repetitive trauma is 
thought to be the most frequent cause, the term osteochondral lesion seemed to be 
more appropriate than the term “osteochondritis [19, 30]. Other possible causes for 
this disorder are epiphyseal ossification abnormalities, endocrine imbalances, isch-
emia or genetic predisposition [19, 30]. The ICRS developed an OCD evaluation 
score system: in grade 0, the lesion is stable and the overlying cartilage is normal and 

Fig. 18.2 Grade IV 
chondral lesion
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intact; grade I includes stable lesions with some softening of the cartilage surface; 
grade II refers to lesions with partial discontinuity of the cartilage surface; the lesion 
is classified as grade III when the defect is unstable due to a complete discontinuity 
of the osteochondral defect; a grade IV lesion is an empty defect or a defect with loose 
fragments [31]. According to this grading system, grade III and IV lesions are unsta-
ble and, therefore, may have indication for surgical orthopedic treatment [19, 30].

Cartilage treatment seeks to: (1) restore a smooth articular cartilage surface and 
match the biomechanical/biochemical properties of normal hyaline cartilage; (2) 
relieve patients’ symptoms, namely, pain, swelling, and limping; (3) prevent or slow 
the progress to osteoarthritis; (4) lessen the morbidity of the disease and of the treat-
ment techniques; (5) reduce the direct and indirect costs of the disease and expenses 
of the treatments [21].

Palliative treatments, such as articular lavage or articular debridement, are thera-
peutic approaches for the relief of the patient’s symptoms. An example that could 
clinically justify the use of a palliative treatment is a case of a symptomatic patient 
with pain and blocking that needs the removal of a degenerated meniscus, a loose 
body (Fig. 18.4), a chondral fragment or a redundant synovia. Those procedures are 
in decline and their effectiveness has not been proven [32, 33].

Reparative procedures, such as arthroscopic abrasion arthroplasty, abrasion 
chondroplasty, Pridie drilling, microfracture (MF), or spongialization, are bone 
marrow stimulating techniques that seek a spontaneous and natural cartilage healing 
by perforating through the subchondral bone to promote bleeding and consequent 
recruitment of bone marrow cells [34, 35]. The MF technique was initially described 
by Stedman. It consists in the removal of all the instable cartilage using a small awl, 
after which holes of 3–4 mm depth separated by 3–4 mm are done by perforating 
the subchondral bone [36]. The fibrocartilaginous repair tissue formed showed 
weaker mechanical properties when compared to the natural hyaline cartilage [34, 
35]. MF became a very popular cartilage restoration procedure, but although good 
short-term clinical outcomes were reported, in the long run, or when compared with 
other techniques, the impact on cartilage repair remained controversial [35, 37]. 
Future improvements in MF results could be achieved by administering growth fac-
tors (GF), platelet-rich plasma (PRP) or genetic engineering products [38, 39], and 

Fig. 18.3 Chondral lesion 
with the underlying bone 
exposed
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by using collagen membranes to cover the area treated with MF (AMIC- autologous 
matrix-induced chondrogenesis or BMAC—bone marrow aspirate concentrate) [37, 
40, 41]. Another cartilage repair system that can be used with the MF procedure is 
the ChonDux™ (Cartilix, USA). This system consists of a biological adhesive and 
a photopolymerized hydrogel that are used combined with microfracture to enhance 
the stem cells migration from the bone marrow to the cartilage lesion [42].

The osteochondral autograft transplantation (OAT) is a demanding surgical pro-
cedure that consists in harvesting an osteochondral graft from the same joint or from 
another joint to repair the cartilage defect [34, 43, 44]. Regarding knee lesions, an 
osteochondral graft is harvested from a non-weight bearing area, the medial and 
lateral border of the condyles, the intercondylar notch, or the sulcus terminalis of 
the lateral femoral condyle being the preferred areas [34, 43]. Mosaicplasty (MP) is 
a similar repair cartilage procedure, but it uses more than one graft [35, 45]. The 
graft presents good bone-to-bone healing interface by contrast with cartilage-to- 
cartilage interface [35]. Others limitations regarding these procedures concern the 
morbidity of the donor site, the quantity of graft that can be harvested and the con-
gruity of the repaired articular surface [35]. The OAT technique presents its best 
results in small lesions (between 2.5 and 4 cm2) located on the condyle in the weight 
bearing area of a young patient [11, 43]. This technique could be an alternative to 
MF and other regenerative cartilage failed procedures [43]. The Cartilage Autograft 
Implantation System—CAIS® (DePuy/Mitek, USA) is a cartilage repair procedure 
that uses a minced autograft cartilage dispersed in a three-dimensional scaffold 
based on an absorbable copolymer foam (35% polycaprolactone and 65% polygly-
colic acid reinforced with a polydioxanone mesh) [46, 47].

Osteochondral allograft (OAG) transplantation could be indicated (1) for the 
treatment of an active patient with a massive lesion (larger than 2.5 cm2) [11, 48], 

Fig. 18.4 Chondral lesion 
with a loose body
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(2) for the treatment of an older patient when the alternative procedure is the arthro-
plasty; (3) in patients previously submitted to other cartilage repair techniques; (4) 
in osteonecrosis or osteochondritis dissecans cases, or (5) for the reconstructive 
repair of an extensive traumatic osteochondral lesion [48]. However, the reported 
outcomes are confusing [10, 49, 50]. This procedure presents serious limitations: 
(1) difficulty to obtain, preserve and manage the allografts, (2) risk of potential 
disease transmission, (3) immunogenicity of the allograft, and (4) surgical difficul-
ties in fixating the allograft and achieving a good congruity with the joint cartilage 
surface. Chondrofix® allograft (Zimmer, USA) is considered the first off-the-shelf 
osteochondral allograft. It combines donated human cancellous bone and decellu-
larized hyaline cartilage and is recommended to repair grade III and IV osteochon-
dral lesions in a single, less-invasive procedure [51]. DeNovo NT (Zimmer, USA) is 
another allograft cartilage repair procedure that consists in securing allogeneic fetal 
chondrocytes into the cartilage defect with fibrin glue [46].

When the lesion has a viable part and the detached fragment presents no serious 
damage signs, the fixation in situ of the fragment could be the most appropriate 
therapeutic alternative, particularly in a young and/or active patient. After debride-
ment of the lesion site and removal of blood clots and fibrous tissue, the fragment is 
then fixated in place. Several fixation devices are available: Kirshnerwires, com-
pression screws, Herbert screws, osteochondral plugs, biodegradable pins and 
screws with acceptable clinical results [52, 53].

More than 20 years ago, Peterson and Brittberg, gave way to a new era in carti-
lage repair [54]. Their innovative two-step regenerative procedure consisted in col-
lecting approximately 200–300  mg of a patient’s articular cartilage in order to 
harvest chondrocytes that were then cultured and expanded. During the second 
stage of the process, the expanded chondrocytes were implanted into the defect and 
subsequently covered with a periosteal flap. The periosteal patch must be sutured 
water-tight to the surrounding cartilage to contain the injected suspension [11, 18, 
43]. This technique is named as the autologous chondrocyte implantation (ACI) 
procedure. Since Brittberg et al. first described the ACI procedure, in 1994, as a 
treatment for chondral knee lesions [54], modifications have been introduced, thus, 
resulting in an evolution from a first-generation to a second-generation and third- 
generation ACI. This technique became one of the most important surgical alterna-
tives in the treatment of chondral lesions of the knee and its use has extended to the 
treatment of chondral lesions in other joints, such as the ankle, shoulder, hip, and 
wrist [18, 21, 55]. ACI is recommended for younger patients who present symptoms 
of joint pain and swelling related to a chondral articular lesion. The first-generation 
ACI procedure was associated with a series of complications, such as periosteal 
graft hypertrophy, periosteal delamination, immune reaction, technical difficulties 
in fixating the periosteal flap, large surgical exposition, time consuming and joint 
stiffness [18, 55]. Carticel® (Genzyme Biosurgery, USA), an autologous cellular 
product commercialized since 1995 [56], is one of the techniques included in the 
first-generation ACI, defined as a two-stage procedure with implantation of cultured 
chondrocytes under a periosteal ACI (PACI).
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In the second-generation ACI, a membrane of porcine type I/III collagen was 
used (ACI-C) to cover the treated lesion. This technique claimed a decrease operat-
ing time and reduced graft complications [18, 55]. One system used in both first- 
and second-generation ACI is ChondroCelect® (TiGenix, Belgium), a unique 
cell-based cartilage repair technique that involves the combination of cultured cells 
with a biodegradable type I-III collagen patch. In this technique, a gene expression 
score was used during the isolation and expansion of chondrocytes to identify and 
predict the cells ability to form hyaline cartilage. ChondroCelect® was the first car-
tilage repair system commercialized in Europe, but it was withdrawn from the mar-
ket in 2016 [47]. Chondro-Gide® (Geistlich Pharma, Switzerland), also used in 
first- and second-generation ACI, is a porcine collagen type I/III bilayer matrix that 
promotes support and adhesion of autologous cultured chondrocytes in cartilage 
repair [41, 57].

In the third-generation ACI, a matrix seeded with autologous chondrocytes is 
used for cartilage repair [12]. This matrix, commonly referred to as matrix-assisted 
chondrocyte implantation or MACI (a trademark of Genzyme), has a specific and 
adapted mechanical profile with chondroinductive or chondroconductive properties 
that allows for a more homogenous distribution of the chondrocytes and that does 
not require a fixation procedure [18].

There are different types of scaffolds currently used in clinical settings [58].

 1. BioSeed®-C (Biotissue Technologies, Germany) is a fibrin and polymer-based 
scaffold composed of polyglycolic/polylactic acid and polydioxanone [59];

 2. Cartipatch® (Tissue Bank of France, France) is amonolayer agarose-alginate 
hydrogel scaffold [60, 61];

 3. Hyalograft®-C (Fidia Advanced Biopolymers, Italy) is a hyaluronic acid-based 
scaffold [62];

 4. MACI® (Genzyme, USA) uses a purified porcine collagen matrix to build the 
matrix scaffold [58];

 5. Novocart®3D (TETEC Tissue Engineering Technologies AG, Germany) utilizes 
a collagen-chondroitin-sulfate based membrane [63];

 6. NeoCart® (Histogenics, USA) implant is produced using a patient’s own chon-
drocytes, which are then expanded and embedded in a type I collagen scaffold 
and incubated under low oxygen tension and variable mechanical pressure [64];

 7. BioCart II™ (ProchonBioteK, Israel) is a matrix-assisted autologous chondro-
cytes implant made of human fibrin and hyaluronic acid that contains a patient’s 
own cartilage cells after being expanded in a medium supplemented with a spe-
cific fibroblast growth factor [65];

 8. CaRes®—Cartilage Regeneration System (Arthro-Kinetics, Germany) is a colla-
gen type I matrix colonized with autologous cartilage cells for cartilage repair [66].

In the fourth-generation of ACI procedures, also known as MASI procedures 
(matrix-induced autologous stem-cell implantation), a matrix seeded with stem cells 
is used to treat the cartilage lesion. DeNovoET® (Zimmer, USA) and CARTYSTEM® 
(Medipost, Korea) are matrices seeded with allogeneic cells (juvenile allograft 
chondrocytes and allogeneic umbilical cord blood-derived mesenchymal stem cells, 
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respectively) that are already available and with ongoing clinical trials [67, 68]. 
Although ACI procedures are linked to better clinical outcomes, especially when 
compared to other techniques, such as MF or MP [18, 43, 67, 69–71], these clinical 
improvements are not always statistically significant [11, 18, 55, 67, 69, 71–73].

Instead of cellular-based strategies, acellular scaffolds are becoming a feasible 
alternative for repair of cartilage defects: TruFit® (Smith & Nephew, USA), 
Maioregen® (FinCeramic, Italy), BST-CarGEL® (Smith & Nephew,England), 
CaRes-1S® (Arthro-Kinetics, Austria), CRD-Cartilage Repair Device (Kensey Nash 
Corp, USA), ChondroMimetic™ (TiGenix, Belgium), Vericart™ (Histogenics, 
USA), and Agili-C™(CartiHeal, Israel).

TruFit® is a bilayer porous poly(lactic-co-glycolic) acid–calcium sulfate bio-
polymer scaffold used in the treatment of OC defects. Its effectiveness, however, 
was not proven [74, 75] and the product is no longer available. Maioregen® is a 
scaffold with a porous three-dimensional tri-layer composite structure: the upper 
layer, consisting of Type I collagen, reproduces the cartilage surface; the intermedi-
ate layer is composed of magnesium-enriched hydroxyapatite and collagen and 
simulates the tide-mark; and the lower layer consists of magnesium-enriched 
hydroxyapatite, mimicking the subchondral bone [76]. BST-CarGEL®, composed 
of a mixture of chitosan and glycerol phosphate, was developed as a soluble poly-
mer scaffold to stabilize the blood clot in the cartilage defect [77, 78]. CaRes-1S® is 
a collagen type I matrix cell-free/“cell-catcher” scaffold developed for extensive 
cartilage and osteochondral lesions [79, 80]. Cartilage Repair Device (Kensey Nash 
Corp.) is a biphasic scaffold intended to be implanted at the site of focal articular 
cartilage lesions or OC lesions. The chondral phase consists of a unique bovine col-
lagen type I matrix. The subchondral phase consists of beta-tricalcium phosphate 
(β-TCP) mineral suspended within a porous bioresorbable synthetic polymer scaf-
fold [51]. ChondroMimetic™ (TiGenix, Belgium) is a biocompatible, bilayered off- 
the- shelf scaffold composed of collagen, glycosaminoglycan and calcium phosphate 
that is used for the arthroscopic repair of small lesions [51]. Vericart™ is an acel-
lular double-structured collagen scaffold that seeks to attract chondrocytes and stem 
cells to promote cartilage repair [42]. Agili-C™ is a biphasic osteochondral implant 
consisting of two layers: a bone phase made of calcium carbonate in the aragonite 
crystalline form, and a superficial cartilage phase composed of modified aragonite 
and hyaluronic acid [51]. The last solution when in the presence of an advanced 
osteochondral lesion that affects the patient in a painful and restrictive way is a 
partial or total prosthetic replacement [81]. The treatment for chondral and osteo-
chondral lesions depends on (1) the type, grade, location, thickness and size of the 
lesion, (2) the age and activity of the patient, (3) previous treatment, (4) associated 
lesions, and (5) systemic diseases [82]. Some orientations and guidelines for the 
treatment of osteochondral lesions were presented by several authors. In Fig. 18.5, 
Vaquero et al. proposed an algorithm for the treatment of cartilage lesions. A con-
sensus regarding the treatment of cartilage lesions has not yet been achieved [21], 
and the cost–benefit ratio of the current techniques is not entirely known [11]. The 
algorithm proposed by the ICRS committee for the treatment of osteochondral 
lesions is described in Fig. 18.6.
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18.3  Preclinical and Clinical Trials

Preclinical and clinical trials are very complex and time-consuming steps prior to 
the introduction of a new therapeutic formulation in the market. During preclinical 
study, special attention must be given to the choice of the animal model. For carti-
lage repair, these tests should be conducted in a large animal model, such as goats, 
horses, or sheep, and should last enough time and have sufficient dimension to 
obtain the necessary evidences and allow for a robust analysis [83, 84]. Smaller 
animal models could be of interest in proof-of-concept studies, but its use presents 
important translational limitations: (1) the smaller volume of the cartilage defect, 
(2) the smaller thickness of the cartilage, and (3) the high degree of flexion in those 
small animals and consequent partial weight-bearing condition, are important draw-
backs when compared to the human condition [26]. The biocompatibility and ster-
ilization procedures of all the material during the process, including the 
manufacturing process, as well as the quality and the correct amount of the col-
lected cells needed to be appropriate to the size of the lesion and to respect the limits 
of the population doubling/passage number. Tests regarding the biomechanical 
properties, tissue integrity and morphological characteristics of the repaired carti-
lage are also demanded. Biodistribution and toxicity studies could be necessary 
depending on the specific characteristics of the therapeutic product [83, 84].

Fig. 18.5 Algorithm for chondral lesions treatment [21]
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Fig. 18.6 Algorithm for chondral lesions treatment according ICRS
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The clinical trial should be held in hospitals, universities, doctors’ offices, or 
other locations under the direction of a principal investigator leading a multidisci-
plinary team and reviewed by an institutional review board [85, 86]. The research 
plan or protocol is designed to find answers to specific questions while assuring the 
health safety of the participants [85, 86]. The protocol should contain complete 
information about the study, namely, (1) data related to the reasons for promoting 
the study, (2) length and schedule of the clinical trial, (3) number of participants 
involved, and (4) drugs, techniques or treatments tested. Regarding the selection of 
the participants, the exclusion and inclusion criteria must be well-defined and 
recorded according to the protocol to assure the eligibility of the participants. The 
participants should be thoroughly informed and provided with answers to all pos-
sible questions in the informed consent document [85]. The trial should present a 
clear definition of the selected population; associated pathologies; cartilage lesion 
etiologies; treatments indications; type, size, localization, and grade of the lesion 
(using a score such as the ICRS score system); and the previous failed treatments 
[83]. Scoring scales, such as the Knee injury and Osteoarthritis outcome score 
(KOOS), the IKDC subjective scale, the Lysholm score, the ICRS objective scale, 
an MRI with or without histological evaluation, an X-ray, or an arthroscopic evalu-
ation, are strongly recommended as confirmatory trials [83].

Special care is required concerning the design of the control group of the clinical 
trial. Standard therapy or the best standard of care with a centralized authorization 
should be used in this group. For example, microfracture remains the best option for 
the treatment of lesions with less than 4 cm2 [83]. Standardization of associated 
therapies is strongly advised: surgical protocols, symptomatic treatments, perisurgi-
cal procedures, rehabilitation protocols and follow-up programs. A root-cause anal-
ysis is recommended for the cases where treatment failed so as to identify the cause 
of failure. Special attention has to be paid on long-term structural changes, such as 
local histological or MRI detectable changes, rates of treatment failures, as defined 
through relevant investigation techniques, including reoperation for revision pur-
pose [83].

Clinical trials or interventional studies are often needed for the investigation of 
new approaches in the field of chondral and osteochondral repair studies. In clinical 
trials, the participants are submitted to specific treatments or interventions that have 
been previously established in the research plan. Different points have to be included 
in the plan, namely, changes in participants’ behavior and recovery protocols [85]. 
Clinical trials are divided into different phases according to the stage of develop-
ment of the drug or treatment. The five different phases are described in Table 18.1. 
In observational studies, researchers assess the result of interventions or procedures 
as part of the patient’s standard medical routine treatment [85]. In Table 18.2, the 
ongoing clinical studies are presented in accordance with the Federal Drug 
Administration (FDA) data based on the use of the term osteochondral [86]. Open 
studies could be recruiting participants or not yet recruiting. Closed studies status 
could be active not recruiting, completed, terminated, or withdrawn [86].
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Table 18.1 Five phases of clinical trials description

Phase Description

Phase 0 Exploratory study involving very limited human exposure to the drug, with no 
therapeutic or diagnostic goals (e.g., screening studies, microdose studies)

Phase 1 Studies that are usually conducted with healthy volunteers and that emphasize 
safety. The goal is to find out what the drug’s most frequent and serious adverse 
events are and, often, how the drug is metabolized and excreted.

Phase 2 Studies that gather preliminary data on effectiveness (whether the drug works in 
people who have a certain disease or condition). For example, participants 
receiving the drug may be compared to similar participants receiving a different 
treatment, usually an inactive substance, called a placebo, or a different drug. 
Safety continues to be evaluated, and short-term adverse events are studied.

Phase 3 Studies that gather more information about safety and effectiveness by studying 
different populations and different dosages and by using the drug in combination 
with other drugs.

Phase 4 Studies occurring after FDA has approved a drug for marketing. These include 
postmarket requirement and commitment studies that are required of or agreed to 
by the study sponsor. These studies gather additional information about a drug’s 
safety, efficacy, or optimal use.

https://clinicaltrials.gov/ct2/help/glossary/phase

Table 18.2 Ongoing clinical trials (Searching in https://clinicaltrials.gov using the term 
osteochondral)

Identifier/status Study name/Sponsor Description study

NCT02736318
Not yet 
recruiting

OD-PHOENIX in Talus Osteochondral 
Lesion
SPONSOR: TBF Genie Tissulaire

Osteochondral allograft
Interventional
Phase 1/2

NCT01209390
Terminated

A Prospective, Post-marketing Registry on 
the Use of ChondroMimetic for the Repair of 
Osteochondral Defects
SPONSOR: TiGenix n.v.

Device: Chondromimetic
Observational

NCT02345564
Active, not 
recruiting

Clinical and Radiological Results of 
Osteochondral Repair Using MaioRegen in 
Knee and Ankle Surgery
SPONSOR: Barmherzige Brüder Eisenstadt

MaioRegen
Interventional

NCT01282034
Completed

Study for the Treatment of Knee Chondral 
and Osteochondral Lesions
SPONSOR: Fin-Ceramica Faenza Spa

MaioRegen Surgery
Interventional
Phase 4

NCT01409447
Unknown

Repair of Articular Osteochondral Defect
SPONSOR: National Taiwan University 
Hospital

Biphasic osteochondral
Composite
Interventional

NCT02430558
Not Yet 
recruting

Second Line Treatment of Knee 
Osteochondral Lesion With Treated 
Osteochondral Graft
SPONSOR: TBF Genie Tissulaire

OD-PHOENIX
Interventional
Phase 1/2

(continued)
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Identifier/status Study name/Sponsor Description study

NCT01410136
Terminated

Chondrofix Osteochondral Allograft 
Prospective Study
SPONSOR: Zimmer Orthobiologics, Inc.

Chondrofix
Osteochondral Allograft
Interventional

NCT02308358
Withdrawn

Long Term Outcomes of Osteochondral 
Allografts for Osteochondral Defects of the 
Knee
SPONSOR: University of 
Missouri-Columbia

Outcomes of Allograft
Observational

NCT02011295
Recruting

Bone Marrow Aspirate Concentrate (BMAC) 
Supplementation for Osteochondral Lesions
SPONSOR: Duke University

Microfracture + Bone Marrow
Interventional
Phase 4

NCT02423629
Recruting

Agili-C™ Implant Performance Evaluation in 
the Repair of Cartilage and Osteochondral 
Defects
SPONSOR: Cartiheal (2009) Ltd

AgiliC™ implantation
Interventional
Phase 4

NCT02503228
Recruting

Clinical Assessment of the Missouri 
Osteochondral Allograft Preservation 
System—MOPS
SPONSOR: James Cook, University of 
Missouri-Columbia

Receiving MOPS-Preserved 
Cartilage
Observational

NCT01554878
Completed

Observational Study on the Treatment of 
Knee Osteochondral Lesions of Grade III–IV
SPONSOR: Ettore Sansavini Health Science 
Foundation

Knee Surgery
Observational

NCT03036878
Recruting

ReNu™ Marrow Stimulation Augmentation
SPONSOR: NuTech Medical, Inc

ReNu
Interventional

NCT01290991
Completed

A Study to Evaluate the Safety of Augment™ 
Bone Graft
SPONSOR: William Stanish, Capital District 
Health Authority, Canada

Augment Bone Graft

NCT02005861
Recruting

“One-step” Bone Marrow Mononuclear Cell 
Transplantation in Talar Osteochondral 
Lesions
SPONSOR: Istituto Ortopedico Rizzoli

Bone marrow cells + Collagen 
scaffold
Interventional

NCT02338375
Unknown

Safety and Efficacy of Allogenic Umbilical 
Cord Blood-derived Mesenchymal Stem Cell 
Product
SPONSOR:

Cartistem
Interventional
Phase 1

NCT02309957
Recruting

EAGLE European Post Market Study
SPONSOR: Kensey Nash Corporation

BioMatrix CD
Interventional

NCT01477008
Recruting

BiPhasic Cartilage Repair Implant (BiCRI) 
IDE Clinical Trial - Taiwan
SPONSOR: Exactech Taiwan, Ltd

BiPhasic Cartilage Repair
Implant
Interventional
Phase 3

Table 18.2 (continued)

(continued)
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Table 18.2 (continued)

Identifier/status Study name/Sponsor Description study

NCT00560664
Completed

Comparison of Autologous Chondrocyte 
Implantation vs. Mosaicoplasty: a 
Randomized Trial
SPONSOR: University Hospital, Brest

Mosaicoplasty
Interventional
Phase 3

NCT00984594
Terminated has 
results

Evaluation of a Composite Cancellous and 
Demineralized Bone Plug (CR-Plug) for 
Repair of Knee Osteochondral Defects
SPONSOR: RTI Surgical

Composite of Cancellous and 
Demineralized Bone Plug
(CR-Plug)
Interventional
Phase 3

NCT00891501
Unknown

The Use of Autologous Bone Marrow 
Mesenchymal Stem Cells in the Treatment of 
Articular Cartilage Defects
SPONSOR: Cairo University

Bone marrow mesenchymal 
stem cell implantation
Interventional
Phase 2/3

NCT00821873
Completed has 
results

Evaluation of the CR Plug for Repair of 
Defects Created at the Harvest Site From an 
Autograft in the Knee.
SPONSOR: RTI Surgical

CR Plug
Interventional
Phase 3

NCT01183637
Terminated

Evaluation of an Acellular Osteochondral 
Graft for Cartilage LEsions Pilot Trial
SPONSOR: Kensey Nash Corporation

Kensey Nash Corp. Cartilage 
Repair Device
Interventional
Phase 2

NCT01159899
Unknown

Transplantation of Bone Marrow Stem Cells 
Stimulated by Proteins Scaffold to Heal 
Defects Articular Cartilage of the Knee
SPONSOR: Michel Assor, MD, University of 
Marseille

Transplantation of Bone 
Marrow Stem Cells Activated 
in Knee Arthrosis
Interventional
Phase1

NCT01471236
Active, not 
recruiting

Evaluation of the Agili-C Biphasic Implant in 
the Knee Joint
SPONSOR: BioPoly LLC

BioPoly RS Partial 
Resurfacing Knee Implant
Interventional
Phase 4

NCT00945399
Terminated

Comparison of Microfracture Treatment and 
CARTIPATCH® Chondrocyte Graft 
Treatment in Femoral Condyle Lesions
SPONSOR: TBF Genie Tissulaire

CARTIPATCH® procedure
Interventional
Phase 3

NCT01473199
Completed

BioPoly RS Knee Registry Study for 
Cartilage Defect Replacement
SPONSOR: BioPoly LLC

BioPoly RS Partial 
Resurfacing Knee Implant
Interventional

NCT01799876
Active, not 
recruiting

Use of Cell Therapy to Enhance Arthroscopic 
Knee Cartilage Surgery
SPONSOR: Fondren Orthopedic Group 
L.L.P.

Autologous Cell/microfracture
Interventional

NCT01747681
Completed

Results at 10 to 14 Years After Microfracture 
in the Knee
SPONSOR: Bergen Orthopedic Study Group

Microfracture
Observational

(continued)
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18.4  Conclusions

Despite all the therapeutic approaches for the treatment of chondral and osteochon-
dral lesions, a consensus regarding a definitive treatment has not yet been achieved. 
Allografts, autografts, or substitution arthroplasties have already proven their value 
in cartilage repair. Emerging tissue engineering and regenerative approaches have 
shown promising results and could advance new solutions for osteochondral lesions 
treatment, but further studies and research need to be conducted. Although tissue 
engineering has already shown tremendous progress, a long and difficult road in the 
regulatory and legal path has to be travelled in order to transform new therapeutic 
approaches into a clinical reality.
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Chapter 19
Commercial Products for Osteochondral 
Tissue Repair and Regeneration
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Abstract The osteochondral tissue represents a complex structure composed of 
four interconnected structures, namely hyaline cartilage, a thin layer of calcified 
cartilage, subchondral bone, and cancellous bone. Due to the several difficulties 
associated with its repair and regeneration, researchers have developed several stud-
ies aiming to restore the native tissue, some of which had led to tissue-engineered 
commercial products. In this sense, this chapter discusses the good manufacturing 
practices, regulatory medical conditions and challenges on clinical translations that 
should be fulfilled regarding the safety and efficacy of the new commercialized 
products. Furthermore, we review the current osteochondral products that are cur-
rently being marketed and applied in the clinical setting, emphasizing the advan-
tages and difficulties of each one.
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19.1  Introduction

Treatment of bone and cartilage defects represents a current problem that needs to be 
solved. Although the present therapies are well established and effective for reduc-
ing pain, thus improving the patients’ quality of life, the hyaline or articular cartilage 
has a limited regeneration capacity, demanding new therapeutic options for com-
plete healing of the osteochondral (OC) lesions. In this sense, tissue engineered bio-
materials for OC application present some key challenges regarding their 
biocompatibility, bioactivity, biodegradation, and biomechanical properties. 
Additionally, the ion release of metallic materials and the reproducibility of the tech-
niques are also fundamental aspects to address [1]. Furthermore, the strategies 
applied need to present biodegradable with nontoxic degradation products of easy 
metabolization and excretion, well-regulated degradation kinetics and similar rate to 
native tissue. Similarly, the expected local or systemic immune responses should be 
controlled since it will affect significantly the implant–host integration. Most impor-
tantly, OC biomaterials should be able to mimic the extracellular matrix (ECM) and 
the complex mechanisms involved in the surrounding cells where the biomaterial 
will be applied [2]. The biomaterial chosen should be able to aid the cells to grow 
and proliferate at a similar natural rate, with an efficient gas and nutrients exchange 
[3]. Thus, the choice of the biomaterial is extremely important and needs to consider 
not only its chemical composition, but also its physical properties [4]. Specifically, 
in OC tissue engineering the mechanical properties must be able to bear the daily 
stress to which this tissue is subjected, as well as to support integration of the cells 
involved. Equally, the microstructure of the scaffold is essential for chondrogenesis 
and osteogenesis. Normally, it is believed that a superior cell ingrowth, improved 
transport of nutrient and vascular formation is related with high porosity (> 300 μm) 
[5] and interconnectivity (>100 μm) of scaffolds to allow a proper cell colonization 
[6]. In regards to osteoinductive potential, there has been extensive research with 
some good synthetic materials having emerged, for example hydroxyapatite (HA), 
octacalcium phosphate (OCP), and β-tricalcium phosphate (β-TCP). However, 
regardless of their ability to be integrated into host tissues, they present poor mechan-
ical properties, being therefore necessary to mix them with different materials that 
could overcome such limitations, and improve integration in OC lesions [7]. In addi-
tion, different natural and synthetic materials have been employed to engineer OC 
repair, presenting advantages and limitations. For instance, natural polymers are nor-
mally biocompatible and allow the interaction with cell receptors. However, safety 
concerns are usually an issue. In contrast, synthetic materials are more easily con-
trollable and reproducible but lack the cell- recognition signals [8]. Researchers have 
suggested these materials to be especially used in the regeneration of large OC 
defects and sometimes combined with cells, growth factors, and tissue grafts [9].

Beside these scientific advances, when trying to launch new medical products and 
technologies to the market, several regulatory medical conditions should be fulfilled 
regarding their safety and efficacy. Moreover, regulatory hurdles associated with the 
commercialization of new products are critical. Therefore, laboratory facilities, 
manufacturing practices and documentation related to products development should 
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follow strict requirements to ensure both the welfare of the individuals involved in 
the process and the reproducibility of the procedures. It is important to stress that all 
the directives involved in the manufacture and propagation of medical products and 
devices, can cause disagreements depending on the governmental administration 
involved. Among the multitude of options, Federal Food and Drug Administration 
(FDA) in the USA, and regional or centralized regulatory bodies like the European 
Medicines Agency (EMA) in the European Union (EU) are the most used. They are 
responsible for the development, assessment, and supervision of medicines [10]. 
Beyond this fact, it is also important to point out that the translations of the medical 
technologies into the clinic also rely on its nature, because cellular and acellular 
devices face different regulatory scrutiny in each country [11].

This chapter covers the general cares required for manufacturing tissue engineer-
ing and regenerative medicine (TERM) products. Particularly, it is focused the 
existing marketed products for OC tissue engineering and regeneration.

19.2  Good Manufacturing Practices and Regulatory Hurdles 
in Tissue-Engineered Products

Over the recent years, TERM has witnessed a rapid development that has motivated 
the marketing of novel products and with it some quality control procedures, and 
consistency and reproducibility guarantees. To assure that these conditions are 
being implemented, the FDA, EMA, and other world organizational committees are 
responsible to inspect the developers of commercial products. These organizations 
allow the implementation of standard procedures that extend away from individuals, 
research groups, and organizational procedures. It is their intention to have proto-
cols in place that are independent of the operators and/or equipment guaranteeing 
uniformity of the data [12].

Good manufacturing practices (GMP) are a series of regulations that ensure that 
diagnostics, the production of pharmaceutical and medical devices, are controlled 
according to defined quality standards. GMP refers to all up-to-date aspects of the 
production from materials and equipment to the training staff and hygiene [13]. 
Moreover, the use of cells and tissues of human origin for TERM products also need 
to answer the good tissue practices (GTP). Particularly, GTP focuses its require-
ments on the prevention of the initiation, diffusion, and spread of contagious dis-
eases besides ensuring uniformity, consistency, reliability, and reproducibility [14]. 
Following these lines, the description of a task or operation has to be performed in 
an identical manner and in compliance with appropriate regulation, as an approved 
standard operation procedure (SOP). Highly specific SOPs are usually required dur-
ing all phases of a manufacturing process, and therefore are used to control the 
manufacturing of TERM products. Companies must agree to operate under 
 harmonized guidelines across different geographic locations to assure that the best 
practices exist in every corner of the world. For instance, regarding TERM products 
using patient samples, companies need to pay attention to the appropriate ways to 
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transport them once the classification of the shipment is the key in defining the level 
of containment required [13]. Fortunately, the TERM field is at the front line in 
terms of harmonization of international regulatory agencies, mostly because of the 
use of human cells in therapy, which has lead a worldwide joint effort [15]. 
Nevertheless, it should be kept in mind that the introduction of cells in tissue- 
engineered materials has associated hazards such as teratoma formation, contami-
nation, immunogenicity, and insufficient cell adaptation. Thus, even though the 
materials used for tissue engineered strategies affect the regulatory process, cellular 
scaffolds pass through more regulatory hurdles to assure their safety.

19.3  Challenges in Clinical Translation and FDA Regulation

The programs for safety regulation vary widely by the type of product, its potential 
risks, and the regulatory powers granted to the agency. For example, the FDA regu-
lates almost every facet of prescription drugs, including testing, manufacturing, 
labeling, advertising, marketing, efficacy, and safety, yet FDA regulation of cosmet-
ics focuses primarily on labeling and safety. The FDA regulates most products with 
a set of published standards enforced by a modest number of facility inspections 
[16]. Each type of material is subjected to a different type of regulation based on its 
classification. Therefore, it is possible to characterize devices as “substantially 
equivalent” to currently accepted devices, allowing them to be more easily commer-
cialized [17]. Contrariwise, when using novel bioactive scaffolds it is necessary to 
deeply describe their degradation and safety profile in preclinical and clinical stud-
ies, which normally results in a 30% of the costs increment [11]. However, if possi-
ble, new materials with more refined features should be created for TERM 
applications despite the innumerous hurdles that ought to be addressed for eventual 
clinical success. The first aspect to keep in mind is the scientific basis and the patent-
ability of the technology. Furthermore, clinical studies should be carefully con-
ducted. Then, the company where the product has been developed needs to assure 
not only enough financial support but also the regulatory requirements for GMP in 
order to have reproducible products [12]. Finally, the market potential of the thera-
peutic solution, possible competitors, and target audience may be considered. 
Nevertheless, even with these concerns, TERM is experiencing a boost in the devel-
opment of new therapies for the treatment of chronic diseases and damaged tissues.

19.4  Commercially Available Products for Osteochondral 
Regeneration

The commercialization process of the scaffolds for implantation involves multiple 
stages of R&D replications before reaching the final approval from the government. 
R&D stages ensure safety and efficacy of the implants, which involve the produc-
tion of medical grade scaffolds followed by animal testing, under regulatory 
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approved conditions. Over the recent years, the concentrated research on TERM has 
resulted in few clinically approved therapeutics. Biomaterials applied in tissue 
regeneration are normally composed of a temporary three-dimensional (3D) sup-
port for the growth of cells that will regenerate a given injury, being then biode-
graded and substituted by the new tissue. In OC regeneration, different materials 
have been employed as templates for cell interactions and formation of ECM to 
support the newly formed tissue. However, the most commonly used technique con-
sists in designing bilayered scaffolds able to regenerate both cartilage and subchon-
dral bone [18]. Normally, autologous chondrocytes are seeded at the top of the 
scaffold and allows the application of a cell–scaffold implantation [19]. An alterna-
tive approach to this procedure uses two scaffolds from cartilage and bone assem-
bled either before or during implantation to assure OC regeneration [20].

At the present time, some commercial products have appeared. For example, 
Collagraft® (Nuecoll Inc.) consists of a mixture of collagen with HA and β-TCP in 
the form of granules. In previous studies, this product was used as subchondral sup-
port using chondrocytes harvested from rabbit articular cartilage. The animal model 
used survived through the regenerative process which occurred after 6 months pre-
senting the adequate features for bone integration, but not for cartilage [21]. On the 
other hand, the treatment of small OC defects is also possible with the collagen- 
based implant ChondroMimetic™ (TiGenix NV). This product is an off-the-shelf 
bilayer implant launched in the European market. The chondral layer is made of 
collagen and glycosaminoglycan while the osseous layer is composed of calcium 
phosphates. It showed to support the simultaneous natural repair mechanism of both 
articular cartilage and bone, following by implantation in patients [22]. Another 
collagen-based 3D scaffold to treat knee chondral or OC defects is MaioRegen® 
(Med&Care). This matrix mimics the entire osteo-cartilaginous tissue and is com-
posed of deantigenated type I equine collagen that resembles the cartilaginous tis-
sue, and magnesium enriched-HA for the subchondral bone structure [23]. 
Preclinical studies using 12 sheep proved that this biomaterial is able to promote 
bone and hyaline-like cartilage tissue restoration. Quantitative macroscopic analy-
sis showed absence of inflammation with some hyperemic synovium, but no syno-
vial hypertrophy or fibrosis was noted. The histological score evaluations confirmed 
the presence of a newly formed tissue and a good integration of scaffolds [24]. Also, 
clinical evaluation of knee chondral and OC lesions in 27 patients, during a 5-year 
follow-up scored clinical improvements. Magnetic resonance imaging (MRI) results 
demonstrated a complete graft integration in 78.3% of patients offering a good clini-
cal outcome for MaioRegen®. However, in another clinical investigation using knee 
and talar OC injuries, the biological response in vivo evaluated over 2.5 years show-
ing no improvements after the implantation of MaioRegen®. Radiographic results 
of computed tomography and MRI presented a complete defect filling, integration, 
and an intact articular surface after 2.5 years of implantation [25].

One of the products used as an injectable material, in the treatment of OA of the 
knee, is the Gel-One®, which is composed of a cross-linked hyaluronic acid hydrogel 
through a photo-gelation process [26]. This product was applied in a clinical study 
using 379 patients with OA, and a single injection allowed both the relief of the pain 
associated to this condition for 13 weeks, as well as physical improvements [27].
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BST-Cargel® (Piramal Life Sciences) has emerged as an advanced biodegradable 
and injectable chitosan hydrogel mixed with glycerophosphate and autologous 
blood to improve cartilage regeneration [28]. This off-the-shelf product can be used 
in conjunction with bone marrow cell stimulation by directly mixing blood from the 
patient with the biopolymer. This product has proved to be efficient in the initiation 
and amplification of the intrinsic wound healing processes of subchondral bone, as 
well as of the cartilage repair [28, 29]. An international randomized controlled trial 
with 80 patients was performed to compare the BST-Cargel® treatment with micro-
fractured untreated patients. The results showed to be effective in the mid-term car-
tilage repair, and after 5-year follow up the treatment resulted in a sustained and 
significantly superior quantity and quality of repaired tissue against the microfrac-
ture alone [30]. Another commercial approach used in the treatment of cartilage 
defects, consists of a resorbable and textile polyglycolic acid–hyaluronan (PGA/
hyaluronan) implant named Chondrotissue® (Biotissue). In preclinical studies with 
an ovine animal model it has shown improved tissue formation [31]. Clinical results 
with 5-year follow-up registered that this product had a good safety profile and pro-
vided a good filling of the chondral defects of the knee [32]. The effects of 
Chondrotissue® in patella defects of the cartilage were also evaluated by first debrid-
ing the damaged cartilage down to the subchondral bone. Then, the immersion of 
the implant in venous blood allows an enhanced MSC recruitment and integration 
leading to the improvement of the symptoms and no intraoperative or postoperative 
complications [33]. Chondrocushion (Advanced Bio Surfaces, Inc) made of bipha-
sic polyurethane cylinders is a synthethic product evaluated for cartilage applica-
tion. This biomaterial presents some potential disadvantages related with the lack of 
porosity which impedes tissue ingrowth and replacement [34]. Other drawbacks of 
this type of product include the displacement of the implant site and the release of 
potentially toxic by-products that can cause inflammation and cell death [22, 35]. 
Another product within this category is SaluCartilage™ (SaluMedica), a biocom-
patible and hydrophilic cylindrical device consisting of a polyvinyl alcohol hydro-
gel. This material mimics human cartilage in terms of water proportions and has 
been evaluated as a synthetic surface for the replacement of damaged cartilage. 
There is no evidence of inflammatory reaction or osteolysis associated with this 
implant [35]. Correspondingly, clinical results showed improvement of the chondral 
defects, but the hydrogel showed inadequate connection to the bone and risk of 
dislocation [36].

TruGraft™ (Osteobiologics) is a poly(lactic-co-glycolic) acid (PLGA) granulate 
used as a bone void filler, and has shown to support osteoblast proliferation and dif-
ferentiation proved by high alkaline phosphatase activity and deposition of a miner-
alized matrix used in OC repair [37]. Bioseed®-C (Biotissue Technologies GmbH) 
is a bioresorbable scaffold for OC composed of fibrin, PLA and polyglycoic acid 
(PGA) copolymer, and polydioxanone embedding chondrocytes [38]. This product 
was preclinically evaluated on an equine animal model of full thickness cartilage 
defects and showed capacity to be integrated while promoting the formation of car-
tilaginous tissue [39]. These promising results made the testing of this product pro-
ceed into humans with posttraumatic and degenerative cartilage defects of the knee 
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[40, 41]. It was reported that most of the grafts were able of completely fill the 
defects and formed tough hyaline-like cartilage, being well integrated into the tissue 
with good connection with the articular cartilage and the subchondral bone.

Feeding the importance of subchondral bone in the maintenance of articular car-
tilage, researchers have been developing some biphasic products in order to mimic 
both structures. These bilayered scaffolds have different characteristics to address 
different biological and functional requirements of both bone and cartilage, which 
are essential in the treatment of OC defects [23]. Accordingly, some commercial 
biphasic scaffolds are available in the market. For example, a product derived from 
natural sources for OC application, is Agili-C™ (CartiHeal) composed of calcium 
carbonate for the bone region, and aragonite and hyaluronic acid for the cartilage 
part (Fig.  19.1a). Results, after 12  months of implantation in a caprine animal 
model, showed an improvement in terms of cartilage repair and osteointegration 
with a reduction of the symptoms (limited motion, swelling of the joint, and pain). 
The bone phase of the implant shows a structure similar to natural bone presenting 
high pore interconnectivity essential for blood vessels [42, 43]. In contrast, the 
chondral phase rich in hyaluronic acid helps the ECM of the cartilage to be main-
tained with their proper characteristics. Kensey Nash Corporation started develop-
ing an acellular Cartilage Repair Device (CRD) to tackle primary defects of the 
articular cartilage in the joints, the OsseoFit® plug. This product was indicated to 
support the regeneration of hyaline cartilage and subchondral bone by promoting 
the correct cellular morphology, and structural organization during the healing pro-
cess. The OsseoFit® plug is composed of a bioresorbable biphasic scaffold of col-
lagen type-I fibrils, to simulate the cartilage, and 80% β-TCP + 20% polylactic acid 
(PLA) for the subchondral bone phase. A study using OsseoFit® applied in 10 plugs 
on the medial femoral condyle and on the lateral femoral condyle displayed a reduc-
tion in height of the material and the integration of the product on the surrounding 
native cartilage [19]. HYAFF® (Fidia Advanced Biopolymers) is a biodegradable scaf-
fold used for repair of chondral and OC lesions. It is composed of purified hyaluro-
nan esterified in its glucuronic acid group with distinct types of alcohols (Fig. 19.1b). 

Fig. 19.1 Commercial biphasic scaffolds for osteochondral repair/regeneration: (a) Agili-C™ 
(reprinted with permission from [50]); (b) HYAFF™ (reprinted with permission from [51]. 
Copyright© 2015, Springer Nature) and (c) Trufit™
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In vitro degradation profile of HYAFF® 11 suggested that the hyaluronan esters 
undergo spontaneous deesterification in an aqueous environment, meaning a good 
integration in the biological tissues [44]. Also, in vivo studies showed a minimal 
response after the first month of implantation, and no evidence of toxicity during the 
1-year study following implantation. HYAFF® 11 scaffolds present the advantage of 
having good cell adhesiveness even without coating and surface conditioning [45]. 
TruFit® (Smith & Nephew) is another product used in OC applications (Fig. 19.1c) 
that consists of calcium phosphate and PLGA. This product presented good filling 
of OC defects, good integration in the native cartilage, and histological assays that 
showed a high percentage of hyaline cartilage formation, and good bone renovation 
after implantation in the femoral condyles and trochleae of goat defects [46]. 
Originally, this plug was designed as an alternative treatment for OC autologous 
transplantation, but in Europe has also been applied for acute focal articular carti-
lage and OC defects [47, 48]. Conversely, another work showed a comparative 
study between patients undergoing mosaicplasty (harvest and transplant of plugs of 
bone and cartilage from one place to another) and patients implanted with TruFit® 
showed no improvement in applying this product in comparison to the other proce-
dure [49].

In order to establish a complete regenerative engineered strategy for TERM 
application, the use of cellular scaffolds has been proposed. The inclusion of liv-
ing cells into the scaffolds enables real time growth factors, cytokines and matrix 
proteins which will accelerate the regenerative process. However, this technology 
also brings many complications besides the inevitable high costs, complexity of 
manufacture, sterility, preservation and regulatory issues. Currently, the applica-
tion of cells without a scaffold has undergone several clinical studies showing that 
integration with the host tissue remains a problem [52]. This fact had led to the 
development of grafts combining living cells with biomaterials ex vivo allowing 
the construction of a 3D structure to be implanted in the living organism. 
Nevertheless, the type of cells and their quantity will help to set the mechanical 
and biochemical characteristics of the graft [53, 54]. The marketed product 
Osteocel® Plus (NuVasive®) is an example of a cell-based bone graft. It contains 
native MSCs and osteoprogenitor cells combined with an osteoconductive demin-
eralized bone matrix (DBM), and cancellous bone, presenting osteogenic capac-
ity. Promising experiences with this material have been reported for several 
applications, including lumbar [55], as well as periodontal [56], foot and ankle 
defects [57].

On the other side, demineralized matrices from human donors are also applied 
as optimal biomaterials. An example is Dynagraft®, a DBM combined with polox-
amer, the nonionic triblock copolymer (GenSci Regeneration Sciences). This graft 
is moldable, packable and can be mixed with grafting materials being resistant to 
irrigation. Additionally, hyaluronate (i.e., DBX®, Synthes), glycerol (Grafton®, 
Osteotech, USA), and calcium sulfate (Allomatrix®, Wright Medical Technology) 
have also been applied with DBM and are also being commercialized [58, 59]. 

D. Bicho et al.



423

Commercially available cartilage graft BioCartilage® (Arthrex) provides a simple 
and inexpensive method to use extracellular cartilage matrix that has been dehy-
drated and micronized. It provides a proper scaffold to correct microfracture 
defects of articular cartilage, providing the appropriate biochemical signals, 
including collagen type II, cartilage matrix elements, and growth factors [60]. One 
of the few FDA approved ACT products is Carticel® (genzyme), which a cellular 
graft of autologous cultured cells derived from in vitro expansion of chondrocytes 
of femoral articular cartilage from the patient. The application of Carticel® in 
young patients has originated a cartilage tissue containing predominately collagen 
type II but lacking total host integration and alignment with the surrounding car-
tilage [61]. Hyalograft® C is another commercially available matrix to assist chon-
drocyte implantation. This product is composed of a hyaluronic acid-based 
cartilage graft in combination with autologous isolated and enriched chondro-
cytes. The clinical data of the application of this product showed improvements in 
91.5% of the patients [62, 63]. The use of minced articular cartilage (autologous 
or allogeneic) defects is being explored for cartilage repair in OC defects. The 
off-the-shelf human tissue allograft DeNovo NT (Zimmer), consisting of juvenile 
hyaline cartilage pieces with viable chondrocytes, has emerged. This commercial 
product is intended to finds uses in lesions of articular cartilage. When implanting 
DeNovo NT, the debridement of the fibrous and calcified tissue of the defect 
should be performed without violating the subchondral bone layer. Then the 
implant is added to the lesion site and using fibrin glue will help the tissue to be 
maintained in place [64, 65]. Recently, this juvenile particulate cartilage has been 
employed in patellar lesions with success. It has been demonstrated that the repair 
hyaline cartilage is performed by integration with the surrounding tissue showing 
a good recovery and improvement of the movements and reducing the pain associ-
ated with OC lesions [66]. Another alternative is the OC allograft Chondrofix® 
(Zimmer®) composed of decellularized cadaveric human joints consisting of hya-
line cartilage and cancellous bone [67]. A case report of Chondrofix® implanted in 
a large full-thickness OC defect demonstrated to be completely incorporated by 
the bone without articular cartilage margins and restoring the native femoral con-
dylar radius of curvature [68]. Nevertheless, when working with these types of 
materials, the risk of disease transmission or immunogenicity still remains. 
Moreover, they can be quite brittle leading to the accumulation of microfractures 
during the remodeling phase [69].

The available commercial products aforementioned show that there is still much 
research that needs to be done to create new therapies to significantly increase the 
regenerative capacity of OC structure. A summary of these commercialized prod-
ucts for bone, cartilage, and OC tissue regeneration is presented in Table 19.1.

19 Commercial Products for Osteochondral Tissue Repair and Regeneration



424

19.5  Concluding Remarks and Future Trends

Several attempts are being made to mimic in vivo situations, and in fact enormous 
advances as regards not only to OC tissues but also to other tissues of the human 
body have been made. Herein, in this chapter we describe some commercial OC 
approaches, particularly based on 3D scaffolds envisioned to support newly formed 
tissues. The presented scaffolds are either biphasic, injectable hydrogels or decel-
lularized matrices, and their outcomes reinforce the ideal basic requirements for the 
design of OC constructs aiming at tissue repair and regeneration. Such necessities 
include porosity, mechanical strength, biocompatibility, bioactivity, biodegradabil-
ity, bio-integration, and proper cell proliferation and differentiation. Besides, due to 

Table 19.1 Commercial products for the repair and regeneration of bone, cartilage, and OC 
defects

Product Manufacturer Composition Bioresorbable Applications

Chondromimetic™ TiGenix NV Collagen, GAG, and CaP ✓ OC
Trufit™ Smith & 

Nephew
Calcium sulfate, PLGA/
PGA

✓ OC

MaioRegen® Med&Care Collagen type I and 
magnesium enriched-HA

✓ OC

OsseoFit® plug Type I collagen, and 80% 
β-TCP + 20% PLA

✓ OC

BST-Cargel® Piramal Life 
Sciences

Chitosan gel, 
glycerophosphate, and 
autologous blood

n.d. OC

Bioseed®-C Biotissue 
Technologies 
GmbH

PLA/PGA n.d. OC

Agili-C™ CartiHeal Calcium carbonate and 
aragonite with hyaluronic 
acid.

✓ OC

Collagraft® Nuecoll Inc Collagen with granules 
of HA and β-TCP

✓ OC

Chondrotissue® Biotissue PGA/hyaluronan ✓ Cartilage
HYAFF® 11 Anika 

Therapeutics
Hyaluronan ✓ Cartilage and 

OC
Chondrocushion Advanced Bio 

Surfaces, Inc
Polyurethane No Cartilage

BST-Cargel® Piramal Life 
Sciences

Chitosan with glycerol 
phosphate and 
autologous blood

✓ Cartilage

SaluCartilage™ SaluMedica Polyvinyl alcohol 
hydrogel

✓ Cartilage

Gel-One® Zimmer Hyaluronic acid n.d. Knee OA

n.d not defined, GAG glycosaminoglycans, CaP calcium phosphates, OC osteochondral, PLGA 
poly(lactic-co-glycolic) acid, HA hydroxyapatite, PLA polylactic acid, PGA polyglycolic acid, OA 
osteoarthritis
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its medical nature, new commercial products must undergo laborious testing, as 
demanded by regulatory approval bodies, before their use in humans. Therefore, 
some prospective improvements are under investigation to create better OC prod-
ucts. In this front, researchers are trying to enhance cell attachment to scaffolds 
using cell-adhesive ligands, and changing cell morphology, alignment, and pheno-
type, by varying the topographic surface of the scaffolds or even by mechanobio-
logical stimulation of cells. Growth factors can also be incorporated directly into the 
scaffolds to help cells to differentiate, but immunomodulatory molecules are also an 
option to help to control inflammation towards the regenerative process. In the end, 
the final purpose is to create a scaffold that entirely mimics the ECM of OC tissue, 
having simultaneously proper mechanical properties, biochemical cues and the 
appropriate degradation profile, providing the ideal conditions for tissue growth.
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